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Abstract:  Guaranteeing a high quality of life for animals has recently become a matter 

of increasing concern. Welfare assessment has been well-developed for terrestrial species, 

mainly for those kept in captivity, but the current state of the art is less well-characterized 

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 well-being of aquatic animals if used alone, mainly 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 physiological and biochemical tools. This 

thesis presents methodologies and results of studies aimed at validating physiological and 

immunity parameters as markers of stress in the evaluation of fish welfare, with a particular 

focus on two important species in aquaculture, Sparus aurata and Dicentrarchus labrax. 

Fish were exposed to different conditions, and their welfare status was evaluated. An 

approach based on physiological 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 

utili zation 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 stakeholders. 

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 methodologies, in particular 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 ability of fish 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 physiological and immunological-cellular parameters, such 

as cortisol, glucose, lactate, osmolarity, and phagocytosis. 
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Chapter 1 

1.Introduction  

1.1. Welfare 

The concept of ñanimal welfareò refers to the physical and psychological well-being of 

animals, and the study of this topic has primarily developed during the last half century. 

Human-animal interactions, in particular domestication and breeding, date back to ancient 

time. Humankind, indeed, has reared and domesticated animals, mainly birds and mammals, 

for millennia for a variety of purposes, such as food, clothing, agricultural work, pets; but 

research centred on animals as sentient organisms, capable of suffering, only started during 

the 20th century, probably due to our better understanding of animalsô motivation, cognition, 

and behavioural complexity (Broom, 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 others) (Benn 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 three different 

aspects of their life: the correct physiological functioning of the organism; the natural 

environment of the animal; its feelings/emotional state (Huntingford et al., 2006a; 

Kristiansen and Bracke, 2020). In the breeding sector, animal welfare is associated with 

satisfying the ñfive principles of freedomò described by the Farm Animal Welfare Council 

(Manteca et al., 2012; Webster, 2005), with the aim of guaranteeing the basic necessities of 

animals without negative experiences: 

1. The animal is free from hunger, thirst, and malnutrition, because it has 

ready access to drinking water and a suitable diet. 

2. The animal is free from physical and thermal discomfort because it has 

access to shelter from the elements and a comfortable resting area. 

3. The animal is free from pain, 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 its kind. 
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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 be free to engage in their natural behaviour. But even in this case the 

definition of well-being is rather vague and poorly defined (Manteca et al., 2012; Webster, 

2005). 

Various stakeholders, including 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 of animal considered sentient, along with for mammals, birds, and reptiles (Algers et 

al., 2009; The Council of the European Union, 1997). However, the goal of including all 

aquatic taxa with human-interaction has posed difficulties due to the lack of sufficient 

scientific evidence regarding the definition of what animal sentience means (2010/63/EU, 

2010; Browman et al., 2019). 

Different approaches have been considered for defining ñanimal sentienceò in order to 

include different aquatic taxa in animal welfare regulations, but in some cases, such as the 

invertebrates, there have been some difficulties in terms of application (Browman et al., 

2019). Some researchers have pointed toward the investigation of these animalsô 

neuroanatomical structure in order to individuate the sensory neurons which perceive stimuli 

and respond to painful stimuli, called nociceptors (Fiorito et al., 2015; Kristiansen and 

Bracke, 2020; C B Schreck et al., 2016). However, the ideas of pain, suffering, and 

consciousness remain to be investigated and better-defined for humans and, even more, for 

animals. A further approach is the ethological one, a well-established area of study of animal 

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 animalôs welfare. With aquatic organisms, however, this approach is not always easy 

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 

invertebrates, and different inter and intra species responses, studying the behaviour of each 

species becomes a very hard, laborious, and time-consuming task. Despite different authors 

having previously treated this topic from different points of view (Broom, 2002; Browman 

et al., 2019; Fiorito et al., 2015; Huntingford et al., 2006a; Kristiansen and Bracke, 2020; 

Martins et al., 2012; Carl B. Schreck et al., 2016; Webster, 2005), these studies were mainly 
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based on neuroanatomical analogies between human and animals, mental capabilities, 

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 

(Arlinghaus et al., 2009). As a consequence, more species-specific research is required in 

order to correctly apply these indicators (Bøtner et al., 2012). 

 

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 well-known concept; it consists of a series of biochemical 

mechanisms devoted to maintaining the internal functioning equilibrium in living organisms. 

