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Behavioral parameters are reliable and useful operational welfare indicators that
yield information on fish health and welfare status in aquaculture. However, aquatic
environment is still constraining for some solutions based on underwater cameras or
echo sounder transmitters. Thus, the use of bio-loggers internally or externally attached
to sentinel fish emerges as a solution for fish welfare monitoring in tanks- and sea
cages-rearing systems. This review is focused on the recently developed AEFishBIT,
a small and light data storage tag designed to be externally attached to fish operculum
for individual and simultaneous monitoring of swimming activity and ventilation rates
under steady and unsteady swimming conditions for short-term periods. AEFishBIT
is a tri-axial accelerometer with a frequency sampling of 50-100 Hz that is able to
provide proxy measurements of physical and metabolic activities validated by video
recording, exercise tests in swim tunnel respirometers, and differential operculum and
body tail movements across fish species with differences in swimming capabilities.
Tagging procedures based on tag piercing and surgery procedures are adapted to
species anatomical head and operculum features, which allowed trained operators
to quickly complete the tagging procedure with a fast post-tagging recovery of just
2.5-7 h in both salmonid (rainbow trout, Atlantic salmon) and non-salmonid (gilthead
sea bream, European sea bass) farmed fish. Dual recorded data are processed by
on-board algorithms, providing valuable information on adaptive behavior through
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the productive cycle with the changing environment and genetics. Such biosensing
approach also provides valuable information on social behavior in terms of adaptive
capacities or changes in daily or seasonal activity, linking respiratory rates with changes
in metabolic rates and energy partitioning between growth and physical activity. At
short-term, upcoming improvements in device design and accompanying software are
envisaged, including energy-harvesting techniques aimed to prolong the battery life
and the addition of a gyroscope for the estimation of the spatial distribution of fish
movements. Altogether, the measured features of AEFishBIT will assist researchers, fish
farmers and breeders to establish stricter welfare criteria, suitable feeding strategies,
and to produce more robust and efficient fish in a changing environment, helping to
improve fish management and aquaculture profitability.

Keywords: bio-loggers, welfare indicator, activity patterns, ventilation rate, fish behavior, fish robustness

INTRODUCTION

To meet the increasing global demand of fish protein, aquaculture
production is becoming more intensified, which requires the
selection of non-aggressive individuals that perform well at
high densities (Huntingford, 2004; Huntingford et al., 2006).
The potential benefits are obvious because fish with high
stress resilience are less susceptible to diseases, show better
growth performance, and provide a better-quality product
(Ashley, 2007). However, animal health and welfare issues
are of increasing public concern, and livestock industries
and aquaculture in particular require to project a welfare-
friendly image of their products (Hemsworth and Coleman,
2011; Toni et al,, 2019; Barreto et al,, 2021). The challenge
is that fish aquaculture involves a huge number of species
and the understanding of their welfare biology is limited,
which explains why relatively few operational welfare indicators
(OWI) are used to assess welfare status on commercial
aquaculture facilities (Segner et al., 2019). Major advances on
the establishment of OWIs have been achieved in Atlantic
salmon (Noble et al., 2018; Rey et al., 2019), trout (Noble
et al, 2020), and tilapia (Pedrazzani et al, 2020). Less
standardized are the welfare assessment protocols in other
farmed fish, such as gilthead sea bream and European sea bass
(Papaharisis et al., 2019; Sadoul et al., 2021), though specific
key performance indicator-based benchmarking systems have
been recently validated within the framework of MedAID'
and PerformFISH* H2020 EU projects. All this will contribute
to ensure that fish welfare is properly assessed in different
aquaculture production systems to warrant that currently
cultured fish strains are not far from their optimum welfare
(Saraiva et al., 2018; Saraiva and Arechavala-Lopez, 2019).
It is thereby important to encompass the development of
aquaculture with novel and stricter criteria of welfare for
the simultaneous improvement of the productivity and the
welfare of group-housed animals. This includes the use of
both animal-based indicators (something you monitor from

Lwww.medaid.eu

Zwww.performfish.eu

the fish) and indirect resource-based indicators (measurements
of rearing environment), but further research is needed for a
full and rapid transition from highly informative laboratory-
based welfare indicators (LABWI) to OWI (Noble et al., 2018).
A good example of a fast transition is the portable MinION
nanopore sequencer, which allows fish farmers and researchers
to obtain rapid microbial profiles and RNA viruses diagnoses of
reared fish (Gallagher et al., 2018; Gongalves et al., 2020). Hence,
with the advent of new technologies it will be relatively easy
to integrate insights from the environment, microbial loads,
and fish behavior and appearance, which can be then scored
according to the suggested welfare status from 0 (worst) to 1
(best) (Noble et al., 2018, 2019).

Behavioral indicators are becoming especially useful for
alerting farmers that something is potentially wrong and
warrants further investigation before significant welfare issues
and mortality occur (Martins et al., 2012; Sharma, 2019).
Thus, exploratory behavior or feed anticipatory activities are
considered indicators of good welfare. By contrast, abnormal
swimming and poor response to feed or novel objects are
indicators of disease and stressful conditions, depending on
how a particular animal perceives handling and restraint on
the previous experiences and inherited traits. Thus, selective
breeding of more social animals resulted in the improved
behavior of the offspring (de Goede et al, 2013; Balasch
and Tort, 2019). The challenge is that very often behavioral
indicators are difficult to quantify in the aquatic environment
(absolute changes in swimming speed, aggression levels, and
gill beat frequency) and proper assessment of fish welfare often
requires additional physiological measurements (Sadoul et al.,
2021). Moreover, these analysis becomes tedious and laborious,
though underwater cameras and echo sounder technology are
relatively inexpensive and provide the opportunity for real
time observation of fish behavior and intelligent feeding (Hung
et al, 2016; Li et al,, 2020; An et al, 2021; Georgopoulou
et al.,, 2021). Therefore, to turn quantitative behavioral analysis
into practical OWI, technological advances on machine vision,
biotelemetry and miniaturized bio-loggers need to be applied
and adapted to the demand of fish welfare monitoring. Thus, as
reviewed by Macaulay et al. (2021), electronic transmitter tags
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(e.g., acoustic accelerometers) were first developed for studying
wild fish behavior, but they are now rapidly transitioned into
the world of farmed fish for an individual-based behavioral
assessment, acting tagged individuals as “sentinel fish” to
provide useful welfare-related information for monitoring and
managing feeding, growth and disease outbreaks (Kolarevic
et al., 2016; Fore et al., 2017, 2018; Warren-Myers et al., 2021).
In any case, the proposed monitoring solutions should be
different depending on the asked question, the species biology,
and the culture system (tank-based systems, ponds, lagoons,
sea cages, etc.).

