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Abstract 

Arctic charr (Salvelinus alpinus) is the northernmost distributed freshwater fish and 

considered to be the most cold-adapted salmonid. In overall, Iceland is graded as the largest 

worldwide producer and its system considered as sustainable farmed system. Despite that, no 

study has yet targeted the welfare state of Arctic charr, although there is a growing interest 

regarding animal welfare in food production systems. Animal personality has been reported 

in a wide range of species across the animal kingdom, including fish, and its adaptive 

importance has become a central subject in diverse disciplines ranging from behavioural 

ecology to fish welfare. In aquaculture, animals are often raised in plain  housing conditions 

and such environments could severely restrict the natural behavioural repertoire of animals, 

and hence may compromise their welfare. Therefore, enriched  rearing conditions in 

aquaculture have been used since the last decade to improve the welfare and the 

performances of the farmed species. The aims of this study are to investigate how an 

environmental enrichment affects the personality traits expression and their correlation (i.e., 

behavioural syndrome) as well as potential association with brain characteristics and growth 

for Arctic charr welfare implication. I found that physical environmental enrichment induces 

boldness consistency across long term period (Chapter 1), behavioural syndrome (Chapter 2), 

shyer individuals (Chapter 1), a lower brain volume, higher growth performance as well as a 

positive correlation between boldness and olfactory bulbs and growth rate (Chapter 1 & 2). 

Futhermore, I found that individual and group risk taking are repeatable but not cross – 

context consistent (Chapter 3). These results are implemented in the nature and function-

based welfare framework and brings new insights into behavioural traits development. 

Útdráttur 

Bleikja (Salvelinus alpinus) hefur norðlægustu útbreiðslu ferskvatnsfiska og er álitinn vera sá 

laxfiskur sem er aðlagaður að kaldasta umhverfinu. Ísland er stærsti framleiðandi eldisbleikju 

á heimsvísu og almennt er eldið talið frekar umhverfisvænt. Þrátt fyrir þennan árangur, og 

aukinn áhuga á velferð dýra sem alin eru til manneldis, þá hefur engin rannsókn beint sjónum 

sínum að velferð eldisbleikju. Persónuleiki dýra hefur verið rannsakaður víða innan 

dýraríkisins, þar á meðal hjá fiskum, og mikilvægi hans er vinsælt rannsóknarefni á mörgum 

fræðasviðum, frá atferlisvistfræði til rannsókna á velferð fiska. Í fiskeldi eru dýr oft alin í 

einföldu umhverfi, sem geta takmarkað náttúrulegan breytileika í atferli þeirra, og dregið úr 

velferð þeirra. Síðasta áratuginn hefur því verið reynt að auðga eldisaðstæður til þess að bæta 

velferð og frammistöðu eldisdýra. Markmið minna rannsókna er að kanna hvernig auðgun 

umhverfis (þ.e.a.s. flóknara umhverfi) hefur áhrif á ólíka persónueiginleika, tengsl þeirra á 

milli (þ.e.a.s. behavioural syndromes), möguleg tengsl þeirra við lögun heilans og vöxt, sem 

og áhrif þessara þátta á velferð eldisbleikju. Mínar rannsóknir sýna að auðgað umhverfi (i) 

veldur meiri stöðugleika í því hversu djarfir fiskar eru (Kafli 1), (ii) veldur aukinni fylgni á 

milli mismunandi persónueiginleika (Kafli 2), (iii) veldur því að fiskar eru ekki eins djarfir 

(Kafli 1), (iv) dregur úr rúmmáli heilans og (v) eykur vaxtarhraða; þá mældust djarfari fiskar 

með stærri lyktarklumbu (olfactory bulb) og uxu hraðar (Kafli 1 og 2). Þá kom í ljós að 

áhættusækni einstaklinga og hópa var stöðug í tíma, en ekki á milli ólíkra aðstæðna (Kafli 3). 

Þessar niðurstöður veita nýja innsýn í þroskun atferlis fiska, og má nýta þær við bæta 

aðstæður og velferð eldisdýra.  
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Figure 19: Effect of physical environmental enrichment on boldness, and boldness - 

brain and boldness - growth association. At 5°C, boldness was negatively 

correlated with the growth and positively correlated with the olfactory bulbs 

volume. At 14°C boldness and growth were positively correlated. ...................... 69 

Figure 20: Overall conceptual approach of the thesis. Black arrow: Effect of physical 

enrichment. Blue arow: 5 °C (Chapter 1). Red vector: 14°C (Chapter 2), 

optimum temperature. Green arrow: social interaction. Positive correlation: 

+. Negative correlation: -. (1) The physical environment influences the 

behavioural traits. (2) Development of personality traits and behavioural 

syndrome resulting from genes and environment interaction implemented in 

the nature - based welfare. (3) Average value lower. (4) The combination of 
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General introduction 

Arctic charr (Salvelinus alpinus): Overview 

Arctic charr (Salvelinus alpinus) is the northernmost distributed freshwater fish (Figure 1) 

and considered to be the most cold-adapted salmonid (Jonsson and Jonsson, 2001). It is 

primarily a lake-resident species, or occasionally lacustrine, and fluvial, as in Scotland, 

Ireland and the Faroe Islands. Anadromous populations and river residents are also found in 

Greenland and Iceland. In Iceland, Arctic charr is a very common species, often found at 

higher elevations than the other salmonids (i.e., Atlantic salmon (Salmo salar) or Brown trout 

(Onchorynchus mykiss); (Skúlason et al., 2019). In the lakes and rivers throughout Iceland, it 

is thought that high Arctic charr density may influence their local distribution and phenotypic 

characteristics due to intraspecific as well as interspecific competition (Kristjánsson et al., 

2011). Indeed, Icelandic Arctic charr is highly diverse in phenotype and this is often 

associated with a variation in resource use (Kristjánsson et al., 2011; Skúlason et al., 2019). 

Population genetics study showed that morph divergence occurs repeatedly and locally 

(Kapralova et al., 2011; Wilson et al., 2004). In one lake in the southwest of Iceland 

(Thingvallavatn), Arctic charr are segregated as large benthic, small benthic, pelagic and 

piscivorous morphs (Skúlason et al., 2019). They coexist and are reproductively isolated by 

spawning time, space and reproductive behaviour (Kapralova et al., 2011). This example 

draws how the inter-individual variability in phenotype occurs due to the ecological context. 

It also highlights the importance of Arctic charr intraspecific variability for biodiversity in 

Iceland. 

Furthermore, Arctic charr is an economically important species. The earliest success in 

rearing Arctic charr was reported in Norway in 1900 (Eriksson and Wiklund, 1989). The first 

selective breeding of Arctic charr was initiated in Sweden in 1982 following the model used 

by the Norwegian selection program for Atlantic salmon. This selection program focused on 

traits of economic interest such as growth rate, feed conversion ratio, survival rate, size, age 

at sex maturation and meat quality. In Iceland, the Arctic charr breeding program has been 

running by the Hólar University for 26 years. Previous studies have compared the growth and 

maturation timing of several wild Arctic charr populations originating from a vast genetic 

pool collected in the fall 1992 from six lakes and rivers in the north and two from south 

Iceland. Since then, the Hólar University Arctic charr strain is partially derived from the Lake 

Olvesvatn (Iceland; (Leblanc et al., 2016; Olk et al., 2019)) and has been selectively bred for 

five generations. Through selection, growth rate has been improved around 3 to 4 % per year 

and 10 % per generation (Imsland et al., 2019). Indeed, Arctic charr has robust features that 

makes it a suitable species for farming in colder climates (Imsland et al., 2019). These 

include a relatively good growth rate at low temperatures (Gunnarsson and Steingrímsson, 

2011; Le François et al., 2002; Siikavuopio et al., 2013), the ability to be reared at high 

densities (Jörgensen and Jobling, 1993) and its flesh is perceived as high quality (Ginés et al., 

2004; Gunnarsson et al., 2012). It has been widely used in aquaculture for food production in 

Iceland and the current global production exceeded 4000 metrics tons in 2016; of these 2300 

and 700 metrics tons per 
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Figure 1: The diversity of Arctic charr around the arctic and sub – arctic areas. A. Global distribution of Arctic charr. B. Planktivore, Piscivore, Dwarf and Abyssal Arctic 

charr in lake Tinnjosen in Norway. C. Large and small Arctic charr morphs from loch Tay in Scotland. D. Arctic charr from the Holar University breeding program. E. Brown 

Artic charr morphs during spawning period in lake Vatnhlidarvatn in Iceland. 
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year were produced in Sweden and Norway respectively. Overall, Iceland is grade as the 

largest worldwide producer (Imsland et al., 2019; Olk et al., 2019). The Icelandic Arctic charr 

farming system is considered sustainable, no antibiotics or other medical products are used, 

and it has not been genetically modified. The carbon footprint of the farming is very low and 

approximately 20 % lower than Atlantic salmon farming in Norway (Imsland et al., 2019). 

Therefore, the Icelandic Arctic charr remains an iconic species and the breeding programme 

and aquaculture industry is considered globally important and of high quality. 

Fish welfare 

There has been a growing interest from the public regarding welfare of animals in food 

production systems. However, compared to other species as mammals, fishes have been 

considered as sensitive animals only more recently. Nevertheless, the fish welfare concept 

has grown in close relation with our understanding of the cognitive complexity and the 

sensitive state of fish (Ashley et al., 2007; Sneddon et al., 2003a; Sneddon, 2019). Here, 

sensitivity is the ability to feel and express mental states such as pain, pleasure, or suffering. 