These physiological responses, even though correlated to the previously mentioned 

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 considered 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 different above-mentioned 

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 sector (Gesto, 2022; Jerez-Cepa and Ruiz-Jarabo, 2021). 
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Beyond the definition considered, the welfare of fish intended for human use is critically 

important for several reasons (Seibel et al., 2020), and it is at the centre of interest of different 

sectors where animals play a role as central actor. Welfare, indeed, has to be guaranteed 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 visitors (Olivotto 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-Jarabo et al., 2020, 2019b; Vargas-Chacoff et al., 2020). In relation to fish 

farming, appropriate welfare conditions have fundamental importance in the fishery and 

aquaculture (F&A) sectors. Aquatic animals which are not chronically stressed present better 

growth rates, are less prone to diseases, and the final product maintains higher quality 

features (Sneddon et 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, which 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 

(Barragán-Méndez et al., 2018; Commission, 2017; Zhang et 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, aqua-culturists, and ornamental fish keepers that fish 

held in captivity live well, and it is in the interest of commercial fishers 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 farmed are well 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 strict regulations 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 standards (Falaise, 2019). 
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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 mentioned, various sets 

of recommendations or guidelines have been published by researchers (Noble et al., 2020, 

2018) or other institutions, such as the Royal Society for the Prevention of Cruelty to 

Animals (RSPCA) in the UK (Kristiansen and Bracke, 2020; RSPCA, 2020). Certainly, the 

protection 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 conditions under 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 

questions regarding which indicators need to be considered to guarantee 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/farms and/or 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 problems 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 ñthe physiological cascade of events that occurs when 

the organism is attempting to resist death or re-establish homeostatic norms in the face of 

insultò (Schreck and Tort, 2016). Homeostasis 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, pO2) in equilibrium. 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, and proteins, and it requires a synchronized action of 

allostatic change enabling a return to the optimal physiological level (Chrousos, 2009; 

McEwen and Wingfield, 2003).  

Endocrine cascades control stress physiology in teleosts (Gorissen and Flik, 2016). 

Physiological responses to stress may ideally be divided into three groups, primary, 
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secondary, and tertiary, with sequential activation related to the intensity and duration of 

stress (Barton, 2002).  

The primary response to stress is initiated and coordinated by two neuroendocrine axes 

(Fig.2), the hypothalamic-pituitary-interrenal (HPI) system and sympatho-chromaffin 

tissues, (Mommsen et al., 1999; Carl B. Schreck et al., 2016) and include the release into 

the bloodstream of neuroendocrine hormones such us catecholamines (Malham et al., 2002; 

Reid et al., 1998) and corticosteroids for vertebrates (Fiorito et al., 2015; Ruiz-Jarabo et al., 

2019a; Wendelaar Bonga, 1997). The presence of these hormones in the circulatory system 

induces the activation of the secondary stress responses, including increasing heart and 

respiration frequency rates and mobilizing energy metabolites to cover the demand for 

energy and oxygen imposed by the stressor (Barragán-Méndez et al., 2020, 2018; Costas et 

al., 2011; Fiorito et al., 2015; Wedemeyer et al., 1990).  

 

 

Figure 2 Main neuroendocrine pathways involved in fish stress responses. The two neuroendocrine routes are 

indicated by blue (the brain-sympathetic nervous system- chromaffin cells axis, BSC) and green lines (the 

hypothalamus-pituitary-interrenal cells axis, HPI). 5HT, serotonin; A, adrenaline; ACTH, adrenocorticotropic 

hormone; AVT, arginine vasotocin; CRH, corticotropin-releasing hormone; H, hypothalamus; NA, 

noradrenaline; P, pituitary; T, telencephalon. Image adapted from (Gesto, 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 animal (Arjona et al., 2009; Fiorito et al., 2015; 
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Wedemeyer et al., 1990). As a consequence, teleosts experience metabolic disorders, lower 

growth rates, immune-deficiencies, impaired development, reproductive disruptions, 

alteration of behavioural and social skills that clearly compromise their welfare (Fiorito et 

al., 2015; Jerez-Cepa and Ruiz-Jarabo, 2021). 

 

1.4. 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 evaluation 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 identified as primary indicators (catecholamines 

and stress hormones), followed by secondary indicators (e.g., changes in glucose, ion 

balance, acidïbase balance, immunological functions, or other indicators of energetic 

metabolism) (Schreck and Tort, 2016). 