A primary assumption of “smart farming” is that the
behavior of tagged individuals is representative of that of
untagged individuals, but tagging can be a stressful experience
causing altered behavior and increased mortality (Jepsen
et al., 2015; Newton et al, 2016; Vollset et al, 2020;
Macaulay et al., 2021. Such negative effects should be mitigated
as transmitter tags evolve and become more miniaturized.
Meanwhile, the smaller size of Data Storage Tags (DST)
(working in standalone mode) makes it easier to monitor
small fish, while minimizing the negative impact of tagging
protocols for a reliable underscore of welfare in fish exposed
to different aquaculture stressors (Rosell-Moll et al., 2021).
However, the retrieval of DST devices for data download
remains a major constraint (especially in the case of sea-
cage aquaculture). Besides, tagging procedures should be
refined and improved using species-specific approaches for
minimizing not only animal discomfort and data skew,
but also the success of tag recovery for the download of
recorded and/or pre-processed data by on-board algorithms.
Otherwise, energy harvesting, energy storage, micro-power
management of DST tags and their system integration need
to be addressed in depth to define the best trade-off between
battery power life and the accuracy of data recording, processing
and transmitting. Each sensing system has thereby different
advantages and disadvantages, and the aim of this review
is to revisit the use of DST devices as an alternative
and some times more accurate solution for progressing
toward the use of IoT in aquaculture by both academic and
industry researchers. Attention was focused on accelerometer
technology with special emphasis on the DST prototype
(AEFishBIT), designed and validated within the framework
of AQUAEXCEL?"?" H2020 EU project for the individual
and simultaneous monitoring of physical activity and gill
ventilation rates (two in one). AEFishBIT battery is rechargeable
and it can be re-used several times with reprogrammable
data sampling schedules. This device has been tested in
European sea bass and more extensively in gilthead sea bream
under a wide range of experimental conditions (Martos-
Sitcha et al., 2019b; Ferrer et al., 2020; Rosell-Moll et al,
2021). It has thereby a Technology Readiness Level (TLR)
higher than 7, and current studies in rainbow trout and
Atlantic salmon have proven its potential in other farmed
fish using species-specific procedures for the device operculum
tagging (see below). We discuss here how further research and
technological improvements in fish sensing can contribute to
associate different activity and behavior patterns with better

performance or differences in stress and disease resilience,
emphasizing the importance of the better understanding of
the species and genotype-by-environment interactions for the
improvement of fish health and welfare in the framework of
AQUAEXCEL3.0 EU project.

DATA RECORDING AND ON-BOARD
ALGORITHM DATA PROCESSING

The assessment of fish welfare through behavior and movement
analyses requires a precise and accurate representation of
movements. This is initiated by neuronal electrical impulses,
causing muscle contractions that produce a mechanical impulse
or jerk. In this way, the wave-like swimming activity is an
overlap of jerks caused by the repetitive electrical stimulation
of the muscles by the neurons. This sequence of jerks causes
a bell-shaped speed representation with a period similar to
the period of the electrical stimulation. A proper sampling
frequency of these bell-shaped changes in speed is essential for
an accurate description of fish movements. Most devices in
the market rely on a low sampling frequency and average the
accelerometer data over a sampling window of usually 20-40 s.
This average corresponds to a low pass filtering of the absolute
acceleration values, and they are adequate to represent changes
in the tendency of swimming speed, as variation from steady
to unsteady swimming will result in differences in the averaged
data. Low sampling frequencies are also convenient for a real-
time transmission of the averaged accelerations. Thus, the use
of low frequency sampling devices is adequate for a continuous
fish monitoring in sea cages of unsteady movements and to
transmit low bit rate data in real time via acoustic communication
channels, though they are less informative about other subtler
events that can be of importance for the assessment of the
overall welfare status (Murchie et al., 2011; Wilson et al., 2013;
Arechavala-Lopez et al., 2021). Indeed, the capture of sustained
movement with an accelerometer requires not only an adequate
tag implantation location (Alfonso et al, 2021), but also high
sampling rates that have been usually established to be higher
than 30 Hz (Broell et al.,, 2013). Higher sampling frequencies are
free of any aliasing distortion (Chen and Bassett, 2005) and allow
to work out the fish velocity by integration of the acceleration
and the real distance covered by the fish by integration of the
velocity. Similarly, the time derivation of the acceleration will
be the jerk and the jerk derivation the snap of the fish. These
principles were taken into account for the design and use of the
low power AEFishBIT device, a tri-axial accelerometer intended
to be attached to the operculum of small fish for data recording
at a sampling frequency of 100 and 50 Hz (Martos-Sitcha et al.,
2019b; Ferrer et al, 2020) for raw data and on-board data
processing, respectively.

