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Abstract

As aquaculture continues to grow and intensify, there is increasing public concern over the
welfare of farmed fish. Stress and production-related pathologies and repressed growth are
examples of the challenges facing aquaculture, and their impacts could be minimised by
effective identification of the early signs of impaired welfare. Many welfare monitoring
methods have been recommended, however, continuous and reliable welfare monitoring in
aquaculture is not yet widespread and commonplace. The aim of this scoping review was to
present an overview of the most recent developments in fish welfare assessments with a
specific focus on practical translation to the aquaculture industry. A keyword-based search
was undertaken to identify peer-reviewed papers published between 2014-2020 in which a
novel method with the potential to be used for the assessment of fish welfare in
aquaculture was introduced. The results were sorted into two categories: non-invasive and
invasive methods. All methods were assessed for their advantages and disadvantages,
potential applicability to aquaculture. Invasive methods were also ranked on their degree of
impact. It is concluded that increased interest into fish welfare, in combination with more
intelligent modern technology, has resulted in the development of newer and more refined
alternatives to traditional methods of welfare assessment such as behaviour monitoring by
2D cameras and plasma cortisol evaluation. Although, in many cases, more research is
needed before these methods are suitable for widespread industry use, studies that focus
on increasing the precision, automation and practical applicability of these methods are a
promising avenue for future research.
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Introduction

Global scale of aquaculture

Over the last 50 years, global fish consumption has increased at twice the rate of population
growth, reaching 156 million tonnes in 2018 with 52% of this sourced from aquaculture

L which is defined as “the farming of aquatic organisms, including fish, molluscs, crustaceans
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and aquatic plants” 2. As demand has risen, the aquaculture industry has expanded and
intensified 3, contributing to growing political, economic and public concern about
sustainability and related issues including animal welfare #°. Given this immense global
scale, and the vast number of individual animals being utilised, it is critical that the welfare
of fish in aquaculture is adequately assessed and addressed. China alone produces more
farmed fish than the rest of Asia as a whole, as well more than the Americas, Europe, Africa
and Oceania !, although little has been published on the welfare of fish within Chinese
aquaculture systems in English. Terrestrial livestock welfare has been studied extensively
over the last four decades, however, fish welfare has only recently been given serious
attention °.

The welfare of fish

Animal welfare is a multi-dimensional concept, which has been defined in several ways but
can generally be considered as “the physical and mental state of an animal in relation to the
conditions in which it lives and dies” 1°. Animals experience poor welfare from challenges to
their physical or psychological health, often separated into five overlapping and inter-
connected ‘domains’ (nutrition, physical environment, health, behavioural interactions, and
mental state) 1. To maintain adequate welfare, animals should not experience severe or
chronic challenges in any domain, and should have opportunities for sufficient positive
experiences 213, Historically, there has been considerable debate about the ability of fish to
have conscious experiences such as distress and pain, and therefore, whether they deserve
the same welfare considerations that are applied to other agricultural animals like mammals
and birds %14, The fish brain lacks a mammalian-like neocortex >, which in mammals is the
region predominantly responsible for complex thoughts, consciousness and pain 1. This is
important as sentience is the basis for animal welfare 17 and only sentient organisms have
the potential to experience emotions, pleasure and suffering 8. However, a lack of
homology is not synonymous with a lack of function, as similar processes can occur in other
parts of the fish brain, such as the forebrain 1920, Furthermore, the neocortex is not the
only region of the mammalian brain involved in consciousness %1. Research from the last two
decades suggests that fish are sentient, conscious and have the capacity to suffer 22724,
Consequently, government bodies, such as the European Food Safety Authority (EFSA), now
acknowledge that fish are capable of suffering 2°. It is therefore imperative that fish welfare
is adequately monitored, measured, and attended to within aquaculture as it is for other
livestock species.

Exposure of livestock to stressful conditions is prevalent in intensive farming, and
monitoring the existence of stress responses is a key part of evaluating welfare 2°. Stress is a
biological response elicited when an animal is confronted with a ‘stressor’- a threat, or
perceived threat, to its wellbeing 27, that interferes with the dynamic equilibrium
(‘homeostasis’) of the animal 22. It should be noted that all stress is not inherently dire to an
animal’s wellbeing, and for this reason stress is often divided into two definitions: ‘eustress’
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and ‘distress’. Eustress is an everyday experience useful for survival (e.g. avoidance of
predators, searching for food) and does not necessarily have a detrimental effect on the
animal unless it occurs often enough 2°. Distress, on the other hand, is experienced
consciously as an aversive experience 2’. This response can be recorded using behavioural,
physiological, or production-based measures amongst others 3°-33, Stress in fish has three
stages: primary, secondary and tertiary 34. The primary stage involves a cascade of
neuroendocrine responses such as release of catecholamines and glucocorticoids 3. The
secondary stage involves a range of physiological reactions such as an increase in heart rate
and utilisation of metabolic energy stores 3. The tertiary stress response is activated by
recurrent or chronic stressors and influences whole-body performance 3437, manifesting
physically (e.g. impaired growth) 3738, and behaviourally, (e.g. developing unusual swimming
patterns) 8. Long-term effects of stress include elevated mortality rates and increased
susceptibility to disease from compromised immune function 34. Therefore, the control of
animal stress within farming systems is important from both a welfare and an economic
perspective 3°. Common stressors within aquaculture include, but are not limited to, poor
water quality 49, hypoxia 4, transport 4744, overcrowding %, handling %8, starvation %,
disease 3% method of slaughter #° and predation or aggressive attacks from other fish
including conspecifics °%°1. While it is impossible to eliminate all stressors in aquaculture,
welfare monitoring methods can allow for the detection and quantification of these
stressors, and minimisation of their impact.

Assessing welfare and study aims

Scientific assessment of animal welfare is dependent on valid and standardised tools, and
‘Operational Welfare Indicators’ are those which are relevant, easy to use, reliable,
comparable, suitable for aquaculture, and appropriate for specific systems or routines >2.
Methods that can be applied to on-farm use may also be valuable for translating to
aquaculture contexts >3, Novel methods or those in development should ideally minimise
production costs, time requirements and impact on animals, while maintaining reliability
and accuracy °*. Tools or techniques that are costly, unreliable, or time consuming are
unlikely to be supported by industry >4, however, they may still be useful in an experimental
context. The aim of this paper was to conduct a scoping review in order to identify,
summarise and appraise novel methods of welfare assessment in fish, with a focus on
translation to the aquaculture industry. Methods solely applicable to wild fish welfare were
outside the scope of this review.

Methods

Literature was identified using ScienceDirect, Scopus and Google Scholar databases. This
process identified research articles published in English. Search keywords included
combinations of the following: farmed fish AND/OR aquaculture; stress; welfare monitoring
AND/OR behaviour AND/OR method AND/OR indicators AND/OR assessment.
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Inclusion criteria for research discussed in this review were the following:

1. Welfare:- Fish welfare assessment or monitoring was an explicit aim of the research

2. Novel:- the authors explicitly stated that they were proposing a new method

3. Recent:- All corresponding articles were published between January 2014 and
January 2020
Peer-reviewed:- Article was published within a peer-reviewed scientific journal

5. Applicability:- Methods were developed for aquaculture or had the possibility to be
adapted. Due to the wide range of fish species used in aquaculture, the methods
selected were all applicable or potentially applicable for most commonly farmed
teleost species

6. Non-lethal:- lethal methods and techniques applied during harvest were excluded

This review is discussed in two sections, separating non-invasive and invasive methods.
Where details are available, methods were assessed on the following criteria: invasiveness
and potential severity, equipment required, practicality, cost, time requirement, expertise
and translation to other fish species found in aquaculture.

Invasive vs non-invasive

No fixed definitions exist for the terms ‘invasive’ and ‘non-invasive’ when applied to animal-
based methods >>°6. Non-invasive sampling may refer to methods which avoid any direct
physical contact including handling, capture and restraint "8, However, the same term may
also refer to procedures in which the integument of an animal has not been breached >°.
According to the latter definition, methods that collect samples from the outside of the
body, such as hair or skin mucous #>°%° would be considered non-invasive even if capture
and/or handling of the animal is involved. For the purpose of this review, invasive methods
include those that physically disturb the fish by handling or capture and/or affect the
physical integrity of the fish, and/or had an impact on fish fitness or behaviour (Table 1).
Inclusion of methods as invasive or non-invasive was based on the likelihood of impact if no
empirical assessment was available. Invasive methods were also evaluated on the potential
severity of their impact on fish welfare and suffering (Table 2). It is a key principle of animal-
based research that protocols should minimise the impact on animal welfare ¢, and
therefore non-invasive or minimally-invasive methods should be used whenever possible.
However, this is not only important for welfare, but also for assessing and maintaining data
quality ®2 as many animal-based measures including physiology, production and behaviour
are affected by aversive experiences such as pain and distress 3.

Results

Our literature search using ScienceDirect, Scopus and Google Scholar databases yielded 17
primary research articles fitting our inclusion criteria. Of these, 10 introduced a non-invasive
method and 7 introduced an invasive method.
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Part 1: Non-invasive methods

1.1 Introduction to behaviour monitoring of fish

Behaviour is a commonly used, non-invasive measure of animal welfare %4, which can
provide external signs of an animal’s internal experience including negative mental states,
perception of their environment, and coping responses %>%7. For example, fish experiencing
stressful conditions may alter feeding behaviour and other self-maintenance activities ©®.
Behaviour monitoring can be carried out using several methods including direct human
observation, manual coding of video recordings, or automated methods such as computer
vision techniques %871, In aquaculture, monitoring focuses primarily on group observations
rather than individuals 2672774), This is because production animals are generally managed at
the group level, and it is challenging to track individual fish within a group non-invasively
due to view obstruction and the complex swimming motion of fish shoals 7>. Additionally,
farmed fish are rarely housed individually 7® and social isolation for the purposes of
monitoring can itself be detrimental to welfare 77 and impractical. However, identification of
individuals within groups is also advancing through techniques such as facial recognition,
even for fish 727°, which means that options may be available in the future for better
individual-level monitoring. This would create important opportunities for the monitoring of
welfare, because group-level behaviour does not always accurately reflect the experiences
of individual animals, nor the amount or range of individual-variation existing within the
group .

1.1.1 Avoidance and anticipation testing

Fish exhibit self-preservation behaviours, such as threat avoidance and ‘anticipatory
behaviour’, and these can provide insight into their perceptions and affective states and
therefore, welfare 76. Two welfare tests, originally developed for terrestrial animals, have
recently been adapted for teleost fish species 7. These tests measure human avoidance 8!
and food-anticipatory behaviour 82 in juvenile rainbow trout (Oncorhynchus mykiss) 7. Both
tests were conducted in two experimental conditions: 6 groups of fish housed in normal
oxygenated conditions, and 6 groups in hypoxic conditions 7, which is known to be
detrimental to health and welfare . In the human avoidance test, an experimenter stood
20 cm away froma 1 m x 1 m x 0.2 m tank, housing 83—85 fish, for a five-minute period and
the distribution of the group within the tank was recorded at 1-minute intervals 76. Uniform
distribution of fish indicated low-level human-avoidance, congregation of around half of the
fish to the far side of the tank indicated medium-level avoidance, and complete
congregation as a shoal indicated high-level avoidance 6. Hypoxic fish demonstrated less
avoidance than controls, suggesting that self-preservation behaviour, and thus welfare, was
impaired. During the food-anticipatory test, fish were conditioned to associate a neutral
stimulus (water flow) with feed provision in a particular area of the tank 7°. Food
anticipation was assessed by group distribution towards the feeding area after exposure to
the conditioned stimulus, with more clustering in the feeding area indicating higher levels of
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anticipation. Fish housed in hypoxic conditions displayed less anticipatory behaviour,
suggesting that impaired associative learning ’6.An alternative explanation is that food may
have been less rewarding to hypoxic fish than to their control counterparts, as acute stress
is known to reduce feeding motivation in fish 84, which also has significant welfare
implications. An advantage of these behavioural tests is that they can be easily replicated,
and require few tools, easily trainable skills and short amounts of time. However, an initial
control group may be necessary to compare responses of unstressed and stressed fish, and
this can be difficult on farms and would add to the time required for these tests. In some
farming systems, such as recirculating aquaculture systems, cameras can be used to monitor
feeding activity 26, although in commercial sea cages these methods are likely to be more
difficult to apply. In the absence of cameras, scoring of the fish behaviour can be hindered
by poor visibility from high stocking densities and water turbidity 7> which restricts these
tests to smaller fish enclosures. Additionally, the consistency of the protocol is reliant on
effective staff training, which may be difficult to ensure or control 7. It is currently unclear
whether these tests would be applicable to all species of fish in aquaculture.