However, due to the lack of verbal language, the animal emotional experience remains 

difficult to measure. Therefore, welfare state is seen as an animal subjective experience, a 

mental state corresponding to the absence of negative emotions (i.e., fear, hunger, pain) in 

place of positive emotions (i.e., comfort, pleasure, hierarchic stability; (Dawkins, 1998; 

Duncan, 2005)). Animal welfare is widely recognised in the Icelandic farming system applied 

to vertebrates, decapods, squids, and honeybees (Animal welfare Act, April 8th, 2013 act 

No.55 55/2013: Lög um velferð dýra | Lög | Alþingi,  

http://www.althingi.is/lagas/145a/2013055.html). The global objectives target the promotion 

of animal welfare by ensuring that animals do not suffer distress, hunger or thirst, fear or 

suffering and consider animals as sentient beings. Furthermore, it is stipulated that animals 

must be allowed to express their natural behaviour at the fullest. However, despite the high 

quality of the Icelandic breeding program (Imsland et al., 2019) no such study has assessed 

the welfare state of Arctic charr in Iceland. Until now, the concept of fish welfare has been 

debated and remains not easy to define. According to Huntingford et al (2006), three main 

approaches are relevant: (1) The function - based, (2) the feeling - based and (3) the nature - 

based. The function - based refers to an animals’ ability to adapt to its present environment. 

In this concept, a good welfare state requires the individual to be in good biological health 

and not forced to respond beyond its capacity. For example, in the context of productivity and 

farming, the  functional - based welfare could be assessed by monitoring the mortality rate,  

the condition (i.e., health) and the morphological aspects (Castanheira et al., 2017; Näslund 

and Johnsson, 2016a). The feeling-based definition refers to the subjective mental states. 

Here the requirement for a good welfare is that the animal should feel well and be free from 

negative experiences such as pain or fear. Studies have shown and demonstrated the presence 

of nociceptors involved in  pain feeling mechanisms in fish (Ashley et al., 2007; Sneddon et 

al., 2003a), which shows that pain is possible and should therefore be avoided. The nature-

based definition suggests that each animal has an inherent biological nature that must be 

expressed. Here good welfare requirements are that the animal must be able to express its 

natural behaviour. A common example from Huntingford et al (2006) is the wild Atlantic 

salmon partly genetically induced long distances migration from poor to high food 

availability. Consequently, there is no reason to believe that farmed salmon suffer of such 

privation when food supply is not a limited factor in farming condition. However, food 

availability and high growth rate does not necessarily indicate a good welfare state either, as 
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studies showed that salmon selected for fast growth and high body condition factors 

displayed a deviation in their heart morphology, which can be associated to low metabolic 

rate and then a poor welfare state (Frisk et al., 2020); i.e., in this case, the animal is forced to 

respond beyond its capacity (Huntingford et al., 2006). Despite establishing these three 

concepts, it is still difficult to draw an interconnection between them. Nevertheless, it has 

been shown that suffering and health issues can be associated with abnormal behaviours. For 

example, in fish species behavioural responses are the first signs of being unwell, as they are 

related to physiological responses, and have been used as the most reliable proxies of fish 

welfare (Fraser et al., 2012). A behavioural approach is therefore commonly used as a non-

invasive method to identify signs of potential welfare issues (Adams and Huntingford, 2005a; 

Castanheira et al., 2017; Huntingford, 2004a). Furthermore, it has been shown that 

behavioural responses to stress can be linked to environmental factors experienced by the fish 

at early stages of development. Partly genetically determined, but influenced by 

environmental factors, and linked to neuro mechanisms and fitness, a growing interest for an 

individual-based approach (i.e., animal personality) brings up new ways to approach fish 

welfare. 

Animal personality 

Animal personality has been reported in a wide range of species across the animal kingdom, 

including mammals, birds, reptiles, amphibians, arthropods, and fish (Bell et al., 2009a; 

Gosling, 2001; Réale et al., 2007), and its adaptive importance has become a central subject 

in diverse disciplines ranging from behavioural ecology to the fish welfare (Adams and 

Huntingford, 2005a; Castanheira et al., 2017; Coppens et al., 2010; Dingemanse et al., 2010; 

Dingemanse and Wright, 2020a; Koolhaas, 2008; Réale et al., 2007). The term personality is 

often confused with the concept of temperament; both have been used by authors for the 

same meaning. According to Réale et al (2007), temperament is the relative interindividual 

differences in behaviour, which are consistent across time and situation. This is the same 

definition Dingemanse et al (2010) gives for personality. We note that context and situation 

are also used interchangeably in the literature. However, distinctions are noted between 

context and situation (Sih et al., 2004a). A context is a functional behavioural category (i.e., 

feeding, mating, antipredator, parental care, contest, or dispersal contexts) whereas a situation 

ties a set of conditions to one point in time. Different situations could involve different 

conditions along an environment gradient (e.g., different levels of predation risk or different 

food availability). Therefore, interindividual correlations can exist in behaviour across time 

and/or contexts. For example, individuals that tend to score higher on a particular behavioural 

axis tend to score higher on that axis at later points in time in different situations and contexts 

(i.e., individuals that tend to be more aggressive towards conspecifics also tend to be bolder 

in novel environments than less aggressive ones). This phenomenon is known as a 

behavioural syndrome (Dingemanse and Dochtermann, 2013; Sih et al., 2004a). Furthermore, 

animal personality has been most characterized along five traits, namely, shyness–boldness, 

exploration–avoidance, activity, aggressiveness, and sociability (Wilson et al., 1993). 

However, any repeatable behavioural trait across time and context could be assigned as such 

(Dingemanse and Wright, 2020). In agricultural sciences literature, the term coping style is 

often preferred to personality (Castanheira et al., 2017). This term known as stress coping 

styles often refers to the ability of individuals to adapt to a stressful situation (Coppens et al., 

2010; Koolhaas, 2008). Indeed, when coping with a stress factor, animals show two types of 

reactions (i.e., active or passive which are proactive versus reactive types) followed by a 

series of correlated physiological and behavioural responses (Castanheira et al., 2017; 

Coppens et al., 2010; Koolhaas, 2008). However, a coping style should not be considered as a 
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personality trait but rather as a set of behavioural reactions including the personality traits. In 

this thesis I will use the following definition: Animal personality is the among - individual 

variation in average behaviour across repeated measures (Dingemanse and Wright, 2020).  

 

 

  

 

 

 

 

 

 

 

 

To estimate behavioural consistency across time that specifically refers to animal personality, 

the behavioural trait must be measured at least twice for each individual (Dingemanse and 

Wright, 2020). Then it is possible to determine what is the proportion of among - individual 

variation according to the following formula of the repeatability (R) (Equation 1): where 

𝜎2(𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙) is the individual variance and 𝜎2(Residuals) is the residual variance.  

 

 

 

 

 

Figure 2 shows behavioural reaction norms (i.e., a behavioural trait measured twice on the  

same individuals; (Martin and Réale, 2008)) from three different treatments (Personal 

simulated data). Each line represents the average behaviour of one individual. At trial II, in 

the treatment a, individuals differ from trial I in their average behavioural value, however the 

among - individual variation remain the same and are represented by the parallel lines 

between individuals. In the treatment b, one part of the group shows among – individual 

consistency in the variation and another proportion not. In the treatment c we clearly see no 

among – individual consistency. If most studies assess animal personality over short – time 

periods, it has been reported that this could be an issue. A behavioural trait could tend to be 

Figure 2: The graphic represents the behavioural reaction norm in 

three treatments (i.e., a, b, c) and across two observation trials. Each 

line represents the average behaviour of one individual.  (Source: 

Personal simulated data). 

Equation 1 
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repeatable or poorly repeatable because simply because they are being assessed in the same 

condition in a short period of time. This could eclipse among – individual variation caused by 

genetics or developmental effects leading to results known as pseudo – personality 

(Dingemanse and Dochtermann, 2013; Wilson, 2018). Therefore, animal personality needs to 

be assessed with inter – test intervals that are relatively long compared to the lifetime of the 

species.  

Environmental enrichment 

In aquaculture, animals are often raised in plain impoverished housing conditions to facilitate 

cleaning or increasing density. However, such environments could severely restrict the 

natural behavioural repertoire of animals, and hence may compromise their welfare 

(Huntingford et al., 2006; Näslund and Johnsson, 2016a). Enriched  rearing conditions in 

aquaculture have been used since the last decade to improve the welfare and the 

performances of the farmed species (Castanheira et al., 2017; Huntingford, 2004a). An 

environmental enrichment can be defined as a deliberate increase in environmental 

complexity with the aim to reduce maladaptive and aberrant traits in fish reared in otherwise 

stimuli-deprived environment (i.e., plain tanks; Näslund and Johnsson, 2016). Here the term 

“traits” could refer to a phenotypic characteristic such as behaviour as well as those 

considered maladaptive regarding the fitness or farming performance components (i.e., 

survival, reproduction, growth). According to Näslund and Johnsson (2016) different 

categories of enrichment exist: (1) Physical enrichment (i.e., modification or additions to the 

tanks which increase the structural complexity), (2) Sensory enrichment (i.e., cognitive 

enrichment), (3) Dietary enrichment (i.e., the type of food and method of delivery), (4) Social 

enrichment (i.e., amount of contact and interaction with conspecifics). In this work, the term 

structural enrichment will be used in accordance with the definition by Näslund and Johnsson 

(2016). Among the positive effects of environmental enrichment on fish, physiological 

effects such as a reduction of stress responses to past, present, and future stressors has been 

shown. Recent studies have also verified that environmental enrichment can enhance fish 

growth rate (Crank et al., 2019; Kientz and Barnes, 2016). Furthermore, it has been shown 

that enriched rearing condition affects  morphology (e.g., improved dorsal fin quality; 

(Berejikian and Tezak, n.d.)). Enriched rearing environment might affect neuroanatomy over 

life as neurogenesis is a continuous process (Zupanc, 2006). This could include differences in 

global brain/regions size or shape (i.e., olfactory bulbs, telencephalon, optic tectum, 

cerebellum). Those differences can be linked to cognitive ability and behaviour (Pike et al., 

2018). From a behavioural perspective, environmental enrichment helps to reduce the level of 

aggressiveness (Batzina and Karakatsouli, 2012; Zhang et al., 2020), swimming activity 

(Salvanes et al., 2007) and can influence the level of shyness - boldness in the positive or 

negative way, by enhancing or decreasing the individual risk – taking (Castanheira et al., 

2017; Roberts et al., 2011a). The link between brain size/morphology and personality 

remains unknown in fishes. 