Briefly, the recorded z-axis acceleration from AEFishBIT
device generates positive and negative signals, related to the
operculum opening and closing that serves as a direct measure of
respiratory frequency. This signal was band pass filtered between
0.5 and 8 Hz to reduce the noise, to attenuate the influence
of other movements and to highlight the periodic properties
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of the signal. Afterward, the number of crosses through zero
was divided by two to obtain the signal period, which was
then averaged over several frames for 2 min to reduce the
bias and estimate respiratory frequency. Similarly, description
of physical activity was based on the simple optimization
principle that human and livestock try to perform maximally
smooth movements by minimizing the first temporal derivative
of acceleration, while constraining all higher derivatives to zero
(Flash and Hogan, 1985; Hamildinen et al., 2011). Thus, x-
and y-axis accelerations were derived to obtain the jerk, being
considered their averaged energy over 2 min a representative
indicator of physical activity. Software development also offers
the possibility to process the recorded data by on-board
algorithms (no memory consuming process), increasing the
autonomy of the system up to 6 h of continuous data recording
with different short-time programmable schedules, routinely
reduced to 2-4 days with 2 min measures each 15-30 min
windows. This dual recording system (activity and gill breathing)
has been validated in a swim tunnel respirometer, which yielded
strong correlations of AEFishBIT outputs with data of forced
swimming speed and O, consumption in juveniles of European
sea bass and gilthead sea bream (Martos-Sitcha et al., 2019b). As
part of the validation procedure, fish species differences (gilthead
sea bream vs. European sea bass) in the amplitude and frequency
of operculum and body tail movements were also evidenced using
recorded raw data from exercised fish, which highlighted the
anatomical and metabolic adaptive features of European sea bass
as a fast swimming predator (Ferrer et al., 2020). Additionally, in
Atlantic salmon, good correlations between AEFishBIT and video
recording data have been provided by Kolarevic et al. (2021),
providing additional evidence for a reliable use of AEFishBIT
as a smart tool for sensing farmed fish of high economic value
for aquaculture. The tracking of these validation/calibration
procedures is summarized in Figure 1. Of note, the device is not
initially intended for extended recording periods, though future
improvements in AEFishBIT miniaturization, energy harvest and

battery auto-recharge will result in a smaller and lighter device
that will facilitate fish sensing from earlier life stages and extended
periods of time.

TAGGING METHODS: HOW AND WHERE

As pointed out in previous reviews (Lucas and Baras, 2000; Cooke
et al., 2013; Jepsen et al., 2015), there are three main methods
for attaching electronic tags to fish: surgical implantation into
the body cavity, external attachment, and gastric insertion
via the mouth. Each method offers different advantages and
disadvantages that need to be considered in each particular case.
Surgical implantation of the tag does not attract predators and
it is ideal for long-term studies, but it requires longer recovery
times and generally more practice and skills than other tagging
methods. Alternatively, gastric insertion can be a less invasive
and quick tagging method, though it is mainly suitable at life
stages with growth and feed cessation, and thereby of limited
interest in fish farming where a continuous feeding at different
rates mostly occurs through all the productive cycle. Conversely,
the most commonly reported problems with external tags are
tissue damage, tag loss and decreased swimming capacity, but
external tagging has the advantage to be used rapidly after
tagging or in fish with a body shape not suitable for surgical
implantation due to gonadal development or lateral or dorso-
ventral compression (flat fish). Otherwise, external tagging is
especially useful if sensors are used to record not only external
variables (i.e., Oy, temperature, light intensity), but also some
physiological features such as gill breathing. In particular, the
dual recording of AEFishBIT (physical activity and respiratory
frequency) requires it to be externally attached to fish operculum,
minimizing as much as possible tissue damage, and physiological
and behavioral disturbances to ensure that tagged animals are
representative of the untagged population in challenging farming
conditions and that the tagging procedure does not impact the

Correlation between oxygen consumption
and AEFishBIT measurements with increased

Exercise test in
swim tunnel
respirometer

Gilthead sea bream, European sea bass

Gilthead sea bream

Functional tests

Effects of genetics, developmental stage,
disease progressin and space and oxygen
availability on behaviour and swimming

Martos-Sitcha et al (2019a)

water flow

Rosell-Moll et al. (2021),
Perera et al. (2021a)

Gilthead sea bream, European sea bass Species
comparison in
6:"\'( M swimming
o capabilities
Atlantic salmon Validation of

behaviour data by
video recording

-

FIGURE 1 | AEFishBIT validation procedures summary.

Differences in amplitude and frequency of
operculum and body tail movements
highlight the anatomical and metabolic
features of sea bass as a fast swimming

Activity changes in response to change in
light intensity regime agree with video

Ferrer et al. (2020)
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Kolarevic et al. (2021)
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FIGURE 2 | AEFishBIT records of physical activity of a representative individual, (A) gilthead sea bream; (B) rainbow trout; (C) Atlantic salmon) after tagging and
return to the tank. Measures (black circles) were taken every 15 min. Lines represent piecewise linear fit of data with one break point. Inserts show the operculum
attachment in 200-300 g gilthead sea bream (monel tags with a flexible heat shrink polyethylene tube), 5560-650 rainbow trout (heat shrink polyethylene tube ring 2
weeks after suture) and 700-800 g Atlantic salmon (suture and heat shrink polyethylene tube ring in a single step). Partially adapted from data of Kolarevic et al.
(2021) and Rosell-Moll et al. (2021).
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reliability of the recorded data (Macaulay et al.,, 2021). In that
sense, the AEFishBIT device benefits of a small size and weight
(15 x 6 x 6 mm, 1.1 g in air), though the tagging method needs
to be adapted to each species to make it a reliable tool for smart
sensing farmed fish.