1.1.2 Fish visualisation

In large aquaculture settings it may not be practical for each cage, tank or pond to be
individually or regularly observed &’. Computer vision technology may offer a method for
welfare assessment in these conditions >*. Computer vision uses artificial intelligence and
machine learning to process digital images, and can be applied in the aquaculture context
for the identification and analysis of fish behaviour 7. As technology has advanced,
computer vision has become increasingly available and affordable 8. One limitation of
direct fish observation and early computer vision techniques is that it is difficult to observe
or analyse images in low light conditions 8°, however, artificial lighting can disrupt the
circadian rhythm of fish and cause health defects °>°1. To overcome this limitation, sonar
and optic video imaging was recently used in combination with a Deep Neural Network
model to successfully generate clear images of a large group of sardines (Sardinops
melanostictus) housed with multiple other species, under a range of natural lighting
conditions 7. Techniques such as this can facilitate regular observations of fish groups under
sub-optimal lighting conditions and have the potential to be used for the detection of
behavioural parameters such as swim speed, social interactions and feeding behaviour 7,
although this would currently require post-image analysis involving either additional
software/programming requirements or labour. There are also practical limitations as the
sonar system (ARIS EXPLORER 1800 unit, Sound Metrics, Bellevue, WA, USA) used was
limited to a 15 m distance 7%, therefore, future studies should also consider tank size when
selecting hardware to ensure image quality is maintained.

1.1.3 Automated behaviour detection and analysis
Quantitative assessment of animal behaviour is time consuming and requires considerable
observer training °2. Automated systems to detect fish activity or behavioural changes via
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computer imaging reduce the need for human labour to analyse footage 3. Such technology
has been recently used to systematically detect subtle behavioural changes indicative of
stress within a group (n = 52) of Nile tilapia (Oreochromis niloticus) °, as unusual
behavioural patterns can be warning signs of poor mental and/or physical health 7°. A
charge-coupled device camera was placed above a transparent fish tank with LED
illumination from below ®°. Fish movement was detected by applying a ‘motion influence
map’ to raw video files. Motion influence maps integrate precise characteristics of moving
objects, such as acceleration, distance, direction, and visibility, at the pixel level using
optical flow analysis and can monitor the activity of multiple animals >°4. Data is then
depicted as a heat map . Recognition of target tilapia behaviours was greater than 84%.
Target behaviours were characterised as distinctive sudden changes in motion or direction,
such as when a fish quickly moves away from an approaching conspecific or after physical
contact . Abrupt movements can be indicative of a stressed internal state °, therefore this
technique may be very useful for welfare monitoring of fish in groups. An advantage of this
method is its efficiency after implementation: once set up no labour is required to derive
behavioural information, and action can be taken when the system detects unusually high
levels of fish activity. Additionally, automated analysis is not influenced by observer bias or
presence, which is useful in applied contexts such as fish farms >4°6°7_ Generalisation of this
method to other fish species is feasible, although this would require species-specific target
behaviours to be identified and adjustments for body size and shape ©°. One disadvantage of
this method is the equipment cost and expertise required for initial development and
implementation, and if full automation cannot be achieved then human labour may still be
required for some tasks such as image pre-selection. Another limitation is that it is requires
adequate lighting, which may restrict monitoring to daylight hours, since nocturnal lighting
can be problematic for welfare °°. With further development and generalisation, this type of
technology may provide valuable and feasible monitoring that is useful for both animal
welfare and production.

1.1.4 Quantification of feeding behaviour

Appropriate food intake is important for good welfare as poor feeding patterns can result in
high mortality and disease susceptibility ®8, or indicate the presence of disease °.
Furthermore, feeding competition is a common challenge arising in fish management that
can result in agonistic behaviour between fish or restricted access to food for sub-ordinate
individuals °>1%, Therefore, monitoring of feeding behaviour is useful for welfare purposes
as well as production. Intelligent feeding control methods have been summarised previously
101,102 3nd are in products such as and are used by commercial companies in products such
as CageEye (CageEye AS, Oslo, Norway) and Akvasmart CCS Feed System (AKVA group,
Stavanger, Norway) in order to assist, autonomise and optimise feeding. However, feeding
behaviour is complex and cannot be used as an indicator of welfare on its own. Along with
welfare state and homeostatic control, feeding behaviour is also influenced by a range of
environmental factors such as temperature, reproductive season and the presence of
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predators 193, Therefore, feeding behaviour should be measured along with other indicators
of welfare and should not be relied on as a sole indicator.

A combined behavioural/statistical method, using a computer vision system, was developed
to quantify feeding behaviour of a group (n=60) of juvenile tilapias . A CCD high-definition
camera was placed above an experimental tank, with an adjacent LED light source.
Behavioural characteristics were determined by swimming speed, angle of motion or
directional changes at the pixel level of the video using optical flow in combination with
MATLAB® (The MathWorks Inc., Natick, MA, USA). Feeding activity increases with appetite,
therefore this method could usefully determine hunger and satiety, identify appropriate
food quantities, or to ascertain when the release of feed into a tank should stop (Ye et al.,
2016), particularly if used in conjunction with automated feeding systems that are already
used in aquaculture 7°. This system may improve welfare by avoiding underfeeding or
overfeeding, both of which have poor health outcomes 1%, An advantage of this system is
that it is insensitive to water reflections 7>, which can otherwise reduce image quality . It
is also practical for use in high density rearing tanks, which are typical in aquaculture 11,
and only requires a minimal amount of technical equipment. Application to other fish
species is possible with adjustments to the mathematical models 7°. Key limitations are the
system’s reliance on a light source, as image processing requires light silhouettes against a
dark background, and the expertise required for the initial computational complexity of the
behavioural analysis.

1.1.5 Infra-red behavioural analysis

Many methods for automated analysis of fish behaviour rely on a light source, however,
unnatural illumination may be harmful to fish °°. Near-infrared (NIR) imaging is a low-light
option that uses the electromagnetic spectrum between visible and middle infrared light
(wavelengths of 780-2526 nm) 1% Infrared imaging is also resistant to electromagnetic
interference and relatively inexpensive 7. NIR imaging, using an NIR camera and NIR
850nm light source in conjunction with MATLAB® software, has been used to quantify
feeding behaviour of adult mirror carp from nocturnal images (Cyprinus carpio var.
specularis) 1%, The key advantage of NIR imaging is that it is not reliant on natural or
artificial light sources and so it is not adversely affected by dim lighting 1°8. However, there

105 'although, the carp

is some concern that NIR wavelengths may be harmful to animals
study used a wavelength of 850 nm, which is not known to have detrimental effects on fish
growth or welfare 1%, While this method was developed using mirror carp, it is likely to be
effective with other common aquaculture species, such as salmon or tilapia, that display a
variety of feeding behaviours during their life cycle and feed ‘actively’, and may be able to
be combined with automated feeding systems 1%, A limitation of this method is that
accuracy may be reduced from mist build up on the camera lenses, as was noted in the carp
study 1%, This is a result of the damp aquaculture environment, which could also affect

equipment longevity.
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1.1.6 Three-dimensional fish tracking

Automated methods of behavioural assessment often use two-dimensions captured from a
single camera view °*, however, animals move within a three-dimensional (3D) space. 3D
tracking monitors animal movement within all three dimensions for a more detailed analysis
of motion characteristics and behavioural patterns 19, This is particularly relevant when
monitoring aquatic, flying or arboreal animals 11, because depth or height changes in their
location can be determined, whereas strictly terrestrial animals may be sufficiently
monitored from a single top-down view 0. For marine animals, 3D tracking can provide
information about their position, depth, trajectory and momentum %2, as well as important
behaviours such as habitat use and social interactions 113, This is important for welfare
monitoring since stress responses in fish can be conveyed behaviourally, through swimming
patterns, speed, and interactions with conspecifics 3. Freezing behaviour, for example, is a
stress response characterised by lack of movement and positioning on the floor of the
environment 14, 3D tracking can also help overcome the issue of visual obstruction, which is
particularly prevalent in large sea cages where it can be impossible to monitor the entire
space using 2D visualisation methods 4.

A system recently developed for fish tracking is Microsoft Kinect™ | (Microsoft Corp.,
Redmond, WA, USA), a structured-light sensor system &°. Microsoft Kinect™ is “single-
point” 3D tracking technology that uses triangulation between a colour RGB camera, an NIR
camera and an NIR projector >*8°, This system was tested on a small group (n=4) Nile tilapias
in tank (60 x 30 with 10 cm water depth). Although this study contributes to the feasibility of
new sensors for monitoring fish behaviour in 3D space, this may be challenging to scale up
to real aquaculture especially since this system has only been tested with a low stocking
density. The Kinect™ was placed below the tank, which was illuminated by two lamps lit at
low intensities. This system was able to identify individuals and evaluate their velocity,
trajectory and spacing in real time even when some visual obstruction occurred (e.g.
overlapping of fish)®. Another advantage of this method is that it requires less calibration
than stereo-vision systems and less computational power for imaging matching and analysis
89 A disadvantage is that sensor size restrictions limit the ability to remote sense with a
maximum distance from the sensor to the fish of 3 m for adequate resolution, thus
decreases its applicability to commercial aquaculture settings .

When measuring fish depth during 3D tracking light distortion can occur from the water. To
overcome this, a recent study used an infra-red camera system and modelling of the
relationship between depth and light intensity from the fish, to calculate 3D trajectories
from a single top-down IR camera view 7. This model successfully tracked four banded
rainbowfish (Melanotaenia trifasciata) in a small tank (60 x 50 x 40 cm) with a mean depth
error measurement of around half a centimetre. Measurements taken in daylight were
slightly more accurate than nocturnal measurements. The maximum depth at which this
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could be used was less than 1 m, but this may be improved using more sensitive equipment
107 The infrared reflection system for indoor 3D tracking of fish has lower hardware costs
and fewer requirements for a 3D estimation algorithm, but is not yet suitable for real-world
application 11>,

1.2 Fish size monitoring

Poor welfare may inhibit animal growth in several ways, and therefore growth rates can be
useful indicators for stress and welfare 16117, Physiological stress responses increase energy
mobilisation, which can decrease energy availability for growth %°, and inhibit the
production of growth hormone 118119, Stress may suppress feed intake 29121 and fish may

122 "'which can arise from

also experience competition from other fish 1?1,,and hypoxia
overfeeding leading to polluted water and reduced dissolved oxygen levels 123, Body size
and growth patterns differ between individuals in a population, and this has been
associated with specific coping styles 1?4. Therefore tracking changes in fish size over time
may provide one approach to welfare monitoring in aquaculture °, and can also benefit
production and management as the growth stage informs feeding regimes, the accuracy of
oxygen consumption data and administration of medicine dosages, especially when
delivered via water (e.g. anaesthesia) 12°. Accurate fish size measurements also help
determine the most profitable time to harvest 1%°. The relationship between stress, body
weight and size is not simple %7, and some species height and weight are quadratically
associated 26, Resultingly, weight is the most important variable for identifying deviations
in normal fish growth. Fish weight and growth have traditionally been monitored by physical
weighing of individual fish on scales, which is time-consuming and requires capture and
handling so may induce stress 1. As for feeding behaviour, a limitation of growth
measurements as a welfare indicator is that growth is affected by many factors other than
welfare state, and is not always impeded when welfare is poor 127-12° Therefore, growth
should be measured in conjunction with other indicators of welfare or stress.

Ultra-sonic technology has been recently used to measure the heights, and estimate the
weights, of individual free-swimming gilt-head sea breams (Sparus aurata) without
disturbance 128, In this system, a single beam transducer is placed down-facing on the
water’s surface with another placed up-facing at the bottom of the tank capturing dorsal
and ventral body measurements, respectively. Sound signals are sent and received by the
transducers then analysed using MATLAB® to construct an echo shape for each individual
fish. Measurements were captured automatically when fish swam perpendicular to the
acoustic beam axis. Modelling was used to derive height measurements, and body weight
was then estimated based the known relationship between height and weight for this
species 126, This method was tested in a small aquacultural environment (small tanks of 3.0 x
2.7 m with low stocking density of 0.3-0.6 fish/m3). For higher stocking densities, fish on the
periphery of a shoal could be used to establish average weights and heights for a group and
a split beam transducer may improve performance during non-horizontal swimming,
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although data obtained in this way may be less accurate ?°. For use in larger tanks,
adjustments to transducer size may help translate these results to other contexts 1%, These
possibilities warrant further exploration.

Machine learning techniques and Kinect™ technology have been successfully used in
combination with NIR hardware to automatically estimate the size and weight of individual
seabass (Dicentrarchus labrax) 12°. Total dorsal area, total dorsal length and fish width were
measured at six different points of the body 12> based on images captured by an Infrared
Reflection system (IREF) when sufficient NIR light was reflected from fish. Modelling was
used to estimate fish depth based on the brightness of the silhouette, and to convert image
pixel size into a true pixel size for size estimation. This system is not dependent on optical
lighting, and can function in dim environments as long as there is NIR illumination.
Additionally, if the fish overlap each other the system can detect this using pixel intensity
and can separate the data from multiple individuals *2°. Although the developed model was
based on seabass, the system could be explored with other species of fish. A limitation is
that due to placement of the camera above the tank, only fish swimming above the shoal
during image acquisition can be assessed.

Estimation techniques of fish size measurements are reliant on the accuracy of the models
used and their ability to take into account variations in conditions, movement and body
shape particularly when applied on-farm. Mufioz-Benavent et al. 13 introduced three novel
geometric models that could estimate the length of freely swimming adult bluefin tuna
(Thunnus thynnus) in aquaculture farms using a stereovision system. These models were
able to account for bending of the fish body during locomotion, which alters the silhouette
of the fish and can affect size calculations 3. This system recorded 3D biometric
measurements from individual fish in a large group (n = 312), using two synchronised optical
cameras placed in a sea cage 15 m below the water surface. Cameras were placed
underwater to capture the ventral silhouettes of the fish and the footage was analysed
semi-automatically, thus reducing some human intervention. Snout-fork-length
measurements using this method accurately compared with data from the fish at harvest.
This method is dependent on light for image capture however as size and biomass do not
fluctuate during the day, this is not a limitation. This system could be adapted for other fish
species by adjusting the geometric models accordingly.