Environmental enrichment applied to Arctic charr: 

Contextually, in the wild, eggs of Arctic charr and other salmonids are deposited in gravel 

and after hatching alevins remain there for several weeks where they feed exclusively on 

nutrients from their large yolk – sacs (Klemetsen et al., 2003). According to Alanärä (1993), 

Arctic charr reared in gravel during the yolk – sac period shows a higher yolk conversion 

efficiency by converting more yolk to body tissue in comparison to juveniles reared on a 

plain and flat bottom. The advantage of providing an enriched environment compared to a 
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flat bottom during the yolk – sac period is a tendency to reduce swimming activity and 

consequently increase fish growth performances (Alanärä, 1993). Work by Benhaïm et al 

(2009) supported this hypothesis. By providing juvenile Arctic charr with shelters in the 

rearing environment at early stage of development, they showed that enrichment had an 

influence on culture performance and behaviour of the fish. This implies that physical 

enrichment provided to a plastic species such as Arctic charr might be a suitable way to 

improve its growth performances and welfare at early stage with positive consequences in the 

later stages. In this work, I assessed whether physical enrichment and temperature can affect 

Arctic charr welfare by studying the interplay between personality (as a behavioural – based 

indicator i.e., Nature – based function), neuroanatomy (i.e., brain shape and size) and growth 

performances. 

Thesis structure 

To summarize, we have seen the importance of welfare in aquaculture and the difficulty in 

linking the function - based, the feeling - based and the nature – based approaches together. 

Animal personality offers new insights into aquaculture, but several questions remain 

unanswered or unclear. For example, what is the link between growth performance, welfare, 

and the effect of the rearing environment on the development and consistency of behavioural 

traits? At last, although extensive research has shown the benefit of using physical 

enrichment at an early stage of development, the interplay between personality and 

enrichment, and how it can be implemented in the welfare framework, remains to be 

elucidated. The objectives of this thesis are: (1) to characterize the among – individual 

variation consistency in Arctic charr average behaviour (i.e., the existence of an animal 

personality structure); (2) to examine how it can be impacted by the rearing conditions (i.e., 

plain vs enriched environment); and (3) to examine the interplay between personality, rearing 

environment, and growth performance. This thesis is organised into three main chapters. 

Each chapter targets a different aspect of the enriched environments effect on personality 

traits, growth performances and the potential underlying mechanisms. The first chapter is 

entitled “Environmental enrichment influences personality, brain morphology and growth in 

juvenile Arctic charr (Salvelinus alpinus)”. The second chapter is entitled “Environmental 

enrichment influences behavioural syndrome and relation between behaviour and growth in 

juvenile Arctic charr (Salvelinus alpinus) raised at optimum temperature”. Finally, chapter 3 

addresses the question of group effects in the risk-taking behaviour: “Group Risk taking Test 

as a potential selective breeding tool in juvenile Arctic charr (Salvelinus alpinus)”.  
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Highlights 

The primary aims of this study are: (1) to assess the effects of rearing conditions at early 

stages of development on behavioural traits; and (2) to investigate how an environmental 

enrichment affects their expression and their correlation, including potential links with brain 

characteristics and growth.  

 

Chapter 1: Paper 1.  Environmental enrichment influences 

personality, brain morphology and growth in juvenile Arctic 

charr (Salvelinus alpinus). 

 

• Environmental enrichment induced personality (i.e., long term consistency in 

boldness), 

• Environmental enrichment induced lower average boldness level, 

• Plain environment induced higher brain and telencephalon volume, 

• Environmental enrichment led to divergence in brain morphology between the 

rearing conditions, 

• Environmental enrichment induced a link between boldness and olfactory bulbs. 

• Environmental enrichment promoted higher body mass and body length, 

• Environmental enrichment induced higher specific growth rate, 

• Environmental enrichment induced a link between boldness and growth rate (i.e., 

shyer are the bigger) 

Chapter 2: Paper 2. Environmental enrichment influences 

behavioural syndrome and relation between behaviour and 

growth in juvenile Arctic charr (Salvelinus alpinus) raised at 

optimum temperature. 

 

• There was no impact of environmental enrichment on growth performances at an 

optimal temperature, 

• Environmental enrichment influenced behavioural syndrome between boldness and 

activity, 

• Environmental enrichment induced a relation between boldness and growth rate 

(i.e., bolder are the bigger). 
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 Chapter 3: Paper 3. Group Risk taking Test as a potential 

selective breeding tool in juvenile Arctic charr (Salvelinus 

alpinus). 

 

• Environmental enrichment influenced group risk taking behaviour, 

• Individual and group risk taking are repeatable at short term period, 

• There was no cross – context consistency between individual and group risk taking, 
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Thesis general methods and biological model 

Animal care 

All animals were handled according to the standard animal care protocols provided by the 

European legislation. All procedures are covered by Icelandic law on animal protection (Law 

15/1994, last updated with Law 55/2013). All handling procedures were executed under 

anaesthesia if necessary. Fish were handling with gloves and soft net. When fish were 

measured, they were carefully placed on absorbent paper mattress and transport into a bucket 

with constant aeration. The home tanks were cleaned and disinfected once a week. Fish were 

feed three times a day in not limited quantity. Cover was placed on the side of each tanks to 

limit the stress due to the experimenter. No major health issues were detected along the study. 

Support was provided by Hólar University, and this study was approved by its ethical 

committee represented by David Benhaim. 

Arctic charr strain 

Juveniles Arctic charr from the Holar University breeding program were used in this thesis. 

The origin of the strain come from the lake Olvesvatn (65°580 N; 20°040 W). Two differents 

batches were used in this thesis. The first batch was used in the chapter 1 and chapter 3. It is 

important to note that I did not crosses the experiment. The experiment on chapter 3 is a 

continuity of the chapter 1.The second batch was used in the chapter 2.  

Environmental enrichment 

Each tanks contained 20 litres of water. I used as environmental enrichment a green plastic 

plant and five black volcanic rocks (Figure 3).  

 
 

 

Figure 3: Rearing dispositif. The volume of each tank was 20 litres and the enrichment was 

a green plastic plant and 5 black volcanic rocks. 
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Chapter 1: Environmental enrichment influences 

personality, brain morphology and growth in 

juvenile Arctic charr (Salvelinus alpinus). 
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Introduction 

Environmental enrichment in aquaculture 

has been used since the last decade to 

improve the welfare and performance of 

farmed species (Castanheira et al., 2017; 

Huntingford, 2004b; Näslund and 

Johnsson, 2016a). Environmental 

enrichment is defined as a deliberate 

increase in environmental complexity with 

the aim of reducing maladaptive and 

aberrant traits in fish reared in stimuli-

deprived plain environments (Johnsson et 

al., 2014; Näslund and Johnsson, 2016a). 

Here the term traits can apply to any 

phenotypic trait, such as morphology, 

physiology, and behaviour, and is 

considered maladaptive regarding the 

farming performance components (i.e., 

survival, reproduction, growth). According 

to Näslund and Johnsson (2016) there are 

different categories of enrichment: (1) 

physical enrichment (i.e., modifications or 

additions to the tanks which increase the 

structural complexity), (2) sensory 

enrichment (i.e., stimulation of the sensory 

organs and the brain), (3) dietary 

enrichment (i.e., the type of food and 

delivery method), (4) social enrichment 

(i.e., the amount of contact and interaction 

with conspecifics). In this work, a 

structural enrichment has been used for 

environmental enrichment and is the 

treatment group. 

Among the positive effects of 

environmental enrichment on fish a 

reduction of stress responses to past, 

present, and future stressors and a better 

recovery after handling stress (found in 

juvenile Chinook salmon (Oncorhynchus 

tshawytscha and Rainbow trout 

Oncorhynchus mykiss; (Cogliati et al., 

2019; Pounder et al., 2016)), as well as a 

lower basal cortisol level (indicating a 

lower stress level) in hatchery – reared 

Atlantic salmon (Salmo salar; (Näslund et 

al., 2013)). From a behavioural 

perspective, environmental enrichment 

helps to reduce the level of aggressiveness 

in Gilthead seabream (Sparus aurata; 

(Batzina and Karakatsouli, 2012)) and 

Altantic salmon (Näslund et al., 2013) and 

reduces the swimming activity in Atlantic 

cod (Gadus morhua; (Salvanes and 

Braithwaite, 2005)) and Zebrafish (Danio 

rerio; (Näslund and Johnsson, 2016a)). In 

addition, environmental enrichment 

influences the level of boldness in a 

positive or negative way, by either 

enhancing or decreasing the average level 

of among – individual variation in average 

risk – taking (Castanheira et al., 2017; 

Roberts et al., 2011b).  

Brain morphology might also be affected 

by environmental enrichment. Differences 

in relative brain or brain regions size have 

been observed, even within the same 

species. Those differences could be caused 

by the environment and linked to cognitive 

ability and behaviour (Pike et al., 2018). 