In gilthead sea bream and European sea bass, the AEFishBIT
attachment was initially attained using laboratory tags for
identification of experimentation animals (RapID tags), which
were rapidly pierced to operculum and on which a polyamide
pocket was fixed in juvenile fish of 50-100 g onward (Martos-
Sitcha et al., 2019b). This attachment procedure did not alter
significantly plasma levels of cortisol, glucose and lactate after
1 week of tagging. However, after 10 days, the appearance of
macroscopic indications of damage and necrosis at the piercing
location were evident in a high percentage of individuals reared
in a tank-based system. This undesirable effect was solved by

using corrosion-resistant self-piercing fish tags with a flexible
heat shrink polyethylene tube to fit the device, which avoided
growth impairment or pathological signs of hemorrhage or tissue
damage after 1-3 weeks of tagging (Rosell-Moll et al., 2021).
Such approach also works well in flat fish (turbot, sole), but it
is not feasible in rainbow trout or Atlantic salmon, probably
due to differences in head shape and operculum ossification
(Huby and Parmentier, 2019). Indeed, following this tagging
protocol, significant tissue damage and necrosis were observed
few days post-tagging in both trout and salmon at the level of
the piercing location and also on the gill tissue located below.
Thus, alternative surgery approaches were developed for trout
and salmon (400-500 g onward), using a flexible heat shrink
polyethylene tube ring sutured on the operculum and with
AEFishBIT held in this ring. This tagging method led to 100%
retention rate (7 days post-tagging) with no significant tissue
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0.10

0.09

0.08 +

Physical activity index
(relative units)

0.07 +

0.06 ,
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(breaths/s)
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FIGURE 3 | AEFishBIT records of physical activity (A,B) and respiratory frequency (C,D) of rainbow trout isogenic lines A22 (A,C) and R23 (B,D) exposed to a 3 h
hypoxia (from 8.0-9.0 ppm to 2.8-3.0 O, ppm) challenge. For each individual (598 + 10 g body weight), measures taken every 15 min are averaged at each time
point (3 h pre-challenge, 3 h hypoxia, 3 h post-challenge). Black circles are the values of hypoxia-challenged fish, whereas white circles are those of unchallenged
fish. Values are expressed as mean + SEM (n = 10 for hypoxia and post-challenge groups, n = 20 for pre-challenge fish). Different letters represent significant

(P < 0.05, ANOVA, SNK test) differences among challenge time points. Asterisks represent significant (‘P < 0.05; **P < 0.01; ***P < 0.001, t-test) between trout

lines at the same time point and challenge.
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FIGURE 4 | Gilthead sea bream (mean body weight 305 g) activity
synchronization by feeding with different schedules: 9:00 h (A), once per hour
between 9:00 and 13:00 h (B), and at 13:00 h (C). In each panel, the best-fit
curve derived from cosinor analysis of physical activity AEFishBIT data
(measures taken every 15 min along 2 days) of representative individuals is
shown as a continuous solid line. Values of mesor (M), amplitude (A),
acrophase (¢), and p-value (P) of best-fit curves are shown. Gray shaded
areas represent dark phases. Arrows in vertical dotted lines indicates the
mealtimes.
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FIGURE 5 | Seasonal activity synchronization by feeding in gilthead sea bream
(A) and European sea bass (B). Circles represent the activity acrophase of the
best-fit curve derived from cosinor analysis of physical activity AEFishBIT data
(measures taken every 15 min along 2 days) of each individual. At each
month, light and dark phases (natural photoperiod) are represented, as well as
the feeding time. For gilthead sea bream, fish fed daily (mean body weight
225 g in September, 390 g in February) are represented by red circles, and
fish fed during alternate days (mean body weight 385 g) are represented by
black circles. For European sea bass fed daily, individuals with diurnal (yellow
circles, mean body weight 295 g in June and 345 g in July) and nocturnal
(black circles, mean body weight 250 g in June and 255 g in July) behavior
are represented. For each group, green bar marks the mean acrophase, and
black bar the median. The number of individuals is stated for each group.

lesions or gill lamellae necrosis in salmon of 400-600 g body
weight (Kolarevic et al,, 2021). This procedure still provoked
some tissue damages in trout, though it can be prevented
by means of a suture step at operculum 2 weeks before the
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implantation of the heat shrink polyethylene ring with the
AEFishBIT device. The success of the different tagging protocols
was evidenced by a fast achievement of a steady state for the
AEFishBIT measurements of physical activity, which was found
within 2.5-3 h post-tagging in gilthead sea bream and trout,
whereas 7 h were required for salmon with a lasting surgery
tagging procedure in a single step (Figure 2). In any case, the
tagging recovery after AEFishBIT implantation was fast in all
species, which makes feasible to start data recording few hours
after the completion of tagging procedure.

EVALUATING HOW IS FISH SENSING
AND RESPONDING

Problems and Pitfalls in Spatial

Cognition and Physical Swimming

Activity

Natural stressors tend to be brief and/or avoidable, while stressors
in captivity are often prolonged or repetitive, activating in a
repeated manner physiological stress responses detrimental to
the animal (Fraser and Duncan, 1998; Veissier and Boissy,
2007). This becomes especially evident in the case of random
aquaculture stressors (Bermejo-Nogales et al., 2014), showing
transcriptomic meta-analysis that mitochondria are among the
first responders to environmental and nutritional stress stimuli
in fish (Calduch-Giner et al., 2014; Healy et al., 2017; Sokolova,
2018). Particularly in gilthead sea bream, several mitochondrial
markers with a role in oxidative phosphorylation, antioxidant
defense and respiration uncoupling have been used as reference
values of well-being to monitor and mitigate the negative
impacts of captive rearing (Pérez-Sdnchez et al., 2011; Bermejo-
Nogales et al., 2015; Magnoni et al., 2017; Martos-Sitcha et al,,
2017, 2019a). However, this interest has now expanded into
recognizing the importance of positive effects of environmental
enrichment (EE) as a promising tool to guarantee or improve the
welfare of laboratory and farmed fish (Brydges and Braithwaite,
2009; Evans et al., 2015; Stevens et al., 2021). Such approach
provides the opportunity to experience new situations typical
of the species in the wild, and it is generally accepted that
well-designed EE (e.g., stones, roots, logs, plants, algae, sand,
sessile animals, ice, artificial objects, etc.) improves behavioral
flexibility and cognitive ability of fish by changes in physical
activity. Indeed, modifications in swimming behavior reflect how
a fish is sensing and responding to its environment, which is
reflected by changes in spatial distribution and ventilation activity
to ensure the supply of O, at the exact rate required by the
organism (Martins et al., 2012; Zupa et al., 2015; Arechavala-
Lopez et al., 2021). Thus, video recording analysis highlighted
that physical EE promoted the increase of antioxidant enzyme
activity, exploratory behavior and learning abilities of gilthead
sea bream juveniles reared in tank-based systems (Arechavala-
Lopez et al, 2020). Likewise, the provision of EE in sea
cages promoted the overall improvement of gilthead sea bream
welfare, reducing aggressiveness and interactions with the net,
which might serve to reduce the incidence of fish escapes

