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Abstract: Guaranteeing a high quality of life for animals has recently become a matter
of increasing concern. Welfare assessment has beefleveloped for terrestrial species,
mainly for those kept in captivity, but the current state of the art is lesshgelcterized
for aquatic animals. The classical methodologies utilised to date, such as the kind of
behavioural observation widely used for terrestrial animals, are not appropriate for
improving our knowledge of the webeing of aquatic animals if used alonginly due to
the large number of species and the difficulty of obtaining comparative results among the
different taxa of interest. Among different approaches, the evaluation of internal responses
inside organisms can be carried out using different plogigal and biochemical tools. This
thesis presents methodologies and results of studies aimed at validating physiological and
iImmunity parameters as markers of stress in the evaluation of fish welfare, with a particular
focus on two important species iquaculture Sparus aurataand Dicentrarchus labrax
Fish were exposed to different conditions, and their welfare status was evaluated. An
approach based gvhysiological markers was introduced to investigate the effects of the
surgical implantation of electronic tags to provide telemetry for aquaculture study purposes.
Indeed, the use of telemetry to study aquatic organisms has developed rapidly and its
utilization needs to be better understood. Nutrition and food quality are further critical
aspects for farmed animals. Indeed, aquaculture, both conventional and organic, has
increased widely in recent years and has attracted the attention of various stakeholde
Physiological stress indicators, growth performance, and swimming activity data obtained
by acoustic transmitters are good indicators for welfare assessment, and here they have been
used to evaluate the effect of different aquaculture methodologipartioular on fish fed
with different diets. In addition, social stress and territoriality are relevant factors to evaluate
for gregarious species that may have consequences on animals farmed in captivity
conditions. These aspects may impair the abilitfist to respond to various stimuli, such
as pathogens and environmental variations, with negative influences. In this thesis, we
evaluate the effects of social stress on gilthead bream through behavioural observation
supported by the evaluation of physigical and immunologicatellular parameters, such

as cortisol, glucose, lactate, osmolarity, and phagocytosis.

KeywoWdlsf ar e, Physiology; Growth; Tel emetr
A g u a c uSodiabhrerarchy; TerritorialitySparus atata; Dicentrarchus labraxStress;

Cortisol; Behaviour; Gilthead sea bream; European sea bass; Hormones; Phagocytosis
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Chapter 1

1.Introduction

1.1. Welfare

The concept of Aani mal wel f ar e0 rbeirfigeor s t c
animals, and the study of this topic has primarily developed during the last half century.
Humanranimal interactions, in particular domestication and breeding, datetdacicient

time. Humankind, indeed, has reared and domesticated animals, mainly birds and mammals,
for millennia for a variety of purposes, suahifood, clothing, agricultural work, pets; but
research centred on animals as sentient organisms, capabféeohg, only started during

the 20th century, probably due to our bett
and behavioural complexifBroom, 2011) Nowadays, the need to improve the efficiency

of this interaction has led different stake holders to reconsider the value of animal.welfare
Research on animal welfare, initially centred on livestock and laboratory animals, has
extended also to fish, other vertebrates, and even invertebrate groups (e.g., cephalopods,
crustaceans, and other@enn et al, 2019; Branson, 2008; Carere and Mather, 2019;
Diggles, 2019)Unfortunately, the concept of welfare is not clearly defined for animals, and
different ideas have been proposed to explain it. It is generally associated with threetdifferen
aspects of their life: the correct physiological functioning of the organism; the natural
environment of the animal; its feelings/emotional stétintingford et al, 2006a;
Kristiansen and Bracke, 2020 the breeding sector, animal welfare is associated with
satisfying the Afive pr i fam AnimaldVeliare Cduncie e d o |
(Manteceet al, 2012; Webster, 2005)ith the aim of guaranteeing the basic necessities of

animals without negative experiences:

1. The animal is free from hungehirst, and malnutrition, because it has
ready access to drinking water and a suitable diet

2. The animal is free from physical and thermdacomfort becausi has
access to shelter from the elements and a comfortable resting area

3. The animal is free fronpain, injury, and disease, thanks to suitable
prevention and/or rapid diagnosis and treatment

4. The animal is able to express most of its normal behavioural patterns,
because it has sufficient space, proper facilities, and the company of other

animals of is kind



5. The animal does not experience fear or distress, because the conditions

needed to prevent mental suffering have been ensured.