As fish brains continue neurogenesis 

throughout life (Zupanc, 2006), the 

environment continues to have an 

important impact on brain shape and size 

(i.e., brain phenotype) beyond initial 

developmental stages. As an example, a 

study of four different adult Arctic charr 

morphs  (i.e., Planktivore, Piscivore, 

Abyssal and Dwarf) found that the optic 

tectum was bigger for the Piscivorous and 

the Planktivorous morphs than for the 

other morphs, due to their more luminous 

habitat (Peris Tamayo et al., 2020). It is 

also known that fish with bigger 

telencephalon use more space when 

foraging in comparison with individuals 

with smaller telencephalon (Wilson and 

McLaughlin 2010). Studies have shown 

that an environment with low stimulation 

level can have negative impact on neural 

plasticity and cognition (Kihslinger, 2006; 

Näslund et al., 2012). At the cellular level, 

fish reared in an enriched environment 

have a higher level of NeuroD1 mRNA 

expression in telencephalon compared with 

fish reared in a plain environment 
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(Salvanes et al., 2013), which suggests that 

an enriched environment contributes to 

increase neurogenesis. Environmental 

enrichment provided at early stages has 

been shown to improve growth in 

Rainbow trout (Crank et al., 2019; Kientz 

and Barnes, 2016) and  Brown trout 

(Salmo trutta; (Brockmark et al., 2007)) in 

later stages, and contrastingly, to induce 

negative effects on the growth in Atlantic 

salmon (Roberts et al., 2011b) and in 

Rainbow trout (Arndt et al., n.d.). 

Therefore, it is not known what effects 

environmental enrichment have on the 

Icelandic aquaculture strain of Arctic charr 

I am using here. 

Animal personality can be defined as 

consistent among - individual variation in 

average behaviour across repeated 

observations (Dingemanse and Wright, 

2020b; Réale et al., 2007). The adaptive 

importance of personality has become a 

central subject in behaviour ecology and 

intra – individuals variation provides the 

raw material for selection to act upon 

(Bell, 2007; Dingemanse et al., 2010; 

Dingemanse and Réale, 2005; Réale et al., 

2007; Sih et al., 2004a) Despite a lack of 

knowledge on fish personality, behavioural 

types are well documented and their 

implication for aquaculture could be useful 

(i.e., welfare, adaptation and 

performances; (Adams and Huntingford, 

2005a; Ferrari et al., 2015; Martins et al., 

2011a; Millot et al., 2009)). In fact, in 

species recently domesticated such as fish, 

variation in behavioural type remains high 

and it is important to understand how 

individuals differ from each other, and 

what the underlying mechanisms are i.e., 

genetic and environmental factors. 

According to Réale et al (2007) a 

behavioural trait is a value that can be 

biologically explained by the number of 

genes involved in the expression of this 

trait. It simply refers to the fact that the 

influence of the genetic background in a 

given environment will affect the 

expression of a given trait. Indeed, the 

environmental influences at an early stage 

could affect the expression of a 

behavioural traits later in the lifespan 

(Stamps and Groothuis, 2010a). 

Nevertheless, the effect of gene and 

environment could not be seen 

independently when the genotype of 

individuals is divergent (i.e., different 

populations in different environments) 

because both affect the expression of 

personality (Réale et al., 2007; Stamps and 

Groothuis, 2010a). Domesticated species 

tend to share the same genotype across 

selected generations but could however 

experience different environmental 

conditions and this is precisely where they 

are likely to express different behavioural 

traits (Cabrera et al., 2021; Castanheira et 

al., 2017; Ferrari et al., 2016a; Johnsson et 

al., 2014; Stamps and Groothuis, 2010a). 

Repeatability estimates are commonly 

used to assess the consistency of a 

behavioural trait across time in order to 

specifically refer to animal personality 

(Bell et al., 2009b; Dingemanse and 

Wright, 2020b). In order to establish an 

animal personality structure, behavioural 

tests must be measured at least twice over 

time and/or in different contexts. However, 

the time interval between two 

measurements remains a debated issue as 

illustrated by the pseudo - 

personality/pseudo – repeatability issue 

raised in recent studies (Dingemanse and 

Wright, 2020a; Wilson, 2018). If 

behavioural consistency is often assessed 

over short time periods (i.e., days or 

weeks) and referred as personality, it 

might be unreasonable to draw any 

conclusion of what is due to a plastic 

response and what is due to genetics and 

developmental aspects. Indeed, among – 

individuals’ variation in behaviour could 

be repeatable only because it is assessed in 

the same repeatable environment and 

eclipsed the among – individuals’ variation 

due to genetics and developmental effects 

(Wilson, 2018). Therefore, assessing 

animal personality over longer time 
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intervals with regard to the lifetime of the 

species might be more relevant 

(Dingemanse and Wright, 2020a). Only a 

few studies have assessed long-term 

consistency in fishes, particularly for 

boldness in Zebrafish 196 days (Thomson 

et al., 2020). The present work in an 

attempt to better understand the effects of 

environmental factors on behaviour traits 

long-term consistency. 

It is important to note that behavioural 

traits can influence growth performances 

(Biro and Stamps, 2008a). A link has been 

found between self – feeding behaviour  

and coping - styles (in Seabass and 

Tilapia; (Benhaïm et al., 2017; Ferrari et 

al., 2014)), as well as a link between 

individual growth performance and 

behavioural traits  (Ferrari et al., 2016a; 

Huntingford et al., 2010a; Sundström et 

al., 2004). The link between individual 

performances and behavioural traits has 

been found to be context and/or species-

dependant. For example, boldness and 

swimming activity were positively 

correlated with growth rate in common 

Sole (Solea solea; (Mas-Muñoz et al., 

2011), whereas a negative correlation was 

found in Seabass, where shyer fish 

exhibited higher growth rate in a 

predictable environment in terms of food 

supplies. In studies on common carp, 

seabass and seabream, metabolic rate was 

found to be significantly higher in risk – 

taking fish (Herrera et al., 2014; 

Huntingford et al., 2010a; Jenjan et al., 

2013; Killen et al., 2011), whereas in 

species with a passive benthic lifestyle, 

such as the Senegalese sole (Solea 

senegalensis), bold individuals were 

shown to consume less oxygen (Martins et 

al., 2011a). Hence, the environment and 

the lifestyle of the animal act on both 

behaviour and metabolism and can be 

linked in either a positive (i.e., bold 

individuals with higher metabolic rate) or a 

negative way (i.e., shy individuals with 

lower metabolic rate). Understanding the 

links between behavioural traits, individual 

performance is of fundamental importance 

to improve welfare and farming practices, 

and potentially useful to design selective 

breeding programmes. 

The concept of fish welfare is described by 

three different approaches: function-based, 

feelings-based, and nature-based 

(Huntingford et al., 2006). According to 

Huntingford et al (2006), function-based 

refers to an animal’s ability to adapt to its 

environment. In this concept, a good 

welfare state requires the animal to be in 

good health with its biological systems and 

not being forced to respond beyond its 

capacity. In the context of productivity and 

farming, the functional-based welfare 

could be assessed by monitoring the 

mortality rate, the growth rate and the 

morphological aspects for example 

(Castanheira et al., 2017; Näslund and 

Johnsson, 2016a). The feelings-based 

definition refers to the subjective mental 

states. Here the requirement for a good 

welfare is that the animal should feel well 

and be free from negative experiences such 

as pain or fear. Indeed, studies have 

demonstrated the presence of nociceptor 

involved in the pain feeling mechanism in 

fish (Ashley et al., 2007; Sneddon et al., 

2003b). The nature-based definition 

suggests that each animal has an inherent 

biological nature that must be expressed. 

Here good welfare requires the animal to 

be able to express its natural behaviour. 

The link between the three different 

approaches remains however difficult to 

establish. The subjective experience (i.e., 

feeling – based) refers to the individual 

variation in the perception of fear, stress, 

pain, or pleasure. This involves 

neurophysiological mechanisms linked 

with behavioural responses. This latter has 

been widely documented and can be used 

as relevant welfare indicator (Sneddon, 

2019). Nevertheless, function and 

behaviour are closely related. If the 

function-based concept is well defined and 

clear, it is however difficult to assess the 

natural behaviour in the farming 
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conditions context (i.e., nature-based 

function). In fact, the expression of natural 

behaviour is not always in line with good 

welfare conditions, e.g., aggressiveness 

between conspecifics (Naslund & Johnson, 

2016).  In any case, environmental 

enrichment might be a good alternative at 

it creates sheltering opportunities which 

allows individuals to express their inherent 

behaviour (i.e., Animal personality) 

through developmental plasticity. It is 

often assumed that creating an 

environmental complexity in captive 

condition would improve the development 

of natural species-specific behaviour and 

reduce maladaptive and abnormal 

behaviour (Brydges and Braithwaite, 2009; 

Roberts et al., 2011b), but it has rarely 

been tested. Even though a plain 

impoverished environment allows for 

higher stocking density and  easier 

cleaning, it might severely restrict the 

natural behavioural repertoire and 

compromise the welfare state of reared 

species (Adams and Huntingford, 2005a; 

Huntingford, 2004b; Huntingford et al., 

2006; Näslund and Johnsson, 2016a). 

Environmental enrichment could therefore 

improve psychological and physiological 

welfare by providing the additive effect of 

the environment on the expression of such 

personality traits (Brydges and 

Braithwaite, 2009; Castanheira et al., 

2017; Huntingford, 2004b).  

Arctic charr is the most northernly 

distributed freshwater fish and considered 

to be the salmonid species that is most 

adapted to cold temperatures (Jonsson and 

Jonsson, 2001). In Nordic countries, Arctic 

charr is widely used in aquaculture for 

food production and represents a 

considerable economic value. This 

production is the result of selective 

breeding programs run over the last 30 

years with a focus on growth rate, feed 

conversion, survival rate, size and age at 

maturation (Olk et al., 2019). No studies 

have described the effect of environmental 

enrichment on personality traits, brain 

morphology, and their link with growth 

performance in Arctic charr. In the present 

work, the rearing condition was a three-

dimension physical enrichment starting 

from the first feeding compared to a 

standard plain rearing environment. An 

individual standardized behavioural 

approach (Benhaïm et al., 2016) was used 

at two-time scales in order to compare the 

average value and the consistency of 

boldness between both environments, and 

to examine the link with growth 

performances in juvenile Arctic charr. The 

physical environmental enrichment was 

hypothesized to influence: (1) personality 

expression (i.e., long – term consistency of 

boldness trait); (2) average boldness value; 

(3) brain morphology; (4) growth 

performances; (5) the relationship between 

brain morphology and the behavioural trait 

as well as growth and behavioural trait. 