(Arechavala-Lopez et al., 2019; Muiioz et al., 2020). However,
data records from independent studies are often poorly consistent
and it remains difficult to establish a general pattern of space
occupancy and physical swimming activity as valuable insights
in the behavior, but also in the physiological well-being and
resilience of farmed fish around the world and Mediterranean
fish in particular.

The above findings reinforce the need of further research
addressing the type of body movements that are recorded from
the externally or internally implanted fish sensors. Certainly,
Palstra et al. (2021) pointed out that gilthead sea bream
accelerations from acoustic transmitter tags (ventrally implanted)
are a good proxy of unsteady swimming activity (e.g., escape
reactions and aggressive or foraging behavior) in experimental
sea cages, but not of sustained swimming exercise. This
assumption is based on the correlations between accelerations
and the weight of heart and mesenteric fat weight, which
were the opposite to that found and expected in exercised
training fish (Blasco et al,, 2015; Rodnick and Planas, 2016;
Palstra et al., 2020). Indeed, most commercially available acoustic
accelerometers work at low data recording frequency, and
they mainly record deviations from sustained activity in swim-
tunnel exercised fish at different flow speeds (Arechavala-Lopez
et al, 2021). In contrast, as indicated before, the inferred
physical activity from on-board AEFishBIT outputs in exercised
juveniles of gilthead sea bream and European sea bass is
able to characterize the whole jerk produced by the muscular
twitching that impulse the fish and reconstruct the bell-shaped
acceleration of the muscular jerk. High sampling frequency also
allows detecting consistent differences in sustained swimming
at various speeds (1-6 body length/s) (Martos-Sitcha et al,
2019b). Moreover, in depth analysis of raw data from exercised
fish highlighted that the large amplitude of operculum aperture
and body tail movements of European sea bass is part of
the adaptive features of this fish species as a fast swimming
predator (Ferrer et al., 2020), linked to the natural evolution
and behavioral ecology in a predator-prey system (Berger, 2010;
de Matos Dias et al, 2018). Besides, selection for growth
within the PROGENSA® gilthead sea bream breeding program
modified behavioral and physical activity traits, priming growth
in genetically fast-growing fish and swimming performance
in genetically slow-growing fish (Perera et al., 2021a). This
was supported by the improved resistance to fatigue in swim
tunnels, but also by the more active swimming behavior of
free-swimming fish assessed by AEFishBIT measurements of
grouped-housed fish in rearing tanks. Likewise, AEFishBIT
outputs revealed a more continuous physical swimming activity
of younger fish when comparisons were made between gilthead
sea bream individuals of class of age + 1 and class of
age + 3 (Rosell-Moll et al, 2021). Older fish also showed
a significant reduction of operculum beats, supporting a
reduction of metabolic rates with the age-mediated decrease
in growth rates. Also in this study, jerk accelerations of fish
allocated in 90 L, 500 L and 3,000 L tanks increased with the
decrease of available space as a result of erratic and chaotic
trajectories, which again indicates that AEFishBIT outputs of
swimming activity are a good proxy for both unsteady and
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Partially adapted from data of Kolarevic et al. (2021).

sustained swimming activity. Indeed, monitoring of physical
activity is becoming a useful tool for meeting the behavioral
needs (e.g., optimal space availability regardless of density),
or time of adaptation of farmed fish for reducing stress,
aggressiveness and anxiety after stressful aquaculture operations
(Stevens et al., 2021).

Adaptive Capacities and Robustness

In a time of rapid environmental changes, with increases in
ocean temperatures and in the frequency and severity of hypoxic
events, serious concerns are arising about the profitability of some
aquaculture production systems (Brander, 2007; Gamperl et al.,
2020; Burke et al., 2021). Therefore, the better understanding

of the mechanisms operating in fish to mitigate heat stress
in combination with mild hypoxia is becoming a challenge.
Recently, important advances have been made in this field, and
a number of genes have been identified in Atlantic salmon
as molecular biomarkers for the quantification of hypoxia, but
also for the detection of epigenetic markers that can predict
thermotolerance (Beemelmanns et al., 2021). There is also now
evidence in zebrafish that paternal hypoxia exposure primes
offspring for increased hypoxia resistance (Ragsdale et al.,
2020). As a general pattern, these hypoxic adaptive features
involve the induction of hypo-metabolic states, the increased
O;,-mitochondria affinity, and the aerobic/anaerobic switches in
substrate preference as metabolic fuels according to the metabolic
capabilities of each tissue (Hoppeler and Vogt, 2001; Murray,
2009; Gamboa and Andrade, 2012; Martos-Sitcha et al., 2017,
2019a). However, in gilthead sea bream juveniles, this process
is more complex than initially envisaged. Thus, the resetting
of the skeletal muscle transcriptome by mild hypoxia condition
first primed an increased contribution of lipid metabolism to the
whole energy supply to preserve the aerobic energy production,
and thereafter (with the restoration of normoxia) a reduced
protein turnover and improved anaerobic fitness (Naya-Catala
et al., 2021b). How fish physiologists, farmers and breeders can
fully exploit this metabolic plasticity remains open, though it
becomes clear that it can serve to preserve an efficient nutrient
utilization but also the swimming performance under predictable
hypoxic stress episodes.