Therefore, animals must be free from hunger, thirst, discomfort, pain, disease, fear, and
anguish, and they must bree to engage in their natural behaviour. But even in this case the
definition of wellbeing is rather vague and poorly defindthntecaet al, 2012; Webster,

2005)

Various stakeholder@cluding governments, have recently been paying attention to the
management of terrestrial farming ecosystems, but even more to aquatic ecosystems and the
welfare of farmed animals. Indeed, in Europe, fish, have only recently been included in the
group ofanimal considered sentient, along with for mammals, birds, and reptitess et
al., 2009; The Council of the European Union, 19%¥wever, the goal of including all
aquatic taxa with hunmmeinteraction has posed difficulties due to the lack of sufficient
scientific evidence regarding the definition of what animal sentience n(2ai¥63/EU,

2010; Browmaret al, 2019)

Di fferent approaches have been considere
include different aquatic taxa in animal welfare regulations, but in some cases, such as the
invertebrates, there have been saiiféculties in terms of applicatiofBrowmanet al,

2019) So me researchers have pointed toward
neuroanatomical structure in order to individuate the sensorymsewttch perceive stimuli

and respond to painful stimuli, called nocicept(fgrito et al, 2015; Kristiansen and
Bracke, 2020; C B Schreclet al, 2016) However, the ideas of pain, suffering, and
consciousness remain to be investigated and bidfered for humans and, even more, for
animals. A further approach is the ethological one, aestlblished area of studyarfimal
behaviour, in particular for terrestrial farmed animals due to our long historical knowledge
of them. Indeed, a number of abnormal behaviours have been listed which indicate the status
of an animal 6s wel fare. Wi gploachignotalivayseasyr g a |
to apply; indeed, few species can be easily observed and their behaviour described
(Browman et al, 2019) Due to the vast number of aquatic taxa, vertebrates and
invertebrags, and different inter and intra species responses, studying the behaviour of each
species becomes a very hard, laborious, anddmnsuming task. Despite different authors
having previously treated this topic from different points of viBnoom, 2002; Browman

et al, 2019; Fioito et al, 2015; Huntingforcet al, 2006a; Kristiansen and Bracke, 2020;
Martinset al, 2012; Carl B. Schreo#t al, 2016; Webster, 2008hese studies were mainly

2



based on neuroanatomical analogies between human and animals, capatailities,
behavioural alteration, perception of pain and/or suffering.

Obtaining consistent data that allow us to properly evaluate the welfare of aquatic
animals, avoiding inconsistent outcomes, is necessary to focus on objectively measurable
welfare indicators such as behaviour, physiology, growth, fecundity, health, and stress
(Arlinghauset al, 2009) As a consequence, more speapscific researchs required in

order to correctly apply these indicat¢Bmtneret al, 2012)

lWeIfare status
|

e.g. hunger, satiation, pain, panic ‘

Feelings

‘ I |
Behavioural control
. Lo Homeostasis Social contact
Feeding Respiration ) L
Injuries Territoriality
Nutrition Osmotic Balance
. A Body care Rest
Territory Thermal regulation . .
Hygiene Exploration
Mating Good water quality . A
Safety and protection Sexual behaviour
Resou rces‘ ‘ Environment| | Health ‘ ‘ Behaviour

Figure 1 The welfare needs of fish can be placed into several different broad categories. The degree of
fulfilment of these needs affects their mental state and thereby the welfare status of the animals Adapted from
(Mellor et al, 2009.