The predictions were that the physical 

enrichment induced: (1) long – term 

boldness consistency,  (2) lower average 

boldness value, (3) higher brain size and a 

divergence in brain shapes, (4) higher 

body mass and specific growth rate, (5) a 

link between boldness and body mass, as 

well as with growth performance, in both 

treatments, and (6) a link between brain 

morphology and boldness. 
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Material & Methods 

1. Biological model and housing 

An Icelandic aquaculture strain of Arctic 

charr (Salvelinus alpinus) from the Hólar 

University breeding program was used in 

this experiment. Eggs were incubated at 

4°C in a flow through system. After 

hatching, the batch was split in six 20L- 

tanks with a biomass of 13,8 g per tanks 

(i.e., 644 g.m3 ). After first feeding (73 - 

days post hatching (dph)) one triplicate 

was enriched in three dimensions, i.e., 

vertically with a green plastic plant, and 

horizontally with five black volcanic 

rocks. The temperature in the tanks was 

maintained at 5 ± 1 °C over the course of 

the experiment. The fish were fed three 

times a day (9:00, 13:00, 16:00) according 

to the Inicio guidelines. The waterflow 

was 48 l.hour-1 at hatching and increased 

gradually to 120 l.hour-1 to keep the 

oxygen level at 100% of saturation. The 

batch was on a 12: 12-hour light schedule.   

2. Sampling and tagging 

To keep the time interval test equal for 

each fish, a randomly selected sample of 

32 individuals per tank was tagged. The 

tagging was done under anaesthetic (2-

phenoxyethanol) at a concentration of 310 

ppm at 259 dph. A small incision was 

made between the pectoral fins and a PIT – 

tag (Passive Integrated Transponder 1.4 x 

8mm FDX -B PIT tags, Oregon RFID EU 

GmbH) was inserted into the peritoneal 

cavity. 

3. Experimental design 

Individuals selected were measured (i.e., 

body mass (g) and fork length (cm)) at 276 

dph and after each behavioural test. 

Boldness was assessed three times in an 

open field test with shelter (OFTS) at 298, 

310 and 373 dph. Fish were euthanized at 

470 dph, and their liver and heart 

measured (mass). Heads were fixed and 

conserved in 10% formalin for 15 days and 

then transferred in 1% PBS in order to 

dissect the brain later on. 

4. Personality traits  

To assess the boldness continuum axis, an 

OFTS was used (Figure 4). The tests were 

carried out in a rectangular arena (29.5 cm 

x 39.7 cm) made of opaque white 

Plexiglas® with a shelter (6 cm x 14 cm) 

in its left corner. This non - forced test 

allowed individuals to stay hidden in the 

shelter. The decision to exit the shelter into 

the open area (i.e., exploration zone) was 

controlled by the individuals. The open 

field arena was divided in several virtual 

zones: entry, border and centre. The 

following variables of interest for each 

individual were extracted: (1) the total 

distance moved (i.e., the distance travelled 

by the centre point of the individual (cm)), 

(2) the latency time to emerge from the 

shelter (s), (3) the total time spent in the 

shelter, the centre zone, the border zone 

and the entry zone (s), (4) the mean 

velocity (i.e., the distance moved by the 

centre point expressed in body lengths per 

second (body length.s-1)), and (5) the 

absolute angular velocity (i.e., expressed in 

degrees per second (° s−1 )).  The OFTS 

arena was situated above a white LED 

backlight (110 x 110 cm, Noldus, the 

Netherlands). A camera (Basler Ace 

acA1920-150 mm camera Germany, 30 

fps) was located 112 cm above the arenas 

and plugged into a computer. The videos 

were recorded using the Ethovision XT15 

tracking software (Noldus, The 

Nertherlands). Four individuals were 

filmed at the same time. Before the 

beginning of the test, each individual was 

placed in a waiting box with the 

corresponding arena number. When all the 

fish were selected, they were placed into 

the shelter by a roof door. After 5 minutes 

of acclimation the front door of the 

shelters was lifted, and the fish were free 

to move around in the arena for 20 

minutes. After 20 minutes the fish were 

caught and anesthetized with 2-

phenoxyethanol at a concentration of 310 
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ppm. The weight and the fork length were 

recorded, and the individuals were 

returned to their home tank.  

5. Growth performances 

To assess the growth performance, the 

body mass (g) and the body length were 

measured 9 times at 192, 213, 234, 255, 

276, 309, 373 and 436 dph. The specific 

growth rate was calculated (Equation 2) 

between measurements after individual 

tagging: SGR at 255 – 310-dph, 373 – 

452-dph. At the end of the experiment the 

hepatosomatic index was calculated, and 

the heart mass measured for the selected 

individuals in order to evaluate the 

individual energy storage and the 

metabolic capacity (Kubiriza et al., 2019; 

Thorarensen et al., 1996).  

6. Brain morphology 

The whole brain was removed from the 

skull of the fish. The medulla was 

sectioned behind the cerebellum as well as 

the olfactory nerves to extract the brain. 

The brain mass (g) was measured straight 

after dissection on a METTLER AM100® 

scale (0.0001g increments/accuracy) and 

then placed on a methylcellulose gel (5%) 

in order to keep it stable during the 

photography process. Each brain was 

photographed from a dorsal, and lateral 

right view. The brains were placed 

between two neon lights (8W, 4000K, 800 

lm, spaced 40 cm apart). The lens of the 

camera (Canon 7D, 50mm®) was placed 

15 cm above the brain. The volume of the 

brain was measured using the software 

ImageJ. The length, the width and the 

height of each brain area were measured. 

These values were collapsed into the 

ellipsoid formula (Equation 3; (Peris 

Tamayo et al., 2020; Pollen et al., 2007)). 

The brain volume was assessed by 

summing up the volume of each brain 

region (i.e., Cerebellum + Optic tectum + 

Telencephalon + Olfactory bulbs). 

 

 

 

 

7. Geometric morphometrics 

The software TPSutil and TPSdig  were 

used to define the shape of the brains. 

Fixed (13) and sliding landmarks (23) 

were added at each brain section. The 

fixed landmarks were placed at each brain 

regions intersection. The sliding landmarks 

can slide to the left or right along a curve 

to minimize the shape change between the 

procrustes average of all the brain and 

each individual (Figure 5).  

Equation 3 

Figure 4: Open Field Test with Shelter device. 

Equation 2 
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Figure 5: Brain volume and shape measurement. On the left, geometric vector was used as a guide to measure the width (Dorsal view), the length and the height 

(Lateral view) of each brain region. On the right, landmarks were posed around the brain (dorsal view) fixed landmarks corresponded to brain region 

intersections. 
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8. Statistical analysis 

All statistical analyses were performed 

using R v.1.4.1103 R Core Team, 2020). 

Significant P values were set at 0.05. The 

assumptions for a linear mixed model and 

linear model (i.e., normality of residuals, 

homoscedasticity of the residuals and 

uncorrelated residuals) were examined and 

validated for each model. 

a. Boldness score 

The OFTS outcome variables were scaled 

and collapsed into a first principal 

components analysis (PCA). A correlation 

matrix was used to verify multi-

collinearity between variables, i.e., to 

identify variables that correlate very highly 

(r =0.9) with one or more variables. Final 

boldness score was calculated from the 

PCA dimension 1 (62,16 %) combining 

the following variables: total distance 

moved (TDM), border duration (BD), 

shelter duration (SD), latency to exit the 

shelter (TSL), and entry duration (ED).  

b. Repeatability of boldness 

To assess the repeatability, the package 

rptE (Nakagawa and Schielzeth, 2010; 

Stoffel et al., 2017) and the function rpt 

was used. This function allowed the use of 

a linear mixed model (LMM) and 

extracted the variances of interest to 

calculate the repeatability estimates using 

Equation 4. When the repeatability is 

calculated using the function rpt, it is 

reasonable to follow a normal distribution 

for the response variable (Dochtermann 

and Dingemanse, 2013a). A logarithm 

transformation of the behavioural score 

was applied to fit a gaussian distribution. 

In the model, the logarithm boldness was 

the response variable, and the trial  

repetition was the fixed factor. The body 

mass was used as covariables. The 

individual was used as a random factor. 

The parameters nboot and npermut 

allowed the formula to calculate the 

confidence intervals by random iteration 

and were set at 1000. 

 

 

 

c. Boldness average value 

Differences between treatments were 

assessed using the log-transformed 

boldness score as a response variable in a 

linear mixed model (LMM). The full 

model included the treatment as a fixed 

factor (Plain vs Enriched) in interaction 

with body mass covariable. The tank 

nested in the treatment as well as the 

individual were fit as random factors. 

After backward selection, no random 

factors remained. The final model was 

fitted into a Type 2- ANOVA.  

d. Brain morphology 

To account for the allometric relationship 

between brain and body mass, a regression 

was used with body mass as a predicator 

variable. Residuals from a log – log 

regression were used as response variables. 

Independent LMM were performs for each 

brain regions. The tank nested in the 

treatment was added as random effect and 

remained significant for the models of 

olfactory bulbs and optic tectum but was 

removed for the telencephalon and the 

cerebellum models. For each response 

variable (i.e., Total volume, olfactory 

bulbs and optic tectum), a LMM was set in 

an ANOVA with the volume as the 

response variable, the treatment as a fixed 

factor and the tank nested in treatment as a 

random factor. To assess the variance 

explained by the treatment on the volume, 

the partial eta-squared was measured with 

the etasq function.  