It is also known that the different growing within gilthead
sea bream families from the PROGENSA® breeding program
are associated with differences in resistance to fatigue and
probably with different aerobic/anaerobic fitness to cope with
a low O, availability (Perera et al., 2021b). These traits are co-
selected with a growth pattern that promoted growth spurts
in summer rather than a more continuous growth across
season (Perera et al., 2019). However, the genetic variability of
current farmed gilthead sea bream populations remains high
enough and individual tracking of physical activity patterns
with AEFishBIT served to differentiate active and inactive
behaviors after exposure to acute hypoxia (Rosell-Moll et al.,
2021). Active individuals typically show dynamic avoidance in
response to challenges and are more aggressive and socially
dominant. On the contrary, inactive (or passive) individuals
generally respond to challenges with caution and immobility,
being socially subordinate, and generally more flexible in their
behavioral responses to environmental change (Koolhaas et al.,
1999; Korte et al.,, 2005; Huntingford et al., 2010). AEFishBIT
determined that all hypoxic fish increased their ventilation
rates almost equally in our challenge, but jerk accelerations
highlighted the enhanced physical activity of a subset of fish
that will support their escape reactions (active fish) during
hypoxia episodes.

Robustness, defined as the ability to combine high production
potential with resilience to stressors, becomes a key trait
for selection in aquaculture (Knap, 2005). Physiological and
behavioral resistance and resilience to environmental challenges
are thereby considered a robustness feature. Robustness typology
has been studied in two divergent isogenic lines of trout,
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namely A22 and R23, with a different ability to cope with
plant-based diets (Geurden et al., 2013). These fish are also a
good model for studying differences in hypothalamus-pituitary-
interrenal (HPI) reactivity, as an alternative to the previously
studied high and low cortisol responsive fish strains of trout
(Pottinger and Carrick, 1999; @verli et al., 2005). Indeed, animals
of line R23 were described as less aggressive and more robust
fish showing a low cortisol response to crowding stress in
comparison to reactive individuals (line A22) that showed a
strong corticosteroid response (Sadoul et al., 2015). Nevertheless,
comparisons between different environmental stressors pointed
out that animals can modulate their responses depending on
the type of stressor. Thus, line R23 showed a higher sensitivity
than A22 to an acute CO, (hypercapnia) challenge (Sadoul
et al, 2017). These divergences in adaptive capabilities are
further corroborated by AEFishBIT measurements in hypoxic
exposed fish. In fact, the two trout isogenic lines highlighted an
increased physical activity during hypoxia, and this response was
more persistent in reactive A22 fish (Figures 3A,B). Regarding
respiratory frequency, it was noticeable that R23 fish displayed
a lower basal activity than A22, and this feature could facilitate
an enhanced respiration responsiveness in fish facing a hypoxic
challenge, whereas respiratory frequency of challenged A22
fish remained closer to normoxia values prior the challenge
(Figures 3C,D). These data illustrate the different behavioral and
physiological strategies developed by the two isogenic trout lines
when exposed to acute hypoxia stress and confirm the notion that
differences in basal behavior determined with AEFishBIT help to
establish different fish adaptive capabilities. Indeed, comparison
of fish species differences in hypoxia tolerance and responsiveness
highlighted that, contrarily to gilthead sea bream, the primary
response to hypoxia in trout is the increase of locomotor activity
rather than ventilation rates. This would reflect the prioritization
of the escape reactions in a fish species with a well-known limited
tolerance to a hypoxic environment (Dunn and Hochachka,
1986; Hou et al., 2020). Altogether, AEFishBIT can serve to
determine differences in basal behavior and how robust are the
current domesticated/selected farmed fish when they are facing
perturbations associated to common culture practice.

Daily Patterns of Diurnal/Nocturnal

Behavior

Feeding in wild life takes place periodically during a certain
temporal niche (e.g., day-time or night-time), depending
on whether the species is diurnal or nocturnal. This timing
system is comprised of a network of endogenous circadian
clocks that generate, via their local or distributed outputs,
an internal rhythmicity close to 24 h (Challet, 2013). Hence,
when food access is limited to a few hours every day at the
same time (temporal restricted feeding), most organisms
display a food-anticipatory activity, accompanied of food-
appetitive behaviors and hormonal responses prior to the
expected food presentation (Bloch et al., 2013; Skvortsova et al.,
2021). Moreover, disruption of the circadian cycle is strongly
associated with metabolic imbalances in rodent models of
circadian arrhythmia (Eckel-Mahan and Sassone-Corsi, 2013).

Indeed, the pervasiveness of circadian rhythms in life suggests
that circadian clocks are adaptive in nature, functioning as a
timing reference that allow organisms to anticipate the diel
fluctuations in their environments, being also the basis for the
transduction of seasonality from the changing photoperiod
(Van der Zee et al., 2008). Certainly, it is becoming apparent
from metabolites to transcription factors that circadian clock
interacts with metabolism in numerous ways that are essential
in a multitude of processes related to cellular metabolism, stress,
and senescence (Tevy et al., 2013; Majeed et al., 2020), which
can operate in the absence of the transcriptional/translational
circadian clockwork as reported for instance for ubiquitous
antioxidant enzymes (e.g., peroxiredoxins) and NADT-
dependent histone deacetylases (sirtuins). Overall, it opens
discussions about the etiological mechanisms regulating food
anticipatory responses and metabolic disorders arising from
the loss of circadian rhythms. In this regard, early studies in
Atlantic salmon highlighted that acute stress can be measured in
terms of changes to feeding motivation, becoming this criterion
a more sensitive indicator of stress than measurements of
changes in cortisol excretion (Folkedal et al.,, 2012). Certainly,
locomotor and feeding rhythms are of endogenous origin, as
they can persist under constant conditions without external time
cues (Madrid et al., 2001; Sanchez-Vazquez and Madrid, 2001).
However, it is also known that vertebrate animals in polar regions
show highly diverse activity patterns ranging from entrained
circadian rhythms to arrhythmicity patterns (Cockrem, 1990;
Ashley et al., 2012), as reported for AEFishBIT measurements
of locomotor activity and respiratory rates in Atlantic salmon
under continuous light regimes and hourly access to food excess
(Kolarevic et al., 2021).