Homeostasis, nowadays, is a wiallown concept; it consists of a series of biochemical
mechanisms devoted to maintaining the internal functioning equilibrium in living organisms.
These physiological responsesyen though correlated to the previoustentioned
processes (i.e., pain, sentience, suffering), are independent. It is possible to establish a
baseline relation to the welfare of the species, and each variation may indicate an imbalance
that could be comdered an adverse condition. Of course, even for this approach it is not
possible to obtain a universal pattern for all aquatic species, and it is fundamental to have a
deep knowledge of the physiology of each species. Among all the differentmieovered
approaches, this, the evaluation of the physiological processes, may be considered a relevant
field that deserves to be investigated and utilized in the welfare assessment of fish, in
particular in the aquaculture sec{@esto, 2022; JereZepa and Ruidarabo, 2021



Beyond the definition considered, the welfare of fish intended for human use is critically
important for several reaso(eibelet al, 2020) and it is at the centre of interest of different
sectors where animals play a role as central actor. Welfare, indeed, has &oantegal for
all animals involved in zoos and aquariums, where they are at the centre of the exhibition,
and the interest of the keepers is to maintain them in good conditions with their natural
behaviour as an attraction for visitq@livotto et al, 2011). Good conditions and a good
welfare status are of fundamental importance when talking about animals involved in
scientific research experiments and guarantee that results are not impaired by problematic
factors(Ruiz-Jaraboet al, 2020, 2019b; VargaShacoffet al, 2020) In relation to fish
farming, appropriate welfare conditions have fundamental importance in the fishery and
aquaculture (F&Axectors. Aquatic animals which are not chronically stressed present better
growth rates, are less prone to diseases, and the final product maintains higher quality
featureg(Sneddoret al, 2016) In addition,avoiding unnecessary animal suffering during
the capturing, rearing, and slaughtering of fish is important according to current ethical
standards regarding the use of animals. Moreover, welfare is also critical for the economic
implications for farmers, whh include that fish growth is highly dependent on the welfare
status of the fish, the need to optimize feed expenses and keep expenses for disease care low,
and to keep economic value for the final product higher as we know that stress affects the
quality of the flesh. Regarding this last point, indeed, slaughter is a critical aspect in F&A
since the quality of the flesh is affected when the animal is stressed before its death
(BarraganMéndezet al, 2018; Commission, 2017; Zhaeg al, 2017) All the previous
listed aspects are greatly affected by stress, and it is understandable that there is a shared
interest among farmers, researchers, ag@rists, and ornamental fish keepers that fish
held in captivity live well, and it is in the interest of commerfigdiers that fish captured in
a trawl maintain high flesh quality and, thereby, receive a high market price. Recently, one
more interest has been added, which is related to a growing insistence on the part of
consumers that the organisms that are farmedvall treated.

All these reasons explain the increasing interest in fish welfare research. Still, in spite of
this growing interest, research studies on fish welfare represent less than 10% of the studies
about general animal welfare. Finally, even stegfulations about fish utilization issued by
national and international organizations, based on both ethical standards and available
information on fish physiology and behaviour, constitute important legal reasons to maintain
fish welfare at adequate stards(Falaise, 2019)



1.2. Current knowledge gaps related to fish welfare

Despite fish welfare becoming a hot topic of late, currently there are a number of gaps in
our knowledge about fish, both in wild and artificial conditions. As maet, various sets
of recommendations or guidelines have been published by resedidbblset al, 2020,
2018) or other institutions, such as tioyal Society for the Preventioof Cruelty to
Animals (RSPCA in the UK (Kristiansen and Bracke, 2020; RSPCA, 20Z3rtainly,the
protecton of fish by national regulations is not uniform, but it is on the increase and such
guidelines may constitute the basis of new regulations for fish welfare monitoring in
captivity.

Current research seeks to answer questions about better welfare cenditien which
to keep fish in captivity. These seemingly simple questions do not have easy resolutions. For
example, there are questions about the most adequate conditions for maintaining fish; or
guestions regarding which indicators need to be considergdarantee good welfare, or
how the indicators should be evaluated and quantified; or questions about the validity of
these variables, considering inter or intra species variability and how to compare different
groups of fish from different sites/farmsddior environmental conditions. Indeed, the
principal difficulty is to find reliable indicators that allow us to evaluate the conditions of
fish, in particular after long periods of exposure to inadequate conditions. Acute stress and
related welfare probfas are relatively easy to detect, but the difficulty lies in detecting

evidence of the effects of chronic disturbances.