Equation 4 
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e. Growth performances 

For the statistical analysis of the biometric 

data (i.e., body mass, specific growth rate) 

LMMs were used. For each variable, a 

single full model was created with the 

body mass and specific growth rate as 

response variables, an interaction between 

the treatment and  the period (i.e., time 

interval between two dates) was set as a 

fixed factor. The tank nested within 

treatment as well as the individual were set 

as random factors. This analysis was 

followed by a post-hoc multiple 

comparison test (Hothorn et al., 2008) to 

assess pairwise differences. 

f. Trait association 

To account for traits association, LMM 

with the scaled boldness was used as 

response variable and compared to the 

scaled continuous phenotypic trait (i.e., 

brain and brain regions volumes) and 

growth variables (i.e., body mass and 

specific growth rate). The trial repetition 

was fit as a categorical temporal factor and 

the individual as a random factor to 

integrate the among – individual variation 

as well as the tank to prevent any tank 

effect. After model comparison the tank 

was kept as a random factor. Non – 

significant interaction was removed from 

the model and model comparison was 

performed using AIC. 

Results 

1. Short term and long – term 

consistency of boldness trait 

The repeatability estimates in the Table 1, 

show a significant consistency (Figure 7) 

in both treatments at short-term time scale 

(Enriched: R= 0.462 ± 0.093 [0.258, 

0.619], Plain: R= 0.541 ± 0.081 [0.376, 

0.696]). Significant repeatability estimates 

were found in the enriched treatment at 

long – term time scale (R= 0.404 ±  0.126 

[0.139, 0.625]), where no repeatability was 

found in the plain environment (R= 0.097 

± 0.107 [0, 0.361]). 

2. Boldness average value 

Boldness score was significantly lower in 

the enriched environment (Figure 6). 

Individuals reared in the enriched 

environment were 4% shyer than 

individuals reared in the plain one (linear 

coefficient estimates = 0.26 ± 0.12, p < 

0.05). The variance explained by the 

treatment was 9 % (Figure 6, Table2). 

 

 

 

Figure 6: Average boldness value in both 

treatments (i.e., Enriched and Plain). The enriched 

treatment is represented in red (E) and the plain 

treatment in represented in blue (B). The 

difference between the two treatments was 

significant and of 4 % and the treatment explained 

9 % of the variance. 
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Treatment Period R SE CI p  

Enriched 
Short - term 

 

0.462 0.093 [0.258, 0.619] < 0.05 ***   

Plain 0.541 0.081 [0.376, 0.696] < 0.05 ***   

Enriched 
Long - term 

0.404 0.126 [0.139, 0.625] < 0.05 ***   

Plain 0.097 0.107 [0, 0.361] > 0.05    

 

Variables Effect Estimates SE df X2 t  p  

Boldness 

Intercept -0.014073 0.09310 1 -       -1.512 > 0.05   

Treatment P 0.26076 0.12605 1 - 2.069 < 0.05  * 

Body mass -0.39684 0.08901 1 - -4.458 < 0.05 *** 

Interaction 

Treatment : Body mass 
0.08905 0.12582 1 - 0.708 > 0.05   

Table 1: Repeatability estimates in the two treatments (i.e., enriched, and plain) across the two periods (i.e., short-term = 6days, long-term = 130 days). 

R represents the repeatability estimates [0, 1]. SE is the standard error. CI is the confidence interval. P is the p – value and level of significance P < 0.001 

(***). 

 

Table 2: Linear regression model of boldness score between the two treatments. Boldness is the response variable. The effects are the treatment P (i.e., Plain 

environment taken as the reference), the body mass as fixed factor as well as the interaction between body mass and treatment. The estimates are the linear 

coefficient estimates. SE is the standard error. Df is the degree of freedom. The X2 is not available as the statistic output does not involve mixed models. The t value 

represents the size of the variation. The p value is noted as p followed by the level of significance. P <0.05 (*), <0.001 (***). 
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Figure 7: Among - individual variation in boldness consistency. A. Short - term period (6 days) in enriched treatment. B. Short - term 

period (6 days) in plain treatment. C. Long - term period (130 days) in enriched treatment. D. Long - term period (130 days) in plain 

treatment. 
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3. Brain morphology: 

a.     Brain mass 

No significant difference in brain mass 

between the two treatments was found. 

b. Brain and body mass allometry 

Significant allometry relations were found 

between the body mass and the brain 

volume (r2 = 0.48, p <0.05) as well as 

between the body mass and the brain 

regions volumes (Olfactory bulbs; r2 = 

0.35, p <0.05. Telencephalon (r2 = 0.24, p 

<0.05. Optic tectum; r2 = 0.44, p <0.05. 

Cerebellum; r2 = 0.32, p <0.05) (Figure 13, 

Table 3). 

 

 

 

 

 

 

c. Brain volume 

The brain volume (i.e., total volume) 

(linear coefficient estimates = 0.05299 ± 

0.01912, p < 0.05), and the telencephalon 

volume (linear coefficient estimates = -

0.01912 ± 0.03443, p < 0.05) were 

significantly different between the two 

treatments. Respectively, they were 7.8 % 

and 14,4 % higher in plain environment. 

No differences were found on the olfactory 

bulbs, the optic tectum, and the cerebellum 

(Figure 8, Table 4). 

 

 

 

 

 

 

 

Figure 8: Average brain volume (corrected by the body mass (g)) in two treatments (i.e., enriched, and plain). The 

enriched treatment is represented in red (E) and the plain treatment in represented in blue (P). The significant 

differences in brain volume occured on the global brain volume (A) and the telencephalon (C).  
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4. Geometrics morphometrics 

a. Brain shapes 

The two principal components i.e., PC1 

and PC2 of brain shape variation explained 

respectively 28% and 16 % of the total 

variations. The PC1 corresponds to the 

elongation of all brain areas and the PC2 to 

the convexity and concavity of the brain. 

The individuals raised in the plain 

environment showed a more elongated 

brain than the individuals in the enriched 

environment. Nevertheless, more variation 

in elongation is observed for individuals 

raised in enriched environment. A slightly 

significant difference of 1% in brain shape 

was found between the two treatments (r2= 

0.012, F= 0.018836, p <0.05 ) (Figure 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Principal component analysis: The brain shape for each treatment in function of PC 1 

and PC 2. The PC1 corresponds to the elongation of all brain areas and the PC2 to the convexity 

and concavity of the brain. The individuals raised in a plain environment show a more elongated 

brain than the individuals in enriched environment. Nevertheless, more variation in elongation is 

observed for individuals raised in enriched environment. 
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5. Growth performances 

a. Body mass 

Significant differences in body mass were 

found at 192 dph (Date1 (D1); linear 

coefficient estimates = 0.14630 ± 0.029, p 

< 0.05), 255 dph (Date 4 (D4); linear 

coefficient estimates = 0.15013 ± 0.032, p 

< 0.05), 276  dph (Date 5 (D5); linear 

coefficient estimates = 0.09178 ± 0.03197, 

p < 0.05), 309 dph (Date 6 (D6); linear 

coefficient estimates = 0.13555 ± 0.039, p 

< 0.05) and 373 dph (Date 7 (D7); linear 

coefficient estimates = 0.08364 ± 0.031, p 

< 0.05) dph. The body mass was 

significantly higher in enriched 

environment. Respectively the body mass 

was 13 %, 16 %, 10 % and 14 % higher in 

the enriched environment (Figure 10, 

Table 6). 

b. Fork length 

Significant differences in fork length 

occurred at 255 dph (Date 4 (D1); linear 

coefficient estimates = 0.02971 ± 0.063, p 

< 0.05), 276 dph (Date5 (D1); linear 

coefficient estimates = 0.01683 ± 0.00621, 

p < 0.05), 309 dph (Date6 (D6); linear 

coefficient estimates = 0.02799 ± 0.0077, 

p < 0.05). The fork length was 7 % 

significantly higher in enriched 

environment at each age (Figure 10, Table 

6). 

c. Specific growth rate  

The specific growth rate was significantly 

higher during the first period (P1 = 255 to 

309 dph; linear coefficient estimates = 

0.098 ± 0.036, p < 0.05)) in enriched 

environment. No differences were found 

during the second period (373 to 452 dph) 

(Figure 10, Table 6). 

 

 

 

 

Figure 10: The growth performances. A. Body mass 

across time. B. Fork length across time. C. Specific 

growth rate across time. D1: 192, D2: 213, D3: 234, 

D4: 255, D6: 276, D7: 309, D8: 373, D9: 436 dph. 

P1: period 1 (255 – 310 dph) P2: period 2 (373 – 452 

dph). 
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6. Association between traits 

a. Boldness and brain 

A significant positive correlation between 

the boldness and the olfactory bulbs 

volume (Figure 12) (linear coefficient 

estimate = 0.52 ± 0.11, p < 0.05) was 

found in the enriched environment. Any 

relation between boldness and other brain 

regions in either treatments were found 

(Figure 12). 

 

 

 

 

b. Boldness and Growth 

A significant negative correlation between 

the boldness and the specific growth rate 

(linear coefficient estimate = - 0.50 ± 0.12, 

p < 0.05) was found regardless of the 

treatment. No associations were found 

between boldness and body mass, liver 

mass, or heart mass (Figure 11). 

 

Figure 12: Correlations between boldness and  brain regions volume. A. boldness and olfactory bulbs. B. 

boldness and telencephalon. C. boldness and optic tectum. D. boldness and cerebellum. 