Stereo-vision systems and other automated technologies have also been applied in
aquaculture to manage other health and welfare challenges 1°2. For example, a machine
vision system was recently tested for the monitoring of sea lice burdens 32, which is a major
welfare 133 and economic issue 13* in aquaculture. Within an experimental system,
populations of sea lice were able to be monitored at the group level 132, although even in
the research context the small louse size creates a significant challenge, particularly when
they are stationary. The major challenge of these systems is in visual obstruction either from
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water movement, objects (e.g. food particles) in the water, and appropriate placement of
cameras in order capture relevant images (e.g. feeding events) that are useful for making
management decisions 12,
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Table 1: Summary of non-invasive welfare monitoring methods including their suitability to intensive aquaculture, assessed by how well the method works
in larger and/or more densely populated sea cages and tanks.

1.1 Behaviour monitoring

Method Test species | Strengths Weaknesses Suitability to | Reference
intensive
aquaculture

Direct human Rainbow Little to no costs as no equipment Subject to worker compliance. Subject | Low Colson et al. 7®
observation of trout and minimal training is required. to poor visibility and thus only feasible
human in smaller fish enclosures. More trials
avoidance and are required to test suitability of these
feed tests to other species of fish.
anticipation
Sonar and optic | Sardines Applicable at day or night-time. Limited to distance limitation of the Moderate Terayama et al. 7
imaging Translatable to other species and imaging devices used. Additional

more densely populated fish labour and possible technological

enclosures. costs associated with post image

analyses.

Computer Nile tilapia Can recognise more subtle changes Complex computer system, which High Zhao et al. %
based which could be useful for less overt requires large annotated datasets for
monitoring of changes in behaviour and thus, more | training purposes. High cost of
unusual accurate evaluations of welfare. equipment. Requires adequate
behaviours Once the system is installed and lighting. More research is needed to

established, minimal labour is establish translational relevance to

required as the system detects other fish species.

behaviour changes on its own.
Model for Tilapia Not susceptible to water reflections. | Complex computer system. Reliant on | High Yeetal 7®
assessment of Once the system is installed and light source. Adjustments to
feeding established, minimal labour is mathematical models would be
behaviours required as the system monitors required before this method is used

behaviour on its own.

on other species. Some reliability
impediments yet to be overcome.
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Near-infrared Mirror carp Once the system is installed and Mist on lenses reduces visibility and Moderate Zhou et al. 18
imaging to established, minimal labour is recognition accuracy. Recognition
quantify feeding required as the images are accuracy may be subject to fish colour:
behaviours automatically processed and high contrast colours = higher
analysed. The system is functional accuracy, while low contrast colours =
under dim lighting. Eliminates lower accuracy.
adverse effects of splash and
reflection on image quality.
3D tracking Nile tilapia Avoids severe occlusion. Functional Small distance limitation (1-3m) of the | Low Saberioon & Cisar %
Rainbowfish | under dim lighting. System imaging system. Only tested in small Lin et al. 1%
demonstrated high (98%) tracking tanks with small group sizes.
accuracy.
1.2 Fish size monitoring
Method Test species | Strengths Weaknesses Suitability to | Reference
intensive
aquaculture
Pulse-echo Gilt-head sea | Once the system is installed and Tested on a low density fish tank. Moderate Soliveres et al. 1%
waveform breams established, minimal labour is More research is needed to determine
measurements required as the images are efficiency in larger more densely
automatically processed. Model can | populated tanks.
be adjusted for application to other
species.
Infrared Seabass Once the system is installed and Susceptible to occlusion and therefore | Low Saberioon & Cisar 1%
reflection established, the images are poor functionality in densely
system (IREF) automatically processed. Functional | populated fish enclosures. More
and geometric under dim lighting. research is needed to establish
model translational relevance to other fish
species.
Stereovision Bluefin tuna | Once the system is installed and Requires adequate lighting. High Muinoz-Benavent et

system and
geometric
model

established, the images are semi-
automatically processed. Accurate in
more densely populated fish
enclosures.

Adjustments to mathematical models
would be required before this method
is used on other species.

GI 130
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Part 2: Invasive methods

Measures such as behaviour and growth are useful indicators of welfare. However, this is
dependent on the nature of the specific welfare challenge and these variables may not
always reveal compromised welfare states (e.g. animals selected for fast growth may have
poorer health outcomes than slow growing counterparts 3. Ideally, welfare states should
be assessed using a combination of indicators including, but not limited to, behaviour,
health, physiology, environment and psychology >33, Not all animal welfare indicators are
non-invasive, and therefore, monitoring methods should be selected based on both the
expected benefits and potential impacts to the animal. The following sections outline novel
methods of measuring fish welfare, where some degree of impact to the animal is expected
but destruction of the fish or product quality is avoided. Potential for use within aquaculture
is considered, as well as severity (the intensity of potential suffering and the domain of
suffering), the duration of impact, and the potential for refinement, such as by including
analgesia use (Table 2). In practice, some methods can be combined with routine husbandry
events in aquaculture such as the capture/handling of fish for lice counts 3°.

2.1 Extraction of physiological data

Physiology can provide key insights into an animal’s welfare state, and many established
welfare measures rely on physiological processes. For example, cortisol is commonly
measured as an indicator of hypothalamo—pituitary—interrenal axis (HPI) axis activity
because it is a fundamental part of the primary stress response, occurs rapidly with acute
stress, and is correlated with disease susceptibility, unusual behaviour and impaired
cognitive performance 3234137 Blood sampling is a common technique for measuring
cortisol in fish 137, however, cortisol elevations may occur from the collection process itself
e.g. removal from the water, handling, and needle puncture 4>°0.138-140_Qther physiological
measures can have similar disadvantages, therefore, there is a need for sampling methods
that deliver robust results but are practical and aligned with good welfare practices.

2.1.1 Cortisol measurements

HPI activity can also be analysed from the measurement of excreted glucocorticoid (GC)
metabolites in saliva, hair, faeces, and urine, among others, and these techniques have been
widely used with non-aquatic species 4. Cortisol extraction from tank water has been
previously explored 321427144 ‘however, this method is generally impractical for aquaculture
as sampled fish should be individually housed for the most precise measurements, and
individual housing can be a stressful experience in itself *37. While GC levels are commonly
determined from blood, other body tissues can also be used. A recent study investigated
whether gill tissue could be used to measure cortisol levels in rainbow trout #2. Three to five
filaments from an external gill of anaesthetised juvenile and adult fish were removed and
analysed. Filament cortisol levels were positively correlated with plasma concentrations,
suggesting this method could be effectively used as biomarker of stress 2. The impact of the
biopsy procedure was assessed in a second study by comparing plasma measures
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(catecholamines, glucose, lactate and cortisol) across three groups of fish one hour after
either a gill biopsy, a blood sample, or a control (air exposure for 15 seconds). No
differences were found between the groups. Gill sampling was described by the authors as
relatively easy with few complications, and could be completed in less than 30 seconds by
personnel with minimal expertise #2. Unlike for plasma cortisol, sample extraction was not
required prior to ELISA analysis, reducing processing time and cost, as well as the use of
potentially toxic extraction chemicals 4. However, this method is only applicable as a non-
lethal procedure in larger fish, such as rainbow trout for which the required sample
constitutes only a small proportion of the gill 2. It should also be noted that both blood
sampling and gill sampling require anaesthesia to reduce handling stress #?, the long-term
effects of which are largely unknown .

The measurement of cortisol from fish scales has also been explored in a pioneer study 14
and refined in a later study #6. Cortisol from scales was used as a biomarker of chronic
stress in common carp. This method involves anaesthetising fish before ten scales are
removed from the left flank in a relatively brief procedure. An advantage of this method is
that these scales regenerate within days, and if done correctly permanent damage to the
fish is avoided #°, Furthermore, unlike blood sampling, the sampling procedure does not in
itself cause acute stress capable of influencing the results 4°. Conversely, a disadvantage of
this method is that this method is not a useful indicator of acute stress and cannot be used
to identify the moment of stress.

The potential of faecal corticoid metabolites (FCMs) as a stress biomarker was recently
investigated using farmed Atlantic salmon (Salmo salar L.) 3°. This study built on previous
knowledge of using faecal cortisol to measure stress in fish 147148 by developing a novel and
more feasible method of analysis using ELISA. Previously, a preliminary step in salmon FCM
determination involved drying and homogenized the sampled faeces, however, Cao et al. 3°
reported that FCM could be measured directly from the liquid part of salmon faeces without
any extraction procedure 3°, Faecal collection was carried out by “stripping”, where pressure
is applied to the abdomen from the pelvic fins to the anus in a smooth and systematic
manner, a procedure which should be done by trained aquaculture staff. Few tools were
required for sample analysis meaning that it may be practical for a fish farm context. The
disadvantage of this method is the need for handling and manual stripping, both of which
are known stressful experiences for fish #314°, Furthermore this method is only applicable to
larger fish species, from which sufficient faecal volume is able to be stripped for analysis 3°.
Additionally, there is a lag-time between cortisol secretion and subsequent elevation of
cortisol metabolites, and this time has not yet been quantified '3/, therefore, further
validation is required before the impact of specific events can be determined. Because of
the lag-time, increases in FCMs are generated at a slower pace than for blood cortisol, and
therefore one advantage of this measure is that it is less likely to be influenced by the
sampling procedure itself 3.
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2.1.2 Changes to skin mucosa

The skin mucosa of fish is sensitive to external conditions, and deteriorates when fish are in
poor health, have an inappropriate or insufficient diet, or experience psychological stress
60,75 Skin is the first line of defence from harmful microorganisms or parasites **°, and if the
immune system is compromised the skin becomes more susceptible to infection 1°%152, For
these reasons, skin may be a useful indicator of fish welfare. Skin mucosa in juvenile fish has
been measured under varying stressful contexts: simulated capture with a 3-minute air-
exposure [meagre fish (Argyrosomus regius)], disease caused by a bacterial infection
[European sea bass (Dicentrarchus labrax)] and fasting [gilthead sea bream (Sparus aurata)]
41, Skin mucus samples were collected using sterile glass slides slid two to three times over
the lateral line of the fish in a front-to-back direction. Samples were then analysed for
viscosity and metabolites (glucose, lactate, protein, cortisol) using an ELISA kit. The 3-min air
exposure increased glucose and cortisol metabolite levels by 1-hr post-treatment, with
elevations lasting for at least a further five hours 4153154 Absolute metabolite levels were
also compared against protein levels, to control for variation in sample quality. The
glucose:protein ratio increased after air exposure and bacterial challenge, and decreased
after fasting. The cortisol:protein ratio increased after air exposure, and 7-day fasting, but
not after the 14-day fasting or bacterial infection. The direct impact of this technique on fish
welfare was not assessed in this study, but the primary challenge is likely to be handling of
the fish out of the water, which was carried out under ‘light’ anaesthesia. Sample collection
with a glass slide on the skin was gentle because of the necessity to prevent sample
contamination from blood and other cells 4. However, for some species a softer alternative
may be needed, such as a cell scraper. This procedure may be a viable refinement to blood
sampling for measures such as cortisol, and more work assessing the specific requirements
of its use, including the time between challenge and response, would make a useful
contribution to fish welfare science.

2.2 Biosensors/bio loggers

Bio-sensors and bio-loggers are devices which are attached to or implanted into animals to
record components of their environment, physiology or behaviour '*>. These devices allow a
large amount of systematic and detailed data to be collected. However, as attachments,
they may have short- or long-term impacts on the animal *°¢. Moreover, the attachment of a
tag to a fish can also be a highly stressful procedure as it involves capture, handling,
anaesthesia and surgery, and a subsequent recovery period >/, and tagged fish typically
have higher mortality rates than untagged fish 1°¢.

Bio-sensors/loggers have been used previously with fish, generally in an ecological context
158-160 however they may also be useful to monitor welfare states in aquaculture,
particularly if they can be used to refine physiological monitoring methods. For example,
blood glucose in fish typically rises in response to a stressful event and can remain elevated
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for more than a day %2192, Glucose levels have traditionally been determined by blood
sampling 163164 however, this only obtains a single data point for an individual, while on-
going monitoring provides more information on responses to stress 1. A wireless,
implantable, real-time biosensor has been developed for free-swimming fish, to monitor
glucose as a stress response *°. This system, consisting of a biosensor and potentiostat, a
transmitter [1.5 x 1.5 x 0.6 cm, 3 g (without battery)] and a receiver, and was recently
improved by the addition of a colour switching device which allows for the visualisation of
data in real-time 1. The biosensor, which is comprised of 1.5 cm of wire and Ag/ AgCl paste
(BAS, Tokyo, Japan), is implanted within the interstitial sclera fluid of the eyeball, as glucose
levels at this site correlate highly with blood glucose ¢7, and a potentiostat (to control the
voltage between working and reference electrodes) is attached to the fins using nylon
thread °°. Methods such as these which allow real time physiological assessment may be
useful to monitor internal responses to stressful contexts in an environment typical of
aquaculture systems, with further development, impact assessment, and refinement.
However, they are currently more feasible in an experimental context due to the expertise
required and the invasive nature of the method, which directly and probably substantially
impact on fish welfare. Sensor use has been assessed over several contexts including:
transfer between aquaria, changes in dissolved oxygen, and interactions between
individuals *°. For many of the contexts, sensor glucose levels using continuous monitoring
was similar to blood glucose at sampled timepoints. It is unknown how long the system can
remain functional but the longest experiment within this paper had a recovery period of 15
hours followed by 160 mins of continuous monitoring. Limitations of this technique were
difficult to assess as many key details were not reported, including the implantation method
and recovery from implantation. Adequate reporting of experimental interventions is critical
for assessing the impact of interventions such as tagging, and as for all animal-based
experiments, studies should adhere to the ARRIVE guidelines 168 in the publication process.
Inadequate reporting appears to be relatively common in tagging studies in aquaculture 16°
and in itself represents a barrier to the identification of welfare impacts and the ability to
mitigate effects.