The above findings contrast with the observations made in
most other fish studies, showing daily rhythms in locomotor and
feeding behavior that can be diurnal or nocturnal depending of
the species biology (Madrid et al., 2001; Reebs, 2002). In addition,
some fish display a clear seasonal change of diurnal/nocturnal
behavior, having European sea bass a nocturnal feeding behavior
in winter that is changing to be diurnal in summer and autumn
(Azzaydi et al, 2007). Otherwise, using self-feeding system
specially designed for small fish, del Pozo et al. (2011) pointed
out an independent phasing between locomotor and feeding
activities in zebrafish, which were mostly nocturnal or diurnal,
respectively. This dualism has also been reported in gilthead
sea bream, where the scheduled-feeding drove the self-feeding
pattern (Lopez-Olmeda et al.,, 2009), as it became diurnal or
nocturnal under day- or night-feeding, respectively. In contrast,
in the same study, the locomotor activity (measured by means
of infrared photocells) was little affected by feeding time, and
remained mostly diurnal with a photoperiod set at 12 h light: 12 h
dark. However, AEFishBIT outputs evidenced the high ability of
gilthead sea bream to concentrate self-feeding activity around
the programmed meals in fish taught to different temporal
restricted feeding schedules (one single meal at 9 or 12 h;
hourly feeding times from 9 to 12 h) (Figure 4). In addition,
feeding would serve to synchronize the phase of locomotor and
metabolic rhythms (respiratory rates), which are not necessarily
in the same phase in adults of European sea bass feeding at
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photodiode to ensure device functioning under insulation conditions in aquatic environment. IMU: inertial measurement unit (accelerometer, gyroscope,
magnetometer, thermometer). |L.C: microcontroller. (B) Blocks diagram of AEFishBIT functioning. UART: universal asynchronous receiver-transmitter. GPIO: general
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midday (Ferrer et al., 2020). How the synchronization of feeding,
locomotor and metabolic rhythms can contribute to improve
aquaculture profit is under debate, but the methodological
advances in fish monitoring in a tank-based system can also
be extrapolated to the field. For instance, gilthead sea bream in
winter becomes mostly arrhythmic with feeding schedules and
physiological rhythms of physical activity and respiratory rates
out of phase. However, current studies highlight that the use of

feeding schedules with alternating days (maintaining constant
the total food intake, but with an increased feed supply the
feeding day), served to restore the typical feeding behavior of
summer with an enhanced activity around the feeding time
(Figure 5A). By contrast, this daily synchronization is more
difficult in European sea bass than in gilthead sea bream, as
feeding level by itself does not act as a main synchronizer in
actively feeding fish. Indeed, 2-year old European sea bass, taught
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to feed at a fixed time at 12:00 h under natural photoperiod
and temperature conditions displayed (84% of population) a
nocturnal behavior with a peak of activity at 5:01 h (22:31
ZT) during late spring, but only 19% of population remained
nocturnal at midsummer with feeding levels of the same order of
magnitude (1.0-1.1% body weight) (Figure 5B). It is likely that
the predator nature of this species drives it to shift its activity
behavior according to the longer phase (nocturnal/diurnal) of
photoperiod. In any case, how these behavioral features can be
used as a suitable indicator of fish welfare and/or domestication
success of farmed fish under intensive aquaculture production
requires further research.

Energy Partitioning for Growth and

Locomotor Activity

How genetics and environment affect individual size variation
and growth compensatory processes in fish with different
heritable growth also evolves as a valuable criterion to
evaluate and improve growth, production and welfare under
intensive fish farming. Certainly, gilthead sea bream families
characterized as fast, intermediate and slow growing within
the PROGENSA® breeding program had differences in growth
trajectories, size heterogeneity, swimming capabilities and gut
microbiota composition across the production cycle (Perera et al.,
2019, 2021a,b; Piazzon et al., 2020). This is also susceptible of an
effective environmental programing that can produce different
growth and survival phenotypes depending for instance on the
time window of hypoxia episodes. Hence, early mild hypoxia
exposure (60-81 dph, 3.6-3.8 ppm) did not compromise growth
compensation processes driving a reduced size heterogeneity
during early life juvenile stages (Perera et al., 2021b). However,
growth compensation becomes constrained with recurrent or
late hypoxia episodes in life, which impaired the capacity to
reduce size variation during the dominant phase of muscle
growth hyperplasia. Such considerations are especially relevant
to discriminate the main source of variation in growth rates
along time or between different fish families, helping to avoid the
use of confounding criteria for improving fish management and
aquaculture profitability (Power et al., 2011). Indeed, selective
breeding would lead the selection of animals that are not
necessarily the fastest growers, but that have a positive effect
on the group as a whole (Devlin et al., 2004; de Goede
et al., 2013). In this regard, it must be noted that measures
of critical swimming speed (defined as the speed that can
theoretically be maintained without exhaustion) in swim tunnel
tests negatively correlated with growth in gilthead sea bream
(Perera et al., 2021a). Likewise, AEFishBIT outputs of group-
housed fish highlighted changes in swimming behavior, priming
fast growth rather than swimming performance, as reported for
highly domesticated strains of salmon and trout that becomes
athletically less robust than wild fish (Anttila and Minttari, 2009;
Bellinger et al., 2014; Zhang et al., 2016). This reveals a complex
trade-off that would prime growth in genetically fast-growing
fish, or swimming performance (and maybe escape reactions)
in genetically slow-growing fish, resulting in a lower capacity
of larger fish to cope with the increased water temperature

and reduced O, availability around the entire world due to
global warming. How current farmed fish have evolved for
adapting to global climate change is thereby a key issue, and
welfare indicators informing, directly or indirectly, of this
phenotypic plasticity are of high applicability in aquaculture for
fish farmers and breeders.