1.3. Stress Physiology

Schreck and Tort defined stress as fAthe |
the organism is attempting to resist death ees&blish homeostatic norms in the face of
i n s (Bthteck and Tort, 2018)lomeostasis is the capability of the organisms to maintain
all the fundamental parameters which ensure survival and the proper functioning of vital
processes (pH, osmolarity, energy metabolites) pequlibrium. Maintaining equilibrium
is of fundamental importance in restoring conditions after disturbances from stressful events
and deviations from the baseline. The system, regulated by biochemical reactions, involves
enzymes, hormones, transporters, amotgins, and it requires a synchronized action of
allostatic change enabling a return to the optimal physiological (Ef&lousos, 2009;
McEwen and Wingfield, 2003)

Endocrine cascades control stress physiology in teld@isssen and Flik, 2016)

Physiological responses to stress may ideally be divided into three gmmimsyy,
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secondary, and tertiary, with sequential activation related to the intensity and duration of
stresgBarton, 2002)

The primary response to stress is initiated and coordinated by two neuroendocrine axes
(Fig.2), the hypothalamiepituitary-interrenal (HPI) system and sympattioromaffin
tissues(Mommsenet al, 1999; Carl B. Schreckt al, 2016)andinclude the release into
the bloodstream of neuroendocrine hormones such us catecholé@khatiesmet al, 2002;

Reidet al, 1998)and corticosteroids for vertebrai@sorito et al, 2015; RuizJarabcet al,

2019a; Wendelaar Bonga, 199The presence of these hormones in the circulatory system
induces the activation of the secondary stress responses, including increasing heart and
respiration frequency ratemnd mobilizing energy metabolites to cover the demand for
energy and oxygen imposed by the stregBarragarMéndezet al, 2020, 2018; Costast

al., 2011; Fioritoet al, 2015; Wedemeyaat al, 1990)

Sympatethic
innervation

o) Cortisol ’ X
% NAJ. A j _ Primary
1 osmoregulation f
*  Cardiac output f
glycemia Seconda
*  Oxygendelivery 1 _ i
1 liver glycogen stores f
Glycemia
peripheral proteolysis f
H Glycogen stores ‘
¢ Immune alteration
Pituitary gland Growth Immunity W X
Condition Stress resistance — Tertiary
Reproduction survival /‘
| Quaternary

Trans-generationa effects

Figure 2 Main neuroendocrine pathways involved in fish stress responses. The two neuroendocrine routes are
indicated by blue (the braiaympathetic nervous systeohromaffin cells axis, BSC) and green lines (the
hypothalamuspituitary-interrenal cells axis, HPI6HT, serotonin; A, adrenaline; ACTH, adrenocorticotropic
hormone; AVT, arginine vasotocin; CRH, corticotrop@ieasing hormone; H, hypothalamus; NA,
noradrenaline; P, pituitary; T, telencephalon. Image adapted ffGmsto, 2022)

If the stress is perdurable, it can lead to the activation of the tertiary responses, causing
the collapse of energy stores and affecting the immune system, behaviour and fitness, and in
extreme cases causing the death of the anjf&gdna et al., 2009; Fioritoet al, 2015;
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Wedemeyeket al, 1990) As a consequence, teleosts experience metabolic disorders, lower
growth rates, immundeficiencies, impaired development, reproductive disruptions,
alteration of behavioural and social skilkat clearly compromise their welfa¢€iorito et

al., 2015; Jerefepa and Ruidarabo, 2021)