Heart rate and its variability are physiological measures that are responsive to stress 179,
however for aquatic species, a major challenge in heart rate monitoring is
attachment/implantation of a suitable recording device, and potential side effects on

171 Of particular importance is that any device is wireless

behaviour, physiology or welfare
and light enough to allow normal swimming patterns. The use of implanted bio-loggers for
heart rate measurement (DST milli-HRT bio-loggers, STAR-ODDI, Gardabaer, Iceland) was
assessed in two consecutive studies in rainbow trout as a model species 4>1%°, and recently
replicated in a third study using Atlantic salmon 72, In these studies, loggers were implanted
in the abdominal cavity, in close proximity to the pericardium 4>1%5172 Heart rate data were
validated with electrodes in the water, which record bioelectric potentials generated from

the heart 173174 and the bio-loggers were used to record heart rate over a period of several
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weeks 172 Logged data quality was graded using a four-point scale, and while the highest
quality grading required the largest dropout of data (~¥65%) from the analysis it most closely
aligned to the reference dataset 4>'1%, In terms of impact, the loggers are relatively small
(length: 39.5 mm, diameter: 13.0 mm) with a mass (11.8g) approximately 2% of the smallest
trout used in the Brijs et al. 1% study. However, surgical implantation is required, and the
procedure, including recovery, transportation and reintroduction, took more than 72 hrs 16>,
Several practical limitations should be noted. Dataloggers do not transmit information so
data cannot be downloaded until they are removed from the animal, therefore this doesn’t
permit real-time monitoring. This can be problematic on commercial fish farms and sea
cages where it may be difficult to re-capture fish that are implanted with the dataloggers,
and these devices may also fall through sea cages and be lost. For detection at the time of
slaughter, metal detectors may be employed to ensure devices do not enter the food chain
175,176 3lthough not all tags are detectable in this way. Additionally, data quality decreased
when fish heart rate was low — below 25 beats/min 1%°. As logger and sensor technology
develop into the future, it is likely that these approaches will continue to be useful in
experimental welfare science and may be successfully translated to more applied contexts,
however considerations should be given for refinement options to minimise the impact of
the technique on fish welfare. Additionally, careful consideration needs to be given to
decisions around the number of fish tagged within a group, and how best to choose
individuals (‘sentinel’ animals) that represent the group as a whole, particularly as tags and
other attachments can cause harm and increase mortality risk °°.

2.3 Acoustic telemetry

Sea-based aquacultural operations commonly use large floating sea-cages ”7, housing
upwards of 200 000 fish #6%%, Sea-cages accommodate a greater number of animals, provide
fish with a more naturalistic environment, and water quality is much easier to maintain than
in tanks ®¢. However, the sea environment and distance from land creates challenges for
monitoring devices normally used in fish farms on land, and it is not possible to directly view
all fish within a large sea-cage due to low visibility and the volume of water. Acoustic
telemetry is one option for surveying fish behaviour where visibility is not optimal, such as
in sea cages ®°. Battery-powered tags are attached to a subset of fish within a group and
data from these tags are directed to an acoustic receiver via hydro-acoustic signals 178,
Acoustic telemetry has been investigated for its feasibility in monitoring fish swimming
activity in aquaculture settings *¢17°-183_ Receivers are generally submerged near or within
the fish tank/cage to capture and interpret received signals into usable data, which are then
stored internally or uploaded into a wireless database “¢. Unlike radio signals, acoustic
signals transmit well in salt water environments 84, There are challenges for implementing a
successful telemetry system, such as the range limitations between tag and receivers.
Currently, the maximum range between acoustic tags and their receivers is approximately
1km 46,
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Telemetry has an advantage over dataloggers in that the data are transmitted rather than
stored, which means that they can be accessed prior to retrieval, and also that implant
failures can be identified. However, one challenge is that the data is not generally available
in real-time as signals are stored before downloading, post-processing and analysis 1818 A
new wireless system using Low Power Wide Area Networks (LPWANs) technology to
overcome this limitation has recently been developed for use in suspended sea cages ©®.
LPWANSs are commonly used in ‘Internet of Things’ technology *®’. In this context LPWAN
nodes are added on to acoustic receivers to transmit received signals to a single gateway.
This is then transmitted to a personal computer acting as a server and user interface,
eliminating the need for manual access of the data from receivers and allowing real-time
data access °°. Quality of service (defined as the number of uncorrupted messages received
by the server, divided by the total number of messages transmitted by the nodes) was
greater than 90% 6, suggesting that this system is a feasible solution to real time monitoring
of fish within complex aquacultural environments.
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Table 2: A summary of invasive welfare monitoring methods including a rating of invasiveness, assessed on a 3-point scale as marginal (+), moderate (++)
and severe (+++). Degree of invasiveness was determined upon consideration of the intensity of potential suffering, the duration of impact including the
length of recovery time, and the number of events that could cause suffering. For example, if the fish were handled briefly and the recovery was not
prolonged then this was considered marginally invasive (+). In contrast, for a period of handling with the fish being semi-permanently or permanently
affected (e.g., in the instance of surgical tag attachment) then this was considered severe (+++).

2.1 Extraction of physiological data
Method Test species | Strengths Limitations Invasiveness Reference
Gill cortisol Rainbow Quick and easy sampling procedure. | Limited to larger fish, such as + Gesto et al.
trout Minimal expertise required. No rainbow trout, as this procedure | Biopsy procedure
evidence has been found to suggest | is lethal to smaller fish. Cannot but effects are not
that this sampling procedure itself determine stress in real time prolonged, and
induces acute stress that would while fish are freely swimming. the fish have been
influence the results. shown to have a
swift recovery.
Cortisol in Common Quick and easy sampling procedure. | Cannot be used to determine the | + Aerts et al.
scales carp Not influenced by acute stress. moment of stress (not an Handling and the
Useful indicator of chronic stress. indicator of acute stress). use of anaesthesia
is required,
although the
effects are not
prolonged as
scales have the
capacity to
regenerate
Faecal corticoid | Atlantic Minimal expertise required. No Cannot determine stress in real + Caoetal 3°
metabolites salmon evidence has been found to suggest | time while fish are freely Handling and the
(FCMs) that this sampling procedure itself swimming. Cannot be used to use of anaesthesia
induces acute stress that would identify a stressor as there is an is required,
influence the results. undefined lag time between although the
stress events and faecal cortisol. | effects are not
Only applicable to larger fish prolonged.
species, like salmon, in which a
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sufficient amount of faeces can
be stripped.

Skin mucosa Meagre, Provide accurate results. Fish only Effects on the welfare of the + Fernandez-alacid et
seabass, need to be handled once. fishes are unclear and warrant Handling and the | al. %
gilthead sea further research. Cannot use of ‘light’
bream determine stress in real time anaesthesia is

while fish are freely swimming. required, although
the effects are not
prolonged.

2.2 Biosensors/bio loggers

Method Test species | Strengths Limitations Invasiveness Reference

Glucose Nile tilapia Once the biosensors are implanted, Effects on the welfare of the ++ Wu et al. 1%

monitoring little labour is required as the system | fishes are unclear and warrant Surgical

biosensor displays the fishes’ glucose further research. implantation.

information in real time. Can Once implanted,
monitor glucose in freely swimming the effects are
fish. prolonged.

Heart rate bio- | Rainbow Provide an accurate and continuous | High level of equipment required. | +++ Brijs et al. 4>
loggers trout monitoring of heart rate in freely Data cannot be remotely Surgical Hvas et al. 172
Atlantic swimming fish. recorded or accessed. Results implantation of
salmon indicated that tagged fish had the bio-loggers

poorer growth compared to and this is

untagged fish. followed by
prolonged effects.
A second surgery,
to remove the
implants, is also
required.
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Translation capability and limitations

This paper has focused on novel fish welfare indicators or approaches, therefore, many of
these are yet to be implemented in a commercial aquaculture setting. However, on-farm
translation is a critical component for achieving impact by improving fish welfare. On-farm
success and uptake are likely to be influenced by the following factors: robustness
(reliability and accuracy), cost-effectivity, ease of use, and appropriateness of the
information given by the technology/approach (validly measures one or more aspect of
welfare). In other words, they are Operational Welfare Indicators (OWIs) 188, OWIs can be
separated into three levels of use with Level 1 OWIs comprising quick, easy and
observational measures such as water quality, as well as fish survival, outward appearance,
and behaviour 88, Levels 2 and 3 represent more in-depth monitoring (e.g., fish sampling
and potentially laboratory analysis), which can be employed when indicated by Level 1
OWiIs.

Table 3 provides a summary of the methods discussed in this paper with a focus on
translational reliability to aquaculture. It is important to note that the vast majority of non-
invasive methods consist of computer visualisation technology that is only currently
applicable in tank systems rather than large systems such as floating sea cages. These
methods have the potential to be used during specific events such as transport or fish
movement. Nevertheless, as most of these methods are in early stages of development,
there is the potential for future research to focus on refining these systems for
implementation in a wider range of contexts or locations. This step is crucial, as many of the
discussed methods have only been tested in experimental tanks with low stocking densities
and it would be ill-advised to extrapolate these results to large sea cages which hold
thousands of fish, without appropriate assessment of translation success. Therefore, further
research should focus on commercial scale testing of these emerging methods. Aside from
high stocking densities, commercial testing would allow for opportunities to test methods in
other conditions typical of aquaculture such as poor visibility, large distances from sensor to
fish and also assess how well complex computer models or devices fit into production
systems from a logistical standpoint. A cost-benefit analysis for methods deemed
appropriate for commercial systems would also assist in the uptake of these methods to
industry production.

Another limitation is that each method only evaluated a maximum of two domains (Table
3). Although the domains do overlap to some degree, it should be noted that additional
methods should also be used where possible to ensure that all welfare domains are
considered when evaluating welfare. The more invasive methods discussed here may be
useful in this goal of forming a comprehensive picture of welfare. However, it is apparent
that further studies are needed to weigh the benefits of these more invasive methods
against the harm to animals.
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Table 3. Potential for application and translation of novel welfare indicators and methods in commercial aquaculture systems.

Indicator/Method Reliability & precision Welfare domain(s) OWI' level | Suitable Reference
(1-3) aquaculture
systems?

Direct human observation of human Difficult to assess and subject to Behavioural 1 Tank Colson etal. 7®
avoidance and feed anticipation worker compliance. interactions
Sonar and optic imaging Demonstrated reliable acquisition Behavioural 1 All Terayama et al.

of images day and night. interactions 7
Computer based monitoring of Demonstrated high accuracy in Behavioural 1 Tank Zhao et al. %
unusual behaviours experimental settings (98.91% interactions

detection accuracy and 89.89%

recognition accuracy)
Model for assessment of feeding Demonstrated good reliability in Behavioural 1 Tank Yeetal 7®
behaviours experimental settings with low interactions and

stocking rates Nutrition
Near-infrared imaging to quantify Recognition rate of 92.99% Behavioural 1 Tank Zhou et al. 1%
feeding behaviours recognition rate interactions and

Nutrition
3D tracking 98% accuracy rate Behavioural 1 Tank Saberioon &
interactions Cisar ®
Lin et al. 1%’

Pulse-echo waveform measurements | Demonstrated good reliability in Health and Nutrition 1 Tank Soliveres et al.

experimental settings with low 126

stocking rates
Infrared reflection system (IREF) and Demonstrated good reliability in Health and Nutrition 1 Tank Saberioon &
geometric model experimental settings with minimal Cisar 1%




occlusion

Stereovision system and geometric
model

Up to 90% of the samples were
within a 3% error margin.

Health and Nutrition

Tank

Munoz-Benavent
et al. 130

Gill cortisol

Measurements correlated well with
blood cortisol, and an increase in
gill cortisol following stress was
demonstrated. No evidence to
suggest that results may be
influenced by sampling.

Health

All

Gesto et al. %

Cortisol in scales

Demonstrated good marker of
chronic stress. No evidence to
suggest that results may be
influenced by sampling.

Health

All

Aerts et al. 1%

Faecal corticoid metabolites (FCMs)

Measurements correlated well with
blood cortisol. No evidence to
suggest that results may be
influenced by sampling.