The general thinking is that there is a positive relationship
between metabolism and food availability (Reid et al., 2011).
However, this relationship can also vary among studies and
species (Auer et al., 2015; Liu and Fu, 2017), showing different
types of rearrangements between growth and metabolism. For
instance, in a common garden system with all fish under
identical environmental conditions in the same experimental
tank, respiratory rates are negatively or positively correlated with
body mass in gilthead sea bream juveniles having slow- and
fast-growing phenotypes, respectively (Perera et al., 2021a). This
feature highlighted a higher contribution of energy to growth
in fast growing fish, which was also evidenced when AEFishBIT
comparisons were made between salmon and gilthead sea bream
(Kolarevic et al., 2021). Likewise, measurements of respiratory
rates in gilthead sea bream varied with growth changes across
season and development, while changes in locomotor activity
appeared less variable (Figure 6A), a feature that reinforces
the concept of AEFishBIT respiratory frequency as an indirect
measure of basal metabolism and hence growth potentiality
among fish species and studies. In other words, the ratio
between respiratory frequency and physical activity values can
be considered as a metabolic index whose variations can be
indicative of differences in the energy partitioning. Indeed, the
variations of this metabolic index have been proven useful
to assess the adaptation of salmon to different light regimes
(Figure 6B; Kolarevic et al., 2021). How this knowledge can
be used to define new algorithms based on the combination
of physical activity and respiratory frequency as integrative
welfare indicators is underway to better dissociate the growth
changes related to development, natural environmental cues,
and aquaculture stressors, with an impact among other factors
on the optimization of water quality and available space
for the interaction of individuals with the environment and
their congeners.

CONCLUDING REMARKS AND FUTURE
PROSPECTS

AEFishBIT provides reproducible and accurate measurements of
behavior and welfare status of farmed fish in tank-based systems.
This is different of what we expect of electronic transmitter
tags that are especially suitable for the real-time monitoring of
unsteady swimming activity, associated for instance to feeding
behavior or escape reactions in sea cages. Otherwise, the use of
DST allows monitoring of small fish, which is of special relevance
for farmed species with a harvest body weight of 500-800 g.
This is the reason why the miniaturized AEFishBIT device was
initially tested and validated on Mediterranean farmed fish rather
than in salmonids with a harvest weight at commercialization
too much higher than gilthead sea bream or European sea bass.
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In any case, a critical step in fish biosensing is the tagging
procedure, being the adopted solution dependent on anatomical
features, developmental stage, rearing system, duration of study,
and more importantly on the research question. Altogether,
these factors limit the current threshold size for fish AEFishBIT
monitoring, which is ranging between 50 and 100 g in gilthead
sea bream and European sea bass, and 400-500 g for salmonids.
Future improvements in device design and miniaturization are
envisaged at short-term to expand species and recording period

through the production cycle. A major constraint factor for this
achievement is the size and weight of the battery, whose life could
be extended using different energy harvesting approaches that are
under evaluation within the EnABLES H2020 EU project. The
ultimate goal is to take advantage of fish movement to adopt
self-powered technologies that would remove the large battery
in the device design. This zero power approach would further
minimize the impact of device attachment and allow monitoring
of smaller fish. Additionally, it is planned to include a gyroscope,
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so the inertial unit (gyroscope and accelerometer) would be
able to provide a “three-in-one”: physical activity, respiratory
frequency and angular acceleration (and hence fish trajectory).
Moreover, the information drawn from the gyroscope could
be of utility to refine the currently used on-board algorithms
for the calculus of respiratory frequency and physical activity.
Additionally, the current user-friendly accompanying software
for device programming and data recovery will be updated to
include these new features, improving the programmed schedule
features for a more dynamic fish monitoring with different
sleep and recordings periods, synchronous and asynchronous, by
means of a real-time clock (Figure 7).

As sum up in Figure 8, the main features of the
current AEFishBIT device are different of those of other
small gadgets available in the market, serving for different
but also complementary purposes. Indeed, routine remote
monitoring in large cage systems is mostly useful for real-
time detection of unsteady fish reactions in response to
predictable or unpredictable events, whereas AEFishBIT
recording would assist farmers, breeders and physiologists
for accurate phenotyping of behavior and whole metabolic
traits under highly controlled conditions. Thus, this system
is able to give useful information about how a fish is sensing
and responding to changes in age, genetics and environment
as a good proxy of both unsteady and sustained states of
swimming and metabolic rates in a context of climate change,
with cultured fish exposed to high temperatures and limited
oxygen availability. The challenge is how this information
at laboratory scale can be extrapolated and used to the
field level for the improvement of aquaculture sustainability
and profitability. In that sense, behavior changes related
to the acceptance of new feed formulations and changing
environmental conditions can be mimicked and tested at
laboratory scale for merging genetics, nutrition, health and
environmental science into a single transdisciplinary and
fundamental knowledge system, supporting the future and
viable growth of aquaculture. All this will serve to ensure
the use of behavior monitoring as a reliable and routine
approach to evaluate new fish feed formulations, largely based
on sustainability and circular economy principles (Aragio et al.,
2020; Naya-Catala et al., 2021a).

Future prospects on behavior and emotional indicators can
also serve to measure and interpret the positive reactions of
fish to the environmental enrichment. Otherwise, regarding
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