14. Primary, secondary,and tertiary physiological indicators

In the three different steps of the physiological response to stress, between the molecular
and whole animal levels, it is possible to individuate some indicators that can be used as
tools for welfare evaluation. It is important to underline that the avialu of a single
indicator does not give enough information and that it is better to integrate information
obtained from the evaluation of different indicators. Evaluation can begin after the activation
and mobilization of a series of molecules identifeedprimary indicators (catecholamines
and stress hormones), followed by secondary indicators (e.g., changes in glucose, ion
balance, acithase balance, immunological functions, or other indicators of energetic
metabolism)Schreck and Tort, 2016)
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— Integrates
l information and
induces hormones
r—,- 7 Hormones release release
. Adrenocorticotropic hormone
| RESPONSE . Corticotropin releasing hormone
— — — . Cortisol
Increased heart Increased respiration Mobilized energy
rate frequency metabolites
o
Osmoregulation
r——- promoted by
2 ( these
| Reseonse hormanes
Depletion of energy reserves
=5 Immunosuppression
Long —term
| ESENSL Delayed growth effects
Inhibition of sexual maturation

Figure 3 Physiological stress responses in aquatic animals. CNS (Central Nervous System). Adapted from
(JerezCepa and Ruidarabo, 2021)



These indicators are useful for assessing fish welfare. The choice appinepriate
indicators in relation of the stress suffered from the organisms is of particular importance.
Catecholamines, for example, provide the fastest primary response but are difficult to
measure because they respond quickly and may be influencealphyrec and handling
(Pottinger, 2008; Reiet al, 1998) they can be used as good indicators in laboratory
conditions but not for field investigationsifi2rently from catecholamines, cortisol, the so
called stress hormone, is the most common stress indicator used. It responds more slowly
than catecholamines and can be quantified in laboratory or field cond{&arson, 2002;
Mommsenet d., 1999; Pottinger, 2008; Romero and Reed, 2005pn be used to obtain

basal and positress levels. Cortisol is also involved in different molecular responses. It has
a role in stimulating the expression of several classes of proteins, suchadistmenein,
ubiquitin, andheat shock proteindHSP9, by interacting with heat shock factors (HSFs)
(Basuet al, 2001; Kassahet al, 2009; Vamvakopoulos and Chrousos, 1994; Vijagan

al., 2003) It can be used to obtain basal and mistss levels. The secondary indicators
include glucose elevation, lactate elevation, osmolality and specific ion changes, and
leukocyte activity. Glucose elevation is caused by the increase of catabolism and glucose
release in circulation due to strég8arton, 2002)lactate elevation, is related to anaerobic
metabolism caused by low levels of oxygen in body tissues (hypoxia) or exercise stressors
(Wood et al, 2006) variations in osmolality may be triggered by the release of
catecholamines and their effect on higher heart rate and gill permeébdipynkaet al,

2016) the leukocyes, cells of the immune system, may reflect acute and/or chronic stress
exposure, with consequent alteration of their funct{@swiset al, 2008) The tertiary step,

also called the wholerganism level, includes a plethora of indicators correlated to welfare
status and fish conditions: growth, dimension, weight, orgamoatic index, disease
resistance, alteration of metabolism, indicator of swing activity, cardiac functions,
oxygen consumption, recovery ratio, behaviour, mortggamset al, 1993; Brodeuet

al., 2001; Jairet al, 1998; Sadoul and Vijayan, 2016; Wedemaestaal, 1990) Differently

from primary and secondary stress indicators which mainly relate fghifsology of the
animals, tertiary stress response is mainly related to ethology and ecology, even though it is
strictly correlated to certain physiology aspects, such as indicators related to cardiac activity
and metabolism. Recently, the presence daddditional kind of response, called quaternary
stress response, has been proposed in which stress effects amgetenasional and
transmitted to the progeny through genetic and epigenetic mechdhisughtet al, 2020;

Ryuet al, 2018; Vea-Changet al, 2018)



System Parameters

References

Acid-base balance H*, OH, HCOs" PQi%, SO

H20, osmolality, N&, CI, K*, C&*,
Mg?*, others

Hydric-ionic balance

O, (COy) transport Haemoglobin/hemocyanin,

haematocrit

Glucose, lactate, amino acids,
triglycerides, free fatty acids, etc.