 

 

Figure 11: Correlations between boldness and growth performances. A. boldness and specific growth rate. B. 

boldness and liver. C. boldness and heart. 
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Discussion 

In this chapter, I investigated the effect of 

an environmental enrichment on: the 

consistency of boldness (among–

individual variation) over short and long-

term periods, the average value of 

boldness, the brain morphology (i.e., 

weight, volume and shape) and the growth 

performance of juvenile Arctic charr. I 

also examined the potential links between 

boldness, brain regions morphology and 

growth performance. Boldness consistency 

over short periods of time was found in 

both rearing environments whereas it was 

only found in the enriched environment 

over the longer time period suggesting that 

this personality trait was being expressed 

in the enriched environment. On average, 

the fish in the enriched environment were 

shyer than those in the plain environment.  

 Furthermore, environmental enrichment 

had an effect on brain volume and brain 

shape, which could be important factors in 

the development of personality. Whole 

brain and telencephalon volumes were 

higher in the plain environment and there 

was a significant divergence in brain shape 

between the plain and enriched 

environments. Environmental enrichment 

was also shown to induce higher body 

mass, body length and specific growth at 

an early stage of development. Overall, my 

results  indicate that shyer individuals in 

this strain of Arctic charr, not only occur 

more frequently in an enriched 

environment, but they also grow better. 

These new results linking boldness with 

both brain traits and growth rates are 

therefore important in aquaculture in terms 

of both production and fish welfare. other 

traits i.e., environmental enrichement 

induced a positive correlation between 

boldness and the olfactory bulbs and a 

strong negative correlation between 

boldness and growth (Shyer individuals 

grow better). 

Consistency in  average boldness was 

found over the short-term in both 

treatments i.e., seven days (Among – 

individual variation table). However, 

evidence for notable differences in 

repeatability estimates of boldness was 

found between the two treatments, where 

consistency in boldness over long-term 

period (130 days) was only found in 

individuals from the enriched 

environment. This is in accordance with 

the results in other fish species such as 

Zebrafish (Danio rerio) where consistency 

in exploration over 196 days was found 

(Thomson et al, 2020) or in terrestrial 

species such as cattle (Neave et al., n.d.), 

meadow voles (Rohrer and Ferkin, 2020) 

and great tits (van Oers et al., 2008). My 

study is the first to show the effect of 

environmental enrichment on juvenile 

Arctic charr boldness consistency over a 

long-term period.  

It is stated that among-individual variation 

in average behaviour must be consistent 

over time to match with the definition of 

animal personality (Dingemanse and 

Wright, 2020).  Commonly, longer test 

intervals result in a decrease of behaviour 

consistency (Bell et al., 2009b; 

Castanheira et al., 2017; Ferrari et al., 

2015; Millot et al., 2009; Alexander D. M. 

Wilson and Stevens, 2005) which can be 

explained by several reasons. First, testing 

boldness in the same repeatable context 

over short-time intervals can influence the 

state of the individual and it is more likely 

that it will show consistency not because 

of intrinsic effect (i.e., genetic and 

developmental effects) but because of 

being assessed in a repeatable context over 

short-time interval (i.e., pseudo – 

repeatability; Dingemanse and Wright, 

2020b). Pseudo – repeatability occurs 

when an individual  responds the same 

way not because of genetic or 

environmental factors, but because of 

habituation to the environment (i.e. 

pseudo-personality; Wilson, 2018).  

Laboratory conditions should favour the 

avoidance of pseudo-repeatability because 

the researcher has more control over the 
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testing environment and the subjects do 

not live permanently in it (avoiding severe 

habituation). Nevertheless, it is worth 

noting that caution must still be taken in 

laboratory set-ups as behavioural 

measures, handling and potentially 

habituation to the arena (Niemelä and 

Dingemanse, 2017). Although poorly 

documented, pseudo – repeatability does 

not mean there is no animal personality 

structure, rather, it refers to a behavioural 

assumption that needs to be considered. 

One way to avoid pseudo – personality is 

to increase the time-interval between 

behaviour measurements, which should 

capture the intrinsic measure of animal 

personality (Allegue et al., 2016; 

Dingemanse and Wright, 2020b; Wilson, 

2018).  

Secondly, the stage of development is 

important (Cabrera et al., 2021). Indeed, if 

the time test interval crosses a major 

developmental stage (i.e., endogenous to 

first exogenous feeding or juvenile to sex 

maturation), this can influence the 

behavioural consistency (Alfonso et al., 

2020). In my study, Arctic charr were 

tested 5 months after first feeding and it 

was considered that no major 

developmental event occured during the 

experimental period because the fish were 

not mature at the end of the experiment; 

i.e., juvenile fish between 298  and 452 

dph. The present work clearly shows the 

importance of environmental complexity 

on the development of boldness i.e., 

environmental enrichment promotes 

consistency whereas it is not the case in a 

plain and homogenous environment. 

Although the individuals used in this 

experiment came from the same batch of 

selected Arctic charr,  the environment 

appears to shape the among – individual 

variation in behaviour structure at an early 

stage of development. These results bring 

up new insights into how Arctic charr 

adapt their behaviour in response to 

environmental complexity and is 

concordant with animal personality 

development theory (Cabrera et al., 2021; 

Réale et al., 2007; Stamps and Groothuis, 

2010a). The development of animal 

personality theory suggests that a series of 

continous interactions between internal 

factors (i.e., genetic and neural activiy) 

and contextual factors (i.e., environment) 

induces among – individual behavioural 

consistency (i.e., animal personality). Thus 

a given genotype does not simply leads to 

a given phenotype (i.e., behavioural trait) 

but it is the result of the interaction 

between the genetic and the environment 

in which the developmental process occurs 

(Réale et al., 2007; Stamps and Groothuis, 

2010a). It is clear that personality trait 

expression can be the result of epigenetic 

modifications (Branchi, 2009) based on a 

set of molecular processes altering genes 

activity and the maintenance of genetic 

activity variation mostly occurs through 

genotype by environment interaction 

(Kruuk et al., 2008). At last, it has been 

shown that among – individual genetic 

variation was lower in a range of farmed 

salmonids including Arctic charr compared 

to wild population  (Besnier et al., 2015; 

Lundrigan et al., 2005; Norris et al., 1999). 

It therefore suggests that the effect of the 

physical environmental factor on a gene 

candidate in the expression of  such 

behavioural traits seems to be greater than 

the genetic effect (Branchi, 2009; Keverne 

and Curley, 2008; Réale et al., 2007; 

Wessel et al., 2013).  

Futhermore, environmental enrichment 

was shown to induce lower level of 

average boldness (i.e., shyer fish) as well 

as lower brain volume, higher level of 

body mass and specific growth rate and an 

association between boldness and growth 

as well as a link between boldness and the 

volume of olfactory bulbs. This result 

supports our hypotheses and predictions. I 

expected environmental enrichment to 

reduce the average boldness value which is 

in accordance with previous findings on 

Atlantic cod and Artic charr where 

environmental enrichment reduced 
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swimming activity (Benhaïm et al., 2009a; 

Salvanes et al., 2007) but our study is the 

first to specifically show such an effect on 

consistent behavioural traits i.e., 

personality traits. Nevertheless, further 

examination of the genetic and 

environment interaction on the expression 

of gene and specifically the ependymin 

i.e., glycoproteine implicated in 

environmental adaptation and associated 

with boldness deserve to be investigated. 

The environmental enrichment promoted 

higher body mass as well as higher 

specific growth rate which confirms the 

results of previous studies on Arctic charr  

(Benhaïm et al., 2009a) and closely related 

species such as Rainbow trout (Crank et 

al., 2019), Chinook salmon (Rosburg et al., 

n.d.) or different species such as Gilthead 

seabream (Sparus aurata) (Batzina and 

Karakatsouli, 2012), Zebrafish, (Lee et al., 

2018). It is important to note that the 

aquaculture context of our study provided 

the fish with not linited food availability. 

As such, it was expected individuals  

mostly located near the surface to be 

bolder than individuals located at the 

bottom and using shelters. In other words, 

the physical enrichment might foster the 

emergence of  the bold-shy personality 

axis leading to different feeding strategies 

i.e., bottom versus surface foraging. In the 

plain environment, individuals might have 

to be more plastic i.e., lower behaviour 

consistency, and bolder to better compete 

for food resources and cope with the stress 

potentially induced by intraspecific 

competition.  This hypothesis is supported 

by our findings on boldness and specific 

growth rate association, were shyer fish 

grow better. In this non-limited food 

context, bolder indviduals are also more 

active and could forage more often and take 

greater risk to achieve a higher rate of feed 

intake (Castanheira et al., 2017; Finstad et 

al., 2007a) which might come along with an 

energetic cost (Ferrari et al., 2015). This 

could explain why shyer individuals grow 

better and why boldness decreased in the 

enriched environment. In other words, 

reduction of boldness with enough food 

supplies in an enriched environment tend to 

promote higher energy storage and therefore 

higher growth rate. However, I did not find 

any differences in liver and heart mass i.e., 

respectively proxies of energy storage and 

metabolic rate, between the treatments nor 

an association between boldness and those 

metabolic proxies. Those latter did not allow 

us to clearly determine the underlying 

mechanisms explaining the link between 

boldness and growth performance. Further 

research implying direct metabolic 

measurement is needed to identify the 

association between metabolism and 

boldness.  

Agonistic behaviour is widely recognised in 

the behavioural repertoire of Arctic charr. 

Indeed, the social structure of Arctic charr 

is characterized by a dominance hierarchy 

where the dominant fish is the most 

aggressive and usually the largest 

individual in the group (Adams et al., 

1995). In fish, a low position in a 

dominance hierarchy has been associated 

with increased stress, therefore 

environmental enrichment could lead to a 

decrease of social interactions associated 

with a lower level of  stress due to 

aggression and consequently higher 

growth performances.  

Environmental enrichment cleary affected 

the brain development. First, 

environmental enrichment led to moderate 

brain shape divergence. Here, regardless of 

the brain size, brain shapes was different 

between the enriched and plain 

environments i.e., concave brain 

morphology in the enriched environement 

and elongated brain morphology in the 

plain environment. Although very low 

(1%), this divergence in brain shape 

occured rapidly (i.e., fish from the same 

generation exposed to environmental 

enrichment only for 300 days).  