Health

All

Caoetal. 3

Skin mucosa

Measures skin cortisol, as well as
other metabolites (glucose, lactate
and protein). Measurable changes
in skin mucosa following stressors
were demonstrated.

Health

All

Fernandez-alacid
etal

Glucose monitoring biosensor

Demonstrated reliable
measurements of welfare following
a variety of stressors.

Health

All

Wu et al. 1%

Heart rate bio-loggers

Measurement error was <1
heartbeat per minute.

Health

All

Brijs et al. 1

Hvas et al. 172




1: OWI = Operational Welfare Indicators. Level 1: includes basic observations of fish behaviour, appearance and mortality; Level 2: includes sampling fish
for a more accurate description of symptoms; Level 3: involves expert analysis of blood and tissue samples from compromised fish 8,
2: The aquaculture system that the method is currently suitable for (pond, tank, larger sea changes, or all).
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Conclusion

Much attention has been given to fish welfare over the last couple of decades and as a
result there are a variety of monitoring methods available. These vary in what they measure
(behaviour, growth, cortisol etc.) and their strengths and weaknesses as well as their
applicability to commercial scale aquaculture in particular, which is a critical step in the
translation of these methods from experimental use to typical industry practice. Candidate
methods for application to industry should be reliable and accurate, and should minimise
production costs, time requirements and impact on animals i.e., minimum invasiveness.
Upon review of the literature, it is apparent that ideal monitoring methods are still in the
early stages of development and more research is still needed before widespread industry
use. This further research should focus on commercial scale testing to evaluate how well
these methods would realistically fit into the environmental conditions and logistics of
commercial aquaculture.

Future research should be focused on non-invasive methods, learning lessons from
terrestrial precision livestock farming. With the rapid development of new technologies
applied to aquaculture like remote sensing, biosensors, artificial intelligence, and machine
learning we will see a significant increase of the use of operational welfare indicators (OWI)
applying these technologies in the near future. The use of smart phones apps for farmers
will also improve the monitoring of the different variables involved in welfare: direct, such
as animal observations, and indirect, with remote data from the sensors. The increasing
interest in development of offshore marine farming will also require the use of remote
sensing to monitor the welfare and health of the fish because of the inaccessibility of new
offshore locations. A data driven insight into the welfare of the fish will increase the power
of the OWIs developed until now. It is clear from our review that Information and
Communication Technologies (ICTs) hold the key to the future of aquaculture too. Not to
forget that this can also lead to exclusion of small producers or specific geographical areas,
not able to afford or get access to this technologies or mobile broadband, for example, and
for this reason much attention needs to be taken into avoiding both for the welfare of the
fish and the farmers. As a final remark, further research on positive welfare is needed to
better understand the different types of environmental enrichment that can be
implemented to provide the fish with a life worth living, as well as ways of monitoring and
assessing it.



762

763
764

765
766

767
768

769
770
771
772

773
774
775
776

7
778
779
780

781
782
783

784
785

786
787

788
789
790

791
792
793

794
795
796

797
798

799
800

801

References

1.

10.

11.

12.

13.

14.

15.

FAO. The State of World Fisheries and Aquaculture 2020. Sustainability in Action.
Rome: FAO; 2020. doi:10.4060/ca9229en

FAOQ. Definition of aquaculture. In: Seventh Session of the IPFC Working Party of
Expects on Aquaculture, IPFC/WPA/WPZ. Bangkok; 1988:1-3.

Joffre O, Verdegem M. Feeding Both Pond and Fish : a Pathway To Ecological
Intensification of Aquaculture Systems. INFOFISH Int. 2019;3:55-58.

Jennings S, Stentiford GD, Leocadio AM, et al. Aquatic food security: insights into
challenges and solutions from an analysis of interactions between fisheries,
aquaculture, food safety, human health, fish and human welfare, economy and
environment. Fish Fish. 2016;17(4):893-938. doi:10.1111/faf.12152

Raposo de Magalhaes CSF, Cerqueira MAC, Schrama D, Moreira MJV,
Boonanuntanasarn S, Rodrigues PML. A Proteomics and other Omics approach in the
context of farmed fish welfare and biomarker discovery. Rev Aquac. 2018:1-23.
do0i:10.1111/raqg.12308

Browman Hl, Cooke SJ, Cowx IG, et al. Welfare of aquatic animals: Where things are,
where they are going, and what it means for research, aquaculture, recreational
angling, and commercial fishing. ICES J Mar Sci. 2019;76(1):82-92.
doi:10.1093/icesjms/fsy067

Toni M, Manciocco A, Angiulli E, Alleva E, Cioni C, Malavasi S. Review: Assessing fish
welfare in research and aquaculture, with a focus on European directives. Animal.
2019;13(1):161-170. doi:10.1017/51751731118000940

Ashley PJ. Fish welfare: Current issues in aquaculture. Appl Anim Behav Sci.
2007;104(3-4):199-235. d0i:10.1016/j.applanim.2006.09.001

Huntingford F, Adams C, Braithwaite V, et al. Current issues in fish welfare. J Fish Biol.
2006;68:332-372. d0i:10.1111/j.1095-8649.2005.01046.x

OIE. Terrestrial Animal Health Code. 2019. https://www.oie.int/en/what-we-
do/standards/codes-and-manuals/terrestrial-code-online-
access/?id=169&L=1&htmfile=titre_1.7.htm.

Mellor DJ, Beausoleil NJ, Littlewood KE, et al. The 2020 Five Domains Model:
Including Human—Animal Interactions in Assessments of Animal Welfare. Animals.
2020;10(10):1870. doi:10.3390/ani10101870

Mellor DJ, Beausoleil NJ. Extending the “Five Domains” model for animal welfare
assessment to incorporate positive welfare states. Anim Welf. 2015;24(3):241-253.
doi:10.7120/09627286.24.3.241

Fife-Cook I, Franks B. Positive welfare for fishes: Rationale and areas for future study.
Fishes. 2019;4(2). doi:10.3390/fishes4020031

Huntingford FA, Kadri S. Defining, assessing and promoting the welfare of farmed fish.
OIE Rev Sci Tech. 2014;33(1):233-244. doi:10.20506/rst.33.1.2286

Rose JD. The Neurobehavioral Nature of Fishes and the Question of Awareness and



802

803
804
805

806
807

808
809

810
811
812

813
814
815

816
817

818
819
820

821
822

823
824

825
826

827
828

829
830
831

832
833

834
835
836

837
838
839
840

841

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Pain. Rev Fish Sci. 2002;10(1):1-38. doi:10.1080/20026491051668

Cloninger CR. Evolution of human brain functions: The functional structure of human
consciousness. Aust N Z J Psychiatry. 2009;43(11):994-1006.
doi:10.1080/00048670903270506

Jones RC. Science, sentience, and animal Welfare. Biol Philos. 2013;28:1-30.
doi:https://doi.org/10.1007/s10539-012-9351-1

Dawkins MS. A user’s guide to animal welfare science. Trends Ecol Evol.
2006;21(2):77-82. d0i:10.1016/j.tree.2005.10.017

Portavella M. Avoidance Response in Goldfish: Emotional and Temporal Involvement
of Medial and Lateral Telencephalic Pallium. J Neurosci. 2004;24(9):2335-2342.
doi:10.1523/JNEUROSCI.4930-03.2004

Silva PIM, Martins CIM, Khan UW, Gjgen HM, @verli @, H6glund E. Stress and fear
responses in the teleost pallium. Physiol Behav. 2015;141:17-22.
doi:10.1016/j.physbeh.2014.12.020

Taylor J. What do neuronal network models of the mind indicate about animal
consciousness? Anim Welf. 2001;10(1):63-75.

Chandroo KP, Duncan IJH, Moccia RD. Can fish suffer?: Perspectives on sentience,
pain, fear and stress. Appl/ Anim Behav Sci. 2004;86(3-4):225-250.
doi:10.1016/j.applanim.2004.02.004

Brown C. Fish intelligence, sentience and ethics. Anim Cogn. 2015;18(1):1-17.
doi:10.1007/s10071-014-0761-0

Bshary R, Gingins S, Vail AL. Social cognition in fishes. Trends Cogn Sci.
2014;18(9):465-471. doi:10.1016/j.tics.2014.04.005

Sneddon LU. Do painful sensations and fear exist in fish? Anim Suff from Sci to Law,
Int Symp. 2013;(May):93-112.

Prunet P, @verli O, Douxfils J, Bernardini G, Kestemont P, Baron D. Fish welfare and
genomics. Fish Physiol Biochem. 2012;38(1):43-60. doi:10.1007/s10695-011-9522-z

Moberg G. Biological responses to stress: implications for animal welfare. In: Moberg
G, Mench J, eds. The Biology of Animal Stress: Basic Principles and Implications for
Animal Welfare. Wallingford: CABI Publishing; 2000:1-22.

Chrousos GP. The Concepts of Stress and Stress System Disorders. JAMA.
1992;267(9):1244. doi:10.1001/jama.1992.03480090092034

Ladewig J. Chronic Intermittent Stress: A Model for the Study of Long-term Stressors.
In: Moberg G, Mench J, eds. The Biology of Animal Stress: Basic Principles and
Implications for Animal Welfare. CABI Publishing; 2000:159-169.

Cao Y, Tveten AK, Stene A. Establishment of a non-invasive method for stress
evaluation in farmed salmon based on direct fecal corticoid metabolites
measurement. Fish Shellfish Immunol. 2017;66:317-324.
doi:10.1016/j.fsi.2017.04.012

Gaikwad S, Stewart A, Hart P, et al. Acute stress disrupts performance of zebrafish in



842
843

844
845
846

847
848

849
850

851
852
853
854

855
856
857
858

859
860
861

862
863
864
865

866
867
868

869
870
871
872
873

874
875
876
877

878
879
880
881

882

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

the cued and spatial memory tests: The utility of fish models to study stress-memory
interplay. Behav Processes. 2011;87(2):224-230. doi:10.1016/j.beproc.2011.04.004

Ruane NM, Komen H. Measuring cortisol in the water as an indicator of stress caused
by increased loading density in common carp (Cyprinus carpio). Aquaculture.
2003;218(1-4):685-693. do0i:10.1016/50044-8486(02)00422-2

Simon Y, Levavi-Sivan B, Cahaner A, et al. A behavioural sensor for fish stress. Aquac
Eng. 2017;77(April):107-111. doi:10.1016/j.aquaeng.2017.04.001

Schreck CB, Tort L. The Concept of Stress in Fish. In: Biology of Stress in Fish. Vol 35.
First Edit. Elsevier Inc.; 2016:1-34. doi:10.1016/B978-0-12-802728-8.00001-1

Criscuolo E, Zanuzzob F bio S, Biller JD. Stress and immune system in fish. In:
Baldisserotto B, Urbinati EC, Cyrino J, eds. Biology and Physiology of Freshwater
Neotropical Fish. London: Elsevier Inc.; 2020:93-114. doi:10.1016/B978-0-12-815872-
2.00005-1

Skomal GB, Mandelman JW. The physiological response to anthropogenic stressors in
marine elasmobranch fishes: A review with a focus on the secondary response. Comp
Biochem Physiol - A Mol Integr Physiol. 2012;162(2):146-155.
d0i:10.1016/j.cbpa.2011.10.002

Barton BA. Stress in fishes: A diversity of responses with particular reference to
changes in circulating corticosteroids. Integr Comp Biol. 2002;42(3):517-525.
doi:10.1093/icb/42.3.517

Kumar P, Thirunavukkarasu AR, Subburaj R, Thiagarajan G. Concept of Stress and Its
Mitigation in Aguaculture. In: Perumal S, Thirunavukkarasu AR, Pachiappan P, eds.
Advances in Marine and Brackishwater Aquaculture. New Delhi: Springer; 2015:1-262.
doi:10.1007/978-81-322-2271-2

Lafferty KD, Harvell CD, Conrad JM, et al. Infectious Diseases Affect Marine Fisheries
and Aquaculture Economics. Ann Rev Mar Sci. 2015;7(1):471-496.
doi:10.1146/annurev-marine-010814-015646

Santos GA, Schrama JW, Mamauag REP, Rombout JHWM, Verreth JAJ. Chronic stress
impairs performance, energy metabolism and welfare indicators in European seabass
(Dicentrarchus labrax): The combined effects of fish crowding and water quality
deterioration. Aquaculture. 2010;299(1-4):73-80.
doi:10.1016/j.aquaculture.2009.11.018

Fernandez-Alacid L, Sanahuja |, Ordéfiez-Grande B, et al. Skin mucus metabolites in
response to physiological challenges: A valuable non-invasive method to study teleost
marine species. Sci Total Environ. 2018;644:1323-1335.
doi:10.1016/j.scitotenv.2018.07.083

Gesto M, Herndndez J, Lopez-Patifio MA, Soengas JL, Miguez JM. Is gill cortisol
concentration a good acute stress indicator in fish? A study in rainbow trout and
zebrafish. Comp Biochem Physiol -Part A Mol Integr Physiol. 2015;188:65-69.
do0i:10.1016/j.cbpa.2015.06.020

Shabani F, Erikson U, Beli E, Rexhepi A. Live transport of rainbow trout



883
884
885

886
887
888

889
890
891
892

893
894
895
896

897
898
899
900
901

902
903
904
905

906
907

908
909
910

911
912
913

914
915
916

917
918
919

920
921
922

923

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

(Onchorhynchus mykiss) and subsequent live storage in market: Water quality, stress
and welfare considerations. Aquaculture. 2016;453:110-115.
doi:10.1016/j.aquaculture.2015.11.040

Zhang Y, Wang W, Yan L, Glamuzina B, Zhang X. Development and evaluation of an
intelligent traceability system for waterless live fish transportation. Food Control.
2019;95(March):283-297. d0i:10.1016/j.foodcont.2018.08.018

Brijs J, Sandblom E, Axelsson M, et al. The final countdown: Continuous physiological
welfare evaluation of farmed fish during common aquaculture practices before and
during harvest. Aquaculture. 2018;495(June):903-911.
doi:10.1016/j.aquaculture.2018.06.081

Fere M, Svendsen E, Alfredsen JA, et al. Using acoustic telemetry to monitor the
effects of crowding and delousing procedures on farmed Atlantic salmon (Salmo
salar). Aquaculture. 2018;495(December 2017):757-765.
doi:10.1016/j.aquaculture.2018.06.060

McCormick S, Shrimpton J, Carey J, et al. Repeated acute stress reduces growth rate
of Atlantic salmon parr and alters plasma levels of growth hormone, insulin-like
growth factor | and cortisol. Aquaculture. 1998;168(1):221-235.
http://www.ingentaconnect.com/content/els/00448486/1998/00000168/00000001/
art00351%5Cnhttp://dx.doi.org/10.1016/50044-8486(98)00351-2.