Energy management

Immune system
(Innate)

Physical barriers, cetiell mediated

specific proteins, complement
system), inflammation

Immune system
(adaptative)

Cell-mediated defence (B and T
lymphocytes)

Free radicals balance Oxidative stress system

defence (phagocytosis), humoral
defence @ntimicrobial enzymes, nen

(Evanset al, 2005; Tresguerres and
Hamilton, 2017)

(Fosteret al, 2010; Freireet al, 2008;
Hwanget al, 2011; Mccormick, 2011)

(BarragdnMéndezet al, 2019; Jenseat
al., 1997; Wells, 2009)

(SpeersRoesch and Treberg, 2010;
Storey and Storey, 1983)

(Adachiet al, 2003; Decker and
Jaenicke, 2004; Gestal and Castellanc
Martinez, 2015; Lokeet al, 2004;
Smithet al, 2019; Vazqueet al, 2009)

(Smithet al, 2019)

(Del Rioet al, 2005; Lushchak, 2011;
McCormick and Bradshaw, 2006; Poet
al., 2006; van der Oostt d., 2003)

Tablel Main physiological parameters of aquatic animals' homeostasis. AdaptedJerezCepa and Ruiz

Jarabo, 2021)



15. Telemetry

Current human knowledge about animal farming and captivity conditions has been
obtained mainly from the direct observation of, and interaction with, terrestrial animals;
however, we must consider the many potential difficulties that arise when attengpting t
obtain direct information on populations of animals living underwater and evaluate their
health statugBjellandet al, 2015)

To overcome these difficulties, technology has been developed to provide appropriate
identification systems which facilitate the collection of the required data. Acoustic telemetry
is a methodnitially and widely utilized for terrestrial animals which has recently been
applied to underwater environments. It is a method for remote sensing where individual fish
are equipped with electronic transmitters containing sensors that measure vandbles a
transmit the information to data receiver units using acoustic signals. Initially, this technique
was used for wild fish research, but nowadays it is utilized within aquacudiated
research permitting us to obtain and record different kind ofrimdtion, such as individual
depth movements, positions in the 3D environment, swimming activity, muscle activity,
respiration rates and feed intake. Currently, acoustic telemetry is the only method which
allows the collection of continuous data from fisarezl in cages. While other methods, such
as cameras or sonar, collect behavioural information, acoustic telemetry has the advantage
of collecting physiological data because the transmitters are placed in or on the specimen
(Fareet al, 2018) Despitethese advantages, the application of transmitters requires careful
handling, and the surgical application of transmitters creates the risk of influencing the

conditions of the fish, thus altering the collected information.
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Chapter 2
2.1 State ofthe art

Due to an increasing demand for fish products and a decrease in natural resources, the
aquaculture sector has grown rapidly over the past few decades, and it has also served to
limit the impoverishment of natural fish populations; it now represmot® than 50% of

total fish productio{FAO, 2020)

4
Fish Farming Production in Europe <€/F'EBP
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Figure 2 Fish farming production in EU countries in recent ye@gEAP, 2021)

The total European production of fish by aquaculture was estimated to be 2,570,650 tons in
2020. The main species produced are salmon, trout, sea bream, sea bass and carp, making
up 95% of totaEuropean production in 2020.The following graphics provide an overview

of the key production sectors, analysed by country and by sgE&&®, 2021)
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Figure 3 Marine Mediterranean production in 2020 per country and specidapted fron{FEAP, 2021)

Consequently, as above described, good fish welfare is strictly correlated with good rearing
conditions, and it is understandable that the welfare of farmed fish is important for the
market, as well as being a matter of increasing pabhcernBraithwaite and Huntingford,

2004; Cerqueirat al, 2020) In captivity, the environment available for rearing fish is very
different from the environment in which their wild counterparts (@eoss, 1998)Good

food quality is readily available, as fish are protected from natural predators and disease and
do not have t@ompete for mates. However, the physical environment is much reduced, as
fish are disturbed by rearing activities and are often restricted at high densities within limited
and crowded spaces, with the consequent risk of spreading disease and increaked soc
interaction, including with aggressive fish. However, assessing fish welfare is a complex
task that requires an integrative overview, ranging from physiology to behaviour and
biological performance@iuntingfordet al, 2006b; MartosSitchaet al, 2020; Schreck and

Tort, 2016; Sneddoet al, 2016)

Figure 4 European bass sea and gilthead sea bream on the fish counterarkat.
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