Much bigger differences in brain volume 

were shown between both treatments. 

However our results are contradictory with 
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those usually described in the literature 

and do not support our predictions for 

higher brain size in the enriched 

environment (Kihslinger, 2006; Mayer et 

al., 2011; Näslund et al., 2012; Pike et al., 

2018; Pollen et al., 2007). Some studies 

disagree on the specific effects on each 

part of the brain. In some cases, the 

cerebellum of salmonids reared in an 

enriched environment was bigger without 

influencing the other brain regions and no 

differences in mass and length were found 

(Kihslinger, 2006). In other cases, brain 

size and cerebellum are positively 

correlated with habitat complexity while 

olfactory bulb and medulla are negatively 

(Pollen et al., 2007). Interestingly,  

differences could occur early in 

development but environmental effect 

could be buffered at later stages (Näslund 

et al., 2012). Other studies showed either 

no effects of environmental enrichment on 

Stickleeback brain size (Toli et al., 2017) 

or an effect of the density but not the 

environmental enrichement on brain 

volume in Atlantic salmon (Näslund et al., 

2019). 

In the plain environment, I hypothesize 

that Arctic charr are not able to express 

consistent behaviours. In other words, they 

might need to constantly adapt their 

boldness response across time and context 

to better compete and improve food 

access. On the other hand, environmental 

enrichment is known to reduce aggression 

and territory by simply allowing more 

individuals per unit area, reducing visual 

contact among dominant and create 

shelters for subordinate individuals 

(Näslund and Johnsson, 2016a). Previous 

studies have shown a high level of social 

interaction between congeners in Arctic 

charr via olfactive and visual cues (Olsen, 

1989) as well as an association between 

brain activity and aggressive behaviour has 

already been reported (Winberg and 

Nilsson, 1993). This could explain the 

higher brain volume in individuals raised 

in the plain environment. Indeed, the lack 

of behaviour consistency combined with 

higher brain volume could be linked to 

higher brain activity associated with 

individual recognition to better compete 

for food and/or reduce stress level. 

Although no significant relation was found 

between boldness and the optic tectum, 

shyer individuals tended to  have greater 

optic tectum, which could support our 

hypothesis of  higher social interaction in 

the plain environment as an explanatory 

mechanism. Moreover, boldness was 

found to be associated with higher 

olfactory bulbs volume in the enriched 

environment which supports the theory 

that the behaviour tends to reduce the 

development of visual mechanisms (i.e., 

optic tectum region) as enrichment reduces 

light and visual contact between 

individuals forming instead an association 

between the boldness and the olfaction 

where the shyer has a smaller olfactory 

bulb. Nevertheless, another scenario could 

also be put forward as it is assumed that 

enriched environment could reduce 

average boldness and activity level and 

improve growth performances as well as 

among – individuals’ variation in 

behaviour consistency over long-term 

period in enriched environment. In that 

context, higher energy might be allocated 

to growth performances and behavioural 

consistency, therefore less available for 

brain size development. In  this study, 

plain environment produced larger brain 

whereas it has been shown to produce 

higher average in boldness and activity 

level and lower growth performances as 

well as hypothetically no consistency in 

behaviour. Energy allocated to produce 

larger brain in plain environment could 

result from  an underlying maladaptive 

behavioural strategy.  

Therefore, both scenarios suggest that the 

behavioural adaptation to a given 

environment affects brain volume and 

associated mechanisms. In summary, risk 

taking behaviour could be associated with 

olfactory cues in the enriched environment 
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whereas it could be associated with visual 

cues in the plain environment. Further 

research is needed to better understand the 

link between brain and behaviour in 

relation with environmental factors and 

developmental stage. 

In conclusion, environmental enrichment 

induced the expression of among – 

individual variation in boldness across 

long-term period, a smaller average brain 

volume and telencephalon and higher 

growth performances (i.e., body mass, 

body length and specific growth rate) as 

well as a positive correlation between 

boldness and olfactory bulbs and a 

negative correlation with the specific 

growth rate.  Our results bring new 

insights on how Artic charr adapt to its 

environment and raised critical questions 

about the welfare state of such species 

raised at high densities in plain 

environment. Here, I put these results in 

the theorical welfare framework targeting 

the two main definitions: the nature – 

based and the function-based. I suggest 

that an environmental enrichment allows 

individual to express their inherent 

behaviour through personality which 

relates to the nature-based welfare concept. 

Also, the fact that behaviour, brain 

morphology and growth are associated 

suggest that all those mechanisms are 

regulated by each other’s (i.e., behaviour 

and brain mechanisms and behaviour and 

growth performances) and that the animal 

is not being forced to grow or to behave 

beyond its capacity (i.e., a shyer individual 

grows better because it takes less risk and 

avoids dominants) which relates to the 

function – based welfare concept. I argue 

that plain environment could have negative 

impact for welfare in Arctic charr as it 

does not provide any stable behaviour, 

stress recovery opportunities (i.e., 

sheltering to avoid congeners interactions) 

and individual association between 

behaviour and growth. However, this 

theory must be cautiously verified by 

further investigation on individual 

aggressiveness trait in relation to the 

rearing condition and stocking density. At 

last, I recommend the use of an 

environmental enrichment to improve the 

welfare condition of farmed Arctic charr in 

the nature and function-based approaches. 

I also bring new insight on the behavioural 

research framework and suggest that 

caution must be taken when measuring 

behaviour along a short period of time in a 

plain impoverished environment. Further 

investigation on behavioural assessment 

across ontogeny, on inheritance and on 

molecular mechanism of behaviour must 

be verified to complete our work.  
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Table 3:  log – log regression model between the body mass, the brain volume and the brain regions. The estimates are the linear 

coefficient estimates. SE is the standard error. Df is the degree of freedom. R2 is the regression coefficient. The t value represents the size 

of the variation. The p value is noted as p followed by the level of significance. P < 0.001 (***).   

 



35 

 

 

 

 

 

 

 

 

 

  

 

Figure 13: log - log regression allometric relationship between the body mass and the body length. A. Association between body mass and brain volume (r2=0.48). B. 

Association between body mass and olfactory bulbs (r2=0.35). C. Association between body mass and telencephalon (r2=0.24). D. Association between body mass and optic 

tectum (r2=0.44). E. Association between body mass and cerebellum (r2=0.32). 
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Table 4: Linear model and linear mixed model assessing differences in brain volume between the treatments (plain vs enriched). The brain volume, the 

telencephalon and the cerebellum were analysed with a linear model after backward selection of random  factors . The estimates are the linear coefficient 

estimates. SE is the standard error. Df are the degree of freedom. The chi square is noted (X2). The t value represents the size of the variation. The p value is 

noted as p followed by the level of significance. P < 0.01 (**), < 0.001 (***).     

Table 5: Linear model assessing the differences in brain volume between the treatments (Plain vs enriched). The response variable is  based on the residuals from the linear 

regression between the brain volume and fish size. The estimates are the linear coefficient estimates. SE is the standard error. Df is the degree of freedom. The chi square is noted 

(X2). The t value is represented by t  measuring the size of the variation. The p value is noted as p followed by the level of significance.  P < 0.01 (**), < 0.001 (***).     
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Table 6: Linear model per date and treatment. The estimates are the linear coefficient estimates. SE is the standard error. Df are the 

degree of freedom. The chi square is noted (X2). The t value represents the size of the variation. The p value is noted as p followed 

by the level of significance.  P < 0.05 (*), < 0.01 (**), < 0.001 (***).     
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Chapter 2: Environmental enrichment influences 

behavioural syndrome and the behaviour-growth 

association in juvenile Arctic charr (Salvelinus 

alpinus) raised at optimum temperature. 
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Introduction 

Animal personality is described as the 

among-individual variation in average 

behavioural expression over repeated 

measures (Réale et al., 2007) while inter- 

individual correlations among behaviours 

across time and context have been 

classified as behavioural syndromes (i.e., 

two or more personality traits that are 

correlated  across time; Dochtermann and 

Dingemanse, 2013; Sih et al., 2004). Both 

animal personality and behavioural 

syndromes are determined by genetic 

variation and environmental factors 

(Bergmüller, 2010; Réale et al., 2007; 

Stamps and Groothuis, 2010b). 

Behavioural syndromes are ecologically 

important because they are often 

associated with fitness (Biro and Stamps, 

2008b), and therefore, can have 

consequences in aquaculture and 

conservation (Conrad et al., 2011). In the 

context of aquaculture, the ideas behind 

behavioural syndromes provide new ways 

to approach fish welfare (Castanheira et 

al., 2017; Huntingford and Adams, 2005).  

In aquaculture, behavioural syndromes 

linking boldness and activity are especially 

interesting to investigate because both 

traits have been claimed to be involved in 

feeding rate and metabolic expenditures 

(Castanheira et al., 2017). Associations 

between boldness and swimming activity, 

aggressiveness and swimming activity, and 

boldness and aggressiveness have been 

demonstrated in salmonids (Øverli et al., 

2004a, 2006a; Salonen and Peuhkuri, 

2006a; Alexander D.M. Wilson and 

Stevens, 2005) and it is often the case that 

personality is correlated with physiological 

traits (Biro and Stamps, 2008b; Cavigelli, 

2005). Physiological life history traits, 

such as growth rate in association with 

behavioural traits, can be very important 

for how individuals adapt to their 

environment (i.e., a rearing condition; Biro 

and Stamps, 2008). Behavioural 

syndromes, as with many traits, are the 

result of genetic and environmental factors 

which can differ according to the 

aquaculture strains. Nevertheless, it is not 

clear yet what environmental factors can 

shape behavioural syndromes in farmed 

animals. For example