Lépez-Patifio MA, Hernandez-Pérez J, Gesto M, Libran-Pérez M, Miguez JM, Soengas
JL. Short-term time course of liver metabolic response to acute handling stress in
rainbow trout, Oncorhynchus mykiss. Comp Biochem Physiol - A Mol Integr Physiol.
2014;168:40-49. doi:10.1016/j.cbpa.2013.10.027

Lines JA, Spence J. Safeguarding the welfare of farmed fish at harvest. Fish Physiol
Biochem. 2012;38(1):153-162. d0i:10.1007/s10695-011-9561-5

Wu H, Aoki A, Arimoto T, et al. Fish stress become visible: A new attempt to use
biosensor for real-time monitoring fish stress. Biosens Bioelectron. 2015;67:503-510.
do0i:10.1016/j.bios.2014.09.015

Rambo CL, Mocelin R, Marcon M, et al. Gender differences in aggression and cortisol
levels in zebrafish subjected to unpredictable chronic stress. Physiol Behav.
2017;171:50-54. doi:10.1016/j.physbeh.2016.12.032

Nilsson J, Stien L, Iversen M, et al. Part A: Knowledge and theoretical background Fish
welfare? In: Noble C, Gismervik K, lversen MH, et al., eds. Welfare Indicators for
Farmed Atlantic Salmon. ; 2018:10-145.

Bergqvist J, Gunnarsson S. Finfish Aquaculture: Animal Welfare, the Environment, and
Ethical Implications. J Agric Environ Ethics. 2013;26(1):75-99. doi:10.1007/s10806-
011-9346-y

Saberioon M, Gholizadeh A, Cisar P, Pautsina A, Urban J. Application of machine
vision systems in aquaculture with emphasis on fish: state-of-the-art and key issues.
Rev Aquac. 2017;9(4):369-387. d0i:10.1111/raq.12143

Garshelis DL. On the allure of noninvasive genetic sampling — putting a face to the



924 name. Ursus. 2006;17(2):109-123. doi:10.2192/1537-

925 6176(2006)17[109:0taong]2.0.co;2

926 56. Lefort M-C, Cruickshank RH, Descovich K, et al. Blood, sweat and tears: a review of
927 non-invasive DNA sampling. bioRxiv. 2019:385120. doi:10.1101/385120

928 57. Heistermann M. Non-invasive monitoring of endocrine status in laboratory primates:
929 methods, guidelines and applications. Adv Sci Res. 2010;5(1):1-9. doi:10.5194/asr-5-1-
930 2010

931 58. Kelly MJ, Betsch J, Wultsch C, Mesa B, Mills LS. Noninvasive sampling for carnivores.
932 Carniv Ecol Conserv. 2013:47-69. doi:10.1093/acprof:0s0/9780199558520.003.0004
933 59. Belinchdn-Lorenzo S, Iniesta V, Parejo JC, et al. Detection of Leishmania infantum
934 kinetoplast minicircle DNA by Real Time PCR in hair of dogs with leishmaniosis. Vet
935 Parasitol. 2013;192(1-3):43-50. doi:10.1016/j.vetpar.2012.11.007

936 60. Guardiola FA, Cuesta A, Esteban MA. Using skin mucus to evaluate stress in gilthead
937 seabream (Sparus aurata L.). Fish Shellfish Inmunol. 2016;59:323-330.

938 do0i:10.1016/j.fsi.2016.11.005

939 61. Hubrecht RC, Carter E. The 3Rs and Humane Experimental Technique: Implementing
940 Change. Animals. 2019;9(10):754. doi:10.3390/ani9100754

941 62. Carbonel, Austin J. Pain and Laboratory Animals: Publication Practices for Better
942 Data Reproducibility and Better Animal Welfare. Gao C-Q, ed. PLoS One.

943 2016;11(5):e0155001. doi:10.1371/journal.pone.0155001

944 63. Sneddon LU. Pain in aquatic animals. J Exp Biol. 2015;218(7):967-976.
945 doi:10.1242/jeb.088823

946 64. Dawkins MS. Behaviour as a tool in the assessment of animal welfare. Zoology.

947 2003;106(4):383-387. d0i:10.1078/0944-2006-00122

948 65. Zhaol, Bao W, ZhangF, et al. Modified motion influence map and recurrent neural
949 network-based monitoring of the local unusual behaviors for fish school in intensive
950 aquaculture. Aquaculture. 2018;493(April):165-175.

951 doi:10.1016/j.aquaculture.2018.04.064

952 66. Hassan W, Fgre M, Ulvund JB, Alfredsen JA. Internet of Fish: Integration of acoustic
953 telemetry with LPWAN for efficient real-time monitoring of fish in marine farms.
954 Comput Electron Agric. 2019;163(September 2018).

955 doi:10.1016/j.compag.2019.06.005

956 67. Fraser AF, Broom DM. Farm Animal Behaviour and Welfare. 3rd ed. Wallingford: CAB
957 International; 1997.

958 68. Wemelsfelder F, Lawrence AB. Qualitative assessment of animal behaviour as an On-
959 Farm Welfare-monitoring tool. Acta Agric Scand A Anim Sci. 2001;51:21-25.
960 doi:10.1080/090647001300004763

961 69. Rushen ), Chapinal N, De Passillé AM. Automated monitoring of behavioural-based
962 animal welfare indicators. Anim Welf. 2012;21(3):339-350.
963 d0i:10.7120/09627286.21.3.339



964
965

966
967
968

969
970
971
972

973
974
975

976
977
978

979
980
981

982
983
984

985
986
987
988

989
990

991
992
993

994
995
996

997
998
999

1000
1001
1002

1003
1004

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Martins CIM, Galhardo L, Noble C, et al. Behavioural indicators of welfare in farmed
fish. Fish Physiol Biochem. 2012;38(1):17-41. doi:10.1007/s10695-011-9518-8

Terayama K, Shin K, Mizuno K, Tsuda K. Integration of sonar and optical camera
images using deep neural network for fish monitoring. Aquac Eng.
2019;86(July):102000. doi:10.1016/j.aquaeng.2019.102000

Sadoul B, Evouna Mengues P, Friggens NC, Prunet P, Colson V. A new method for
measuring group behaviours of fish shoals from recorded videos taken in near
aquaculture conditions. Aquaculture. 2014;430:179-187.
doi:10.1016/j.aquaculture.2014.04.008

Israeli-Weinstein D, Kimmel E. Behavioral response of carp (Cyprinus carpio) to
ammonia stress. Aquaculture. 1998;165(1-2):81-93. doi:10.1016/50044-
8486(98)00251-8

Chamberlain AC, loannou CC. Turbidity increases risk perception but constrains
collective behaviour during foraging by fish shoals. Anim Behav. 2019;156:129-138.
doi:10.1016/j.anbehav.2019.08.012

Ye ZY, Zhao J, Han ZY, et al. Behavioral characteristics and statistics-based imaging
techniques in the assessment and optimization of tilapia feeding in a recirculating
aquaculture system. Trans ASABE. 2016;59(1):345-355. doi:10.13031/trans.59.11406

Colson V, Mure A, Valotaire C, et al. A novel emotional and cognitive approach to
welfare phenotyping in rainbow trout exposed to poor water quality. App/ Anim
Behav Sci. 2019;210(March):103-112. doi:10.1016/j.applanim.2018.10.010

Ausas MS, Mazzitelli-Fuentes L, Roman FR, Crichigno SA, De Vincenti AP, Mongiat LA.
Social isolation impairs active avoidance performance and decreases neurogenesis in
the dorsomedial telencephalon of rainbow trout. Physiol Behav. 2019;198(May
2018):1-10. doi:10.1016/j.physbeh.2018.10.006

Wang M-Y, Takeuchi H. Individual recognition and the ‘face inversion effect’ in
medaka fish (Oryzias latipes). Elife. 2017;6. doi:10.7554/elLife.24728

Kohda M, Jordan LA, Hotta T, et al. Facial Recognition in a Group-Living Cichlid Fish.
Schausberger P, ed. PLoS One. 2015;10(11):e0142552.
doi:10.1371/journal.pone.0142552

Daigle C, Siegford J. Welfare Quality® parameters do not always reflect hen behaviour
across the lay cycle in non-cage laying hens. Anim Welf. 2014;23(4):423-434.
doi:10.7120/09627286.23.4.423

Waiblinger S, Boivin X, Pedersen V, et al. Assessing the human-animal relationship in
farmed species: A critical review. Appl Anim Behav Sci. 2006;101(3-4):185-242.
doi:10.1016/j.applanim.2006.02.001

Paul ES, Harding EJ, Mendl M. Measuring emotional processes in animals: The utility
of a cognitive approach. Neurosci Biobehav Rev. 2005;29(3):469-491.
doi:10.1016/j.neubiorev.2005.01.002

Abdel-Tawwab M, Monier MN, Hoseinifar SH, Faggio C. Fish response to hypoxia
stress: growth, physiological, and immunological biomarkers. Fish Physiol Biochem.



1005

1006
1007
1008
1009

1010
1011

1012
1013
1014

1015
1016
1017
1018

1019
1020

1021
1022
1023

1024
1025
1026

1027
1028
1029
1030

1031
1032
1033

1034
1035
1036

1037
1038
1039

1040
1041
1042

1043
1044

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

2019;45(3):997-1013. d0i:10.1007/s10695-019-00614-9

Folkedal O, Stien LH, Torgersen T, et al. Food anticipatory behaviour as an indicator of
stress response and recovery in Atlantic salmon post-smolt after exposure to acute
temperature fluctuation. Physiol Behav. 2012;105(2):350-356.
do0i:10.1016/j.physbeh.2011.08.008

Liu Z, Li X, Fan L, Lu H, Liu L, Liu Y. Measuring feeding activity of fish in RAS using
computer vision. Aquac Eng. 2014;60:20-27. doi:10.1016/j.aquaeng.2014.03.005

Zhou C, Xu D, Chen L, et al. Evaluation of fish feeding intensity in aquaculture using a
convolutional neural network and machine vision. Aquaculture. 2019;507(August
2018):457-465. doi:10.1016/j.aquaculture.2019.04.056

Pinkiewicz TH, Purser GJ, Williams RN. A computer vision system to analyse the
swimming behaviour of farmed fish in commercial aquaculture facilities: A case study
using cage-held atlantic salmon. Aquac Eng. 2011;45(1):20-27.
doi:10.1016/j.aquaeng.2011.05.002

Zion B. The use of computer vision technologies in aquaculture - A review. Comput
Electron Agric. 2012;88:125-132. d0i:10.1016/j.compag.2012.07.010

Saberioon MM, Cisar P. Automated multiple fish tracking in three-Dimension using a
Structured Light Sensor. Comput Electron Agric. 2016;121:215-221.
doi:10.1016/j.compag.2015.12.014

Briining A, Holker F, Wolter C. Artificial light at night: Implications for early life stages
development in four temperate freshwater fish species. Aquat Sci. 2011;73(1):143-
152. doi:10.1007/s00027-010-0167-2

Briining A, Holker F, Franke S, Kleiner W, Kloas W. Impact of different colours of
artificial light at night on melatonin rhythm and gene expression of gonadotropins in
European perch. Sci Total Environ. 2016;543:214-222.
doi:10.1016/j.scitotenv.2015.11.023

Barnard S, Calderara S, Pistocchi S, et al. Quick, accurate, smart: 3D computer vision
technology helps assessing confined animals’ behaviour. PLoS One. 2016;11(7).
doi:10.1371/journal.pone.0158748

Xia C, Chon TS, Liu Y, Chi J, Lee JM. Posture tracking of multiple individual fish for
behavioral monitoring with visual sensors. Ecol Inform. 2016;36:190-198.
doi:10.1016/j.ecoinf.2016.07.004

Lee D-G, Suk H-I, Park S-K, Lee S-W. Motion influence map for unusual human activity
detection and localization in crowded scenes. IEEE Trans Circuits Syst Video Technol.
2015;25(10):1612-1623.