 

Figure 3 Physiological stress responses in aquatic animals. CNS (Central Nervous System). Adapted from 

(Jerez-Cepa and Ruiz-Jarabo, 2021). 
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These indicators are useful for assessing fish welfare. The choice of the appropriate 

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 influenced by capture and handling 

(Pottinger, 2008; Reid et al., 1998); they can be used as good indicators in laboratory 

conditions but not for field investigations. Differently 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 conditions. (Barton, 2002; 

Mommsen et al., 1999; Pottinger, 2008; Romero and Reed, 2005). It can be used to obtain 

basal and post-stress levels. Cortisol is also involved in different molecular responses. It has 

a role in stimulating the expression of several classes of proteins, such as metallothionein, 

ubiquitin, and heat shock proteins (HSPs), by interacting with heat shock factors (HSFs) 

(Basu et al., 2001; Kassahn et al., 2009; Vamvakopoulos and Chrousos, 1994; Vijayan et 

al., 2003).  It can be used to obtain basal and post-stress 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 stress (Barton, 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 permeability (Sopinka et al., 

2016); the leukocytes, cells of the immune system, may reflect acute and/or chronic stress 

exposure, with consequent alteration of their functions (Davis et al., 2008). The tertiary step, 

also called the whole-organism level, includes a plethora of indicators correlated to welfare 

status and fish conditions: growth, dimension, weight, organo-somatic index, disease 

resistance, alteration of metabolism, indicator of swimming activity, cardiac functions, 

oxygen consumption, recovery ratio, behaviour, mortality (Adams et al., 1993; Brodeur et 

al., 2001; Jain et al., 1998; Sadoul and Vijayan, 2016; Wedemeyer et al., 1990). Differently 

from primary and secondary stress indicators which mainly relate to the physiology 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 of an additional kind of response, called quaternary 

stress response, has been proposed in which stress effects are trans-generational and 

transmitted to the progeny through genetic and epigenetic mechanisms (Faught et al., 2020; 

Ryu et al., 2018; Vera-Chang et al., 2018). 
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System Parameters References 

Acid-base balance H+, OH-, HCO3
-, P04

2-, SO4
2- (Evans et al., 2005; Tresguerres and 

Hamilton, 2017) 

Hydric-ionic balance H2O, osmolality, Na+, Cl-, K+, Ca2+, 

Mg2+, others 

(Foster et al., 2010; Freire et al., 2008; 

Hwang et al., 2011; Mccormick, 2011) 

O2 (CO2) transport Haemoglobin/hemocyanin, 

haematocrit 

(Barragán-Méndez et al., 2019; Jensen et 

al., 1997; Wells, 2009) 

Energy management Glucose, lactate, amino acids, 

triglycerides, free fatty acids, etc. 

(Speers-Roesch and Treberg, 2010; 

Storey and Storey, 1983) 

Immune system 

(Innate) 

Physical barriers, cell-cell mediated 

defence (phagocytosis), humoral 

defence (antimicrobial enzymes, non-

specific proteins, complement 

system), inflammation 

(Adachi et al., 2003; Decker and 

Jaenicke, 2004; Gestal and Castellanos-

Martínez, 2015; Loker et al., 2004; 

Smith et al., 2019; Vazquez et al., 2009) 

Immune system 

(adaptative) 

Cell-mediated defence (B and T 

lymphocytes) 

(Smith et al., 2019) 

Free radicals balance Oxidative stress system (Del Rio et al., 2005; Lushchak, 2011; 

McCormick and Bradshaw, 2006; Porte et 

al., 2006; van der Oost et al., 2003) 

Table 1 Main physiological parameters of aquatic animals' homeostasis. Adapted from (Jerez-Cepa and Ruiz-

Jarabo, 2021). 
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1.5. 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 attempting to 

obtain direct information on populations of animals living underwater and evaluate their 

health status (Bjelland et 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 method initially 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 variables and 

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 aquaculture-related 

research permitting us to obtain and record different kind of information, 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 fish reared 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 

(Føre et al., 2018). Despite these 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 of the 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 represents more than 50% of 

total fish production (FAO, 2020).  

 

Figure 2 Fish farming production in EU countries in recent years (FEAP, 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 total European production in 2020.The following graphics provide an overview 

of the key production sectors, analysed by country and by species (FEAP, 2021). 
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Figure 3 Marine Mediterranean production in 2020 per country and species; adapted from (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 public concern (Braithwaite and Huntingford, 

2004; Cerqueira et al., 2020). In captivity, the environment available for rearing fish is very 

different from the environment in which their wild counterparts live (Gross, 1998). Good 

food quality is readily available, as fish are protected from natural predators and disease and 

do not have to compete 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 increased social 

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 performances (Huntingford et al., 2006b; Martos-Sitcha et al., 2020; Schreck and 

Tort, 2016; Sneddon et al., 2016).  

 

Figure 4 European bass sea and gilthead sea bream on the fish counter of a market. 












































































































































































































