@verli @, Pottinger TG, Carrick TR, @verli E, Winberg S. Differences in behaviour
between rainbow trout selected for high- and low-stress responsiveness. J Exp Biol.
2002;205(3):391-395. d0i:10.1177/000456326900600108

Martinez-De Dios JR, Serna C, Ollero A. Computer vision and robotics techniques in
fish farms. Robotica. 2003;21(3):233-243. doi:10.1017/50263574702004733



1045
1046
1047

1048
1049
1050

1051
1052
1053
1054

1055
1056
1057

1058
1059
1060

1061
1062
1063

1064
1065

1066
1067

1068
1069

1070
1071
1072

1073
1074
1075

1076
1077
1078

1079
1080
1081
1082

1083
1084
1085

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Polonschii C, Bratu D, Gheorghiu E. Appraisal of fish behaviour based on time series of
fish positions issued by a 3D array of ultrasound transducers. Aquac Eng. 2013;55:37-
45. doi:10.1016/j.rgmx.2019.08.007

Segner H, Sundh H, Buchmann K, et al. Health of farmed fish: Its relation to fish
welfare and its utility as welfare indicator. Fish Physiol Biochem. 2012;38(1):85-105.
doi:10.1007/s10695-011-9517-9

Montero D, Lalumera G, Izquierdo MS, Caballero MJ, Saroglia M, Tort L.

Establishment of dominance relationships in gilthead sea bream Sparus aurata
juveniles during feeding: effects on feeding behaviour, feed utilization and fish
health. J Fish Biol. 2009;74(4):790-805. doi:10.1111/j.1095-8649.2008.02161.x

Oikonomidou E, Batzina A, Karakatsouli N. Effects of food quantity and distribution on
aggressive behaviour of gilthead seabream and European seabass. Appl Anim Behav
Sci. 2019;213:124-130. doi:10.1016/j.applanim.2019.02.010

Zhou C, Xu D, Lin K, Sun C, Yang X. Intelligent feeding control methods in aquaculture
with an emphasis on fish: a review. Rev Aquac. 2018;10(4):975-993.
doi:10.1111/raq.12218

Fgre M, Frank K, Norton T, et al. Precision fish farming: A new framework to improve
production in aquaculture. Biosyst Eng. 2018;173:176-193.
doi:10.1016/j.biosystemseng.2017.10.014

Volkoff H, Peter RE. Feeding Behavior of Fish and Its Control. Zebrafish.
2006;3(2):131-140. doi:10.1089/zeb.2006.3.131

Attia J, Millot S, Di-Poi C, et al. Demand feeding and welfare in farmed fish. Fish
Physiol Biochem. 2012;38(1):107-118. d0i:10.1007/5s10695-011-9538-4

Zhou C, Sun C, Lin K, et al. Handling water reflections for computer vision in
aquaculture. Trans ASABE. 2018;61(2):469-479.

Wang X. Near-infrared spectroscopy for food quality evaluation. In: Zhong J, Wang X,
eds. Evaluation Technologies for Food Quality. Elsevier Inc.; 2019:105-118.
d0i:10.1016/b978-0-12-814217-2.00007-x

Lin K, Zhou C, Xu D, Guo Q, Yang X, Sun C. Three-dimensional location of target fish by
monocular infrared imaging sensor based on a L—z correlation model. Infrared Phys
Technol. 2018;88:106-113. doi:10.1016/j.infrared.2017.11.002

Zhou C, Zhang B, Lin K, et al. Near-infrared imaging to quantify the feeding behavior
of fish in aquaculture. Comput Electron Agric. 2017;135:233-241.
doi:10.1016/j.compag.2017.02.013

Schieke SM, Schroeder P, Krutmann J. Cutaneous effects of infrared radiation: From
clinical observations to molecular response mechanisms. Photodermatol
Photoimmunol Photomed. 2003;19(5):228-234. doi:10.1034/j.1600-
0781.2003.00054.x

Matthews SG, Miller AL, Plotz T, Kyriazakis |. Automated tracking to measure
behavioural changes in pigs for health and welfare monitoring. Sci Rep. 2017;7(1):1-
12. d0i:10.1038/s41598-017-17451-6



1086
1087
1088

1089
1090
1091

1092
1093
1094

1095

1096
1097
1098

1099
1100
1101

1102
1103
1104

1105
1106

1107
1108
1109

1110
1111

1112
1113

1114
1115
1116
1117

1118
1119

1120
1121
1122

1123
1124
1125

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Simpfendorfer CA, Olsen EM, Heupel MR, Moland E. Three-dimensional kernel
utilization distributions improve estimates of space use in aquatic animals. Can J Fish
Aquat Sci. 2012;69(3):565-572. doi:10.1139/F2011-179

Ekvall MT, Bianco G, Linse S, Linke H, Backman J, Hansson LA. Three-dimensional
tracking of small aquatic organisms using fluorescent nanoparticles. PLoS One.
2013;8(11):1-8. doi:10.1371/journal.pone.0078498

Neuswanger J, Wipfli M, Rosenberger A, Hughe N. Measuring fish and their physical
habitats: Versatile 2-D and 3-D video techniques with user-friendly software. Can J
Fish Aquat Sci. 2016;73(12):1861-1873.

Galhardo L, Oliveira RF. Psychological Welfare & Stress in Fish. 2009:1-20.

Pautsina A, Cisaf P, Stys D, Terjesen BF, Espmark AMO. Infrared reflection system for
indoor 3D tracking of fish. Aquac Eng. 2015;69:7-17.
doi:10.1016/j.aquaeng.2015.09.002

Zhang Z, Bai Q, Xu X, Guo H, Zhang X. Effects of environmental enrichment on the
welfare of juvenile black rockfish Sebastes schlegelii: Growth, behavior and
physiology. Aquaculture. 2020;518(1). doi:10.1016/j.aquaculture.2019.734782

Favero Neto J, Giaquinto PC. Environmental enrichment techniques and tryptophan
supplementation used to improve the quality of life and animal welfare of Nile tilapia.
Aquac Reports. 2020;17(May):100354. doi:10.1016/j.aqrep.2020.100354

Peter MCS. The role of thyroid hormones in stress response of fish. Gen Comp
Endocrinol. 2011;172(2):198-210. doi:10.1016/j.ygcen.2011.02.023

Deane EE, Woo NYS. Modulation of fish growth hormone levels by salinity,
temperature, pollutants and aquaculture related stress: A review. Rev Fish Biol Fish.
2009;19(1):97-120. d0i:10.1007/s11160-008-9091-0

Azmat H, Javed M, Husssain SM, Javid A, Jabeen G. Impacts of physico-chemical
parameters on fish grown under heavy metal stress. Pak J Zool. 2016;48(3):795-807.

Conte FS. Stress and the welfare of cultured fish. App! Anim Behav Sci. 2004;86(3-
4):205-223. doi:10.1016/j.applanim.2004.02.003

Abdel-Tawwab M, Hagras AE, Elbaghdady HAM, Monier MN. Effects of dissolved
oxygen and fish size on Nile tilapia, Oreochromis niloticus (L.): growth performance,
whole-body composition, and innate immunity. Aquac Int. 2015;23(5):1261-1274.
do0i:10.1007/s10499-015-9882-y

Craig S, Helfrich L. Understanding Fish Nutrition, Feeds, and Feeding (Publication 420—
256). Yorktown, Virginia; 2017.

Damsgard B, Evensen TH, @verli @, et al. Proactive avoidance behaviour and pace-of-
life syndrome in Atlantic salmon. R Soc Open Sci. 2019;6(3):181859.
doi:10.1098/rs0s.181859

Saberioon M, Cisai P. Automated within tank fish mass estimation using infrared
reflection system. Comput Electron Agric. 2018;150(September 2017):484-492.
doi:10.1016/j.compag.2018.05.025



1126
1127
1128

1129
1130
1131

1132
1133

1134
1135

1136
1137
1138
1139

1140
1141
1142
1143

1144
1145
1146
1147

1148
1149
1150
1151

1152
1153

1154
1155
1156
1157

1158
1159

1160
1161

1162
1163
1164

1165
1166

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Soliveres E, Poveda P, Estruch VD, et al. Monitoring fish weight using pulse-echo
waveform metrics. Aquac Eng. 2017;77(March):125-131.
doi:10.1016/j.aquaeng.2017.04.002

Turnbull J, Bell A, Adams C, Bron J, Huntingford F. Stocking density and welfare of
cage farmed Atlantic salmon: application of a multivariate analysis. Aquaculture.
2005;243(1-4):121-132. doi:10.1016/j.aquaculture.2004.09.022

Lépez-Olmeda JF, Noble C, Sdnchez-Vazquez FJ. Does feeding time affect fish welfare?
Fish Physiol Biochem. 2012;38(1):143-152. doi:10.1007/s10695-011-9523-y

Volpato G, Gongalves-de-Freitas E, Fernandes-de-Castilho M. Insights into the
concept of fish welfare. Dis Aquat Organ. 2007;75:165-171. doi:10.3354/dao075165

Mufioz-Benavent P, Andreu-Garcia G, Valiente-Gonzalez JM, Atienza-Vanacloig V,
Puig-Pons V, Espinosa V. Enhanced fish bending model for automatic tuna sizing using
computer vision. Comput Electron Agric. 2018;150(March):52-61.
d0i:10.1016/j.compag.2018.04.005

Atienza-Vanacloig V, Andreu-Garcia G, Lépez-Garcia F, Valiente-Gonzdlez JM, Puig-
Pons V. Vision-based discrimination of tuna individuals in grow-out cages through a
fish bending model. Comput Electron Agric. 2016;130:142-150.
doi:10.1016/j.compag.2016.10.009

Kvaestad B, Nordtug T, Hagemann A. A machine vision system for tracking population
behavior of zooplankton in small-scale experiments: a case study on salmon lice (
Lepeophtheirus salmonis Krgyer, 1838) copepodite population responses to different
light stimuli. Biol Open. 2020;9(6). doi:10.1242/bio.050724

@verli @, Nordgreen J, Mejdell CM, et al. Ectoparasitic sea lice (Lepeophtheirus
salmonis) affect behavior and brain serotonergic activity in Atlantic salmon (Salmo
salar L.): Perspectives on animal welfare. Physiol Behav. 2014;132:44-50.
doi:10.1016/j.physbeh.2014.04.031

Abolofia J, Asche F, Wilen JE. The Cost of Lice: Quantifying the Impacts of Parasitic Sea
Lice on Farmed Salmon. Mar Resour Econ. 2017;32(3):329-349. doi:10.1086/691981

Wilhelmsson S, Yngvesson J, Jonsson L, Gunnarsson S, Wallenbeck A. Welfare
Quality® assessment of a fast-growing and a slower-growing broiler hybrid, reared
until 10 weeks and fed a low-protein, high-protein or mussel-meal diet. Livest Sci.
2019;219:71-79. doi:10.1016/j.livsci.2018.11.010

Broom DM. Welfare evaluation. Appl Anim Behav Sci. 1997;54(1):21-23.
d0i:10.1016/50168-1591(96)01200-2

Sadoul B, Geffroy B. Measuring cortisol, the major stress hormone in fishes. J Fish
Biol. 2019;94(4):540-555. doi:10.1111/jfb.13904

Brydges NM, Boulcott P, Ellis T, Braithwaite VA. Quantifying stress responses induced
by different handling methods in three species of fish. App! Anim Behav Sci.
2009;116(2-4):295-301. doi:10.1016/j.applanim.2008.09.003

Caipang CMA, Fatira E, Lazado CC, Pavlidis M. Short-term handling stress affects the
humoral immune responses of juvenile Atlantic cod, Gadus morhua. Aquac Int.



1167

1168
1169
1170
1171

1172
1173
1174

1175
1176
1177

1178
1179
1180

1181
1182
1183

1184
1185

1186
1187
1188

1189
1190
1191

1192
1193
1194

1195
1196
1197
1198
1199

1200
1201

1202
1203
1204

1205
1206
1207

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

2014;22(4):1283-1293. doi:10.1007/s10499-013-9746-2

Martins CL, Walker TI, Reina RD. Stress-related physiological changes and post-
release survival of elephant fish (Callorhinchus milii) after longlining, gillnetting,
angling and handling in a controlled setting. Fish Res. 2018;204(December 2017):116-
124. doi:10.1016/j.fishres.2018.01.016

Palme R. Monitoring stress hormone metabolites as a useful, non-invasive tool for
welfare assessment in farm animals. Anim Welf. 2012;21(3):331-337.
doi:10.7120/09627286.21.3.331

Ellis T, James JD, Sundh H, Fridell F, Sundell K, Scott AP. Non-invasive measurement of
cortisol and melatonin in tanks stocked with seawater Atlantic salmon. Aquaculture.
2007;272(1-4):698-706. doi:10.1016/j.aquaculture.2007.07.219

Zuberi A, Brown C, Ali S. Effect of confinement on water-borne and whole body
cortisol in wild and captive-reared rainbowfish (Melanoteania duboulayi). Int J Agric
Biol. 2014;16(1):183-188.

Lower N, Moore A, Scott AP, Ellis T, James JD, Russell IC. A non-invasive method to
assess the impact of electronic tag insertion on stress levels in fishes. J Fish Biol.
2005;67(5):1202-1212. doi:10.1111/j.1095-8649.2005.00815.x

Aerts J, Metz JR, Ampe B, Decostere A, Flik G, De Saeger S. Scales tell a story on the
stress history of fish. PLoS One. 2015;10(4):1-17. doi:10.1371/journal.pone.0123411

Carbajal A, Monclus L, Tallo-Parra O, Sabes-Alsina M, Vinyoles D, Lopez-Bejar M.
Cortisol detection in fish scales by enzyme immunoassay: Biochemical and
methodological validation. J Appl Ichthyol. 2018;34(4):967-970. doi:10.1111/jai.13674

Lupica SJ, Turner JW. Validation of enzyme-linked immunosorbent assay for
measurement of faecal cortisol in fish. Aquac Res. 2009;40(4):437-441.
doi:10.1111/j.1365-2109.2008.02112.x

Turner JW, Nemeth R, Rogers C. Measurement of fecal glucocorticoids in parrotfishes
to assess stress. Gen Comp Endocrinol. 2003;133(3):341-352. doi:10.1016/50016-
6480(03)00196-5

Stone DAJ, Gaylord TG, Johansen KA, Overturf K, Sealey WM, Hardy RW. Evaluation of
the effects of repeated fecal collection by manual stripping on the plasma cortisol
levels, TNF-a gene expression, and digestibility and availability of nutrients from
hydrolyzed poultry and egg meal by rainbow trout, Oncorhynchus mykiss (Wa.
Aquaculture. 2008;275(1-4):250-259. doi:10.1016/j.aquaculture.2008.01.003

Lazado CC, Caipang CMA. Mucosal immunity and probiotics in fish. Fish Shellfish
Immunol. 2014;39(1):78-89. doi:10.1016/].fsi.2014.04.015

Jia R, Liu BL, Feng WR, Han C, Huang B, Lei JL. Stress and immune responses in skin of
turbot (Scophthalmus maximus) under different stocking densities. Fish Shellfish
Immunol. 2016;55:131-139. doi:10.1016/].fsi.2016.05.032

Mateus AP, Anjos L, Cardoso JR, Power DM. Chronic stress impairs the local immune
response during cutaneous repair in gilthead sea bream (Sparus aurata, L.). Mo/
Immunol. 2017;87(April):267-283. doi:10.1016/j.molimm.2017.04.008



1208
1209
1210

1211
1212
1213
1214

1215
1216
1217

1218
1219
1220

1221
1222
1223
1224

1225
1226
1227

1228
1229
1230

1231
1232
1233

1234
1235
1236

1237
1238
1239
1240

1241
1242
1243

1244
1245
1246
1247

1248

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Carbajal, Soler, Tallo-Parra, et al. Towards Non-Invasive Methods in Measuring Fish
Welfare: The Measurement of Cortisol Concentrations in Fish Skin Mucus as a
Biomarker of Habitat Quality. Animals. 2019;9(11):939. doi:10.3390/ani9110939

Carbajal A, Reyes-Lopez FE, Tallo-Parra O, Lopez-Bejar M, Tort L. Comparative
assessment of cortisol in plasma, skin mucus and scales as a measure of the
hypothalamic-pituitary-interrenal axis activity in fish. Aquaculture. 2019;506:410-416.
doi:10.1016/j.aquaculture.2019.04.005

Whitford M, Klimley AP. An overview of behavioral, physiological, and environmental
sensors used in animal biotelemetry and biologging studies. Anim Biotelemetry.
2019;7(1):1-24. d0i:10.1186/s40317-019-0189-z

Macaulay G, Warren-Myers F, Barrett LT, Oppedal F, Fgre M, Dempster T. Tag use to
monitor fish behaviour in aquaculture: a review of benefits, problems and solutions.
Rev Aquac. February 2021:raq.12534. doi:10.1111/raq.12534

Young T, Walker SP, Alfaro AC, et al. Impact of acute handling stress, anaesthesia, and
euthanasia on fish plasma biochemistry: implications for veterinary screening and
metabolomic sampling. Fish Physiol Biochem. 2019;45(4):1485-1494.
do0i:10.1007/s10695-019-00669-8

Wright S, Metcalfe J, Hetherington S, Wilson R. Estimating activity-specific energy
expenditure in a teleost fish, using accelerometer loggers. Mar Ecol Prog Ser.
2014;496:19-32. doi:10.3354/meps10528

Skeeles MR, Winkler AC, Duncan MI, James NC, van der Walt K-A, Potts WM. The use
of internal heart rate loggers in determining cardiac breakpoints of fish. J Therm Biol.
2020;89:102524. doi:10.1016/j.jtherbio.2020.102524

Whitney N, Pratt H, Pratt T, Carrier J. Identifying shark mating behaviour using three-
dimensional acceleration loggers. Endanger Species Res. 2010;10:71-82.
doi:10.3354/esr00247

Pratap HB, Bonga SEW. Effects of water-borne cadmium on plasma cortisol and
glucose in the cichlid fish Oreochromis mossambicus. Comp Biochem Physiol Part C,
Comp. 1990;95(2):313-317. doi:10.1016/0742-8413(90)90124-R

Jentoft S, Aastveit AH, Torjesen PA, Andersen @. Effects of stress on growth, cortisol
and glucose levels in non-domesticated Eurasian perch (Perca fluviatilis) and
domesticated rainbow trout (Oncorhynchus mykiss). Comp Biochem Physiol - A Mol
Integr Physiol. 2005;141(3):353-358. d0i:10.1016/j.cbpb.2005.06.006

Hoseini SM, Hosseini SA, Nodeh AJ. Serum biochemical characteristics of Beluga,
Huso huso (L.), in response to blood sampling after clove powder solution exposure.
Fish Physiol Biochem. 2011;37(3):567-572. doi:10.1007/s10695-010-9458-8

Buscaino G, Filiciotto F, Buffa G, et al. Impact of an acoustic stimulus on the motility
and blood parameters of European sea bass (Dicentrarchus labrax L.) and gilthead sea
bream (Sparus aurata L.). Mar Environ Res. 2010;69(3):136-142.
doi:10.1016/j.marenvres.2009.09.004

Brijs J, Sandblom E, Rosengren M, et al. Prospects and pitfalls of using heart rate bio-



1249
1250

1251
1252
1253
1254

1255
1256
1257

1258
1259

1260
1261
1262
1263

1264
1265

1266
1267
1268
1269

1270
1271
1272

1273
1274
1275

1276
1277
1278
1279

1280
1281
1282

1283
1284
1285

1286
1287
1288

1289

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

loggers to assess the welfare of rainbow trout (Oncorhynchus mykiss) in aquaculture.
Aquaculture. 2019;509(January):188-197. doi:10.1016/j.aquaculture.2019.05.007

Wu H, Shinoda R, Murata M, Matsumoto H, Ohnuki H, Endo H. Real-time fish stress
visualization came true : A novel multi-stage color-switching wireless biosensor
system. Biosens Bioelectron. 2019;130(September):360-366.
do0i:10.1016/j.bios.2018.09.042

Yonemori Y, Takahashi E, Ren H, Hayashi T, Endo H. Biosensor system for continuous
glucose monitoring in fish. Anal Chim Acta. 2009;633(1):90-96.
doi:10.1016/j.aca.2008.11.023

ARRIVE. ARRIVE guidelines. https://arriveguidelines.org/. Published 2021. Accessed
May 10, 2021.

Cooke SJ, Woodley CM, Brad Eppard M, Brown RS, Nielsen JL. Advancing the surgical
implantation of electronic tags in fish: a gap analysis and research agenda based on a
review of trends in intracoelomic tagging effects studies. Rev Fish Biol Fish.
2011;21(1):127-151. doi:10.1007/s11160-010-9193-3

Sopinka NM, Donaldson MR, O’Connor CM, Suski CD, Cooke SJ. Stress Indicators in
Fish. Vol 35.; 2016. doi:10.1016/B978-0-12-802728-8.00011-4

Brown RS, Eppard MB, Murchie KJ, Nielsen JL, Cooke SJ. An introduction to the
practical and ethical perspectives on the need to advance and standardize the
intracoelomic surgical implantation of electronic tags in fish. Rev Fish Biol Fish.
2011;21(1):1-9. d0i:10.1007/s11160-010-9183-5

Hvas M, Folkedal O, Oppedal F. Heart rate bio-loggers as welfare indicators in Atlantic
salmon (Salmo salar) aquaculture. Aquaculture. 2020;529(April):735630.
doi:10.1016/j.aquaculture.2020.735630

Altimiras J, Larsen E. Non-invasive recording of heart rate and ventilation rate in
rainbow trout during rest and swimming. Fish go wireless! J Fish Biol. 2000;57(1):197-
209. d0i:10.1006/jfbi.2000.1299

Gréans A, Sandblom E, Kiessling A, Axelsson M. Post-Surgical Analgesia in Rainbow
Trout: Is Reduced Cardioventilatory Activity a Sign of Improved Animal Welfare or the
Adverse Effects of an Opioid Drug? PLoS One. 2014;9(4):e95283.
doi:10.1371/journal.pone.0095283

Caja G, Hernandez-Jover M, Conill C, et al. Use of ear tags and injectable transponders
for the identification and traceability of pigs from birth to the end of the slaughter
linel,2. J Anim Sci. 2005;83(9):2215-2224. d0i:10.2527/2005.8392215x

Conill C, Caja G, Nehring R, Ribd O. The use of passive injectable transponders in
fattening lambs from birth to slaughter: effects of injection position, age, and breed2.
J Anim Sci. 2002;80(4):919-925. d0i:10.2527/2002.804919x

Gentry RR, Lester SE, Kappel C V., et al. Offshore aquaculture: Spatial planning
principles for sustainable development. Ecol Evol. 2017;7(2):733-743.
doi:10.1002/ece3.2637

Edwards JE, Pratt J, Tress N, Hussey NE. Thinking deeper: Uncovering the mysteries of



1290
1291

1292
1293
1294

1295
1296
1297

1298
1299
1300

1301
1302
1303
1304

1305
1306
1307
1308

1309
1310
1311

1312
1313
1314
1315
1316

1317
1318

1319
1320

1321
1322
1323

1324

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

animal movement in the deep sea. Deep Res Part | Oceanogr Res Pap.
2019;146(December 2018):24-43. doi:10.1016/j.dsr.2019.02.006

Fere M, Frank K, Dempster T, Alfredsen JA, Hgy E. Biomonitoring using tagged
sentinel fish and acoustic telemetry in commercial salmon aquaculture: A feasibility
study. Aquac Eng. 2017;78(March):163-172. doi:10.1016/j.aquaeng.2017.07.004

Munoz L, Aspillaga E, Palmer M, Saraiva JL, Arechavala-Lopez P. Acoustic Telemetry: A
Tool to Monitor Fish Swimming Behavior in Sea-Cage Aquaculture. Front Mar Sci.
2020;7. doi:10.3389/fmars.2020.00645

Bégout Anras M-L, Lagardere JP. Measuring cultured fish swimming behaviour: first
results on rainbow trout using acoustic telemetry in tanks. Aquaculture. 2004;240(1-
4):175-186. doi:10.1016/j.aquaculture.2004.02.019

Leclercq E, Zerafa B, Brooker AJ, Davie A, Migaud H. Application of passive-acoustic
telemetry to explore the behaviour of ballan wrasse (Labrus bergylta) and lumpfish
(Cyclopterus lumpus) in commercial Scottish salmon sea-pens. Aquaculture.
2018;495:1-12. doi:10.1016/j.aquaculture.2018.05.024

Gesto M, Zupa W, Alfonso S, Spedicato MT, Lembo G, Carbonara P. Using acoustic
telemetry to assess behavioral responses to acute hypoxia and ammonia exposure in
farmed rainbow trout of different competitive ability. App/ Anim Behav Sci.
2020;230:105084. d0i:10.1016/j.applanim.2020.105084

Hussey NE, Kessel ST, Aarestrup K, et al. Aquatic animal telemetry: A panoramic
window into the underwater world. Science (80- ). 2015;348(6240):1255642.
doi:10.1126/science.1255642

Grothues TM. A review of acoustic telemetry technology and a perspective on its
diversification relative to coastal tracking arrays. In: Nielsen JL, Arrizabalaga H,
Fragoso N, Hobday A, Lutcavage M, Sibert J, eds. Tagging and Tracking of Marine
Animals with Electronic Devices. Dordrecht: Springer Netherlands; 2009:77-90.
doi:10.1007/978-1-4020-9640-2_5

Bjelland HV, Fgre M, Lader P, et al. Exposed aquaculture in Norway: Technologies for
robust operations in rough conditions. 2015.

Raza U, Kulkarni P, Sooriyabandara M. Low Power Wide Area Networks: An Overview.
IEEE Commun Surv Tutorials. 2017;19(2):855-873. doi:10.1109/COMST.2017.2652320

Stien LH, Bracke M, Noble C, Kristiansen TS. Assessing Fish Welfare in Aquaculture. In:
Kristiansen TS, Ferno A, Pavlidis MA, van de Vis H, eds. The Welfare of Fish. Cham,
Switzerland: Springer; 2020:303-321. doi:10.1007/978-3-030-41675-1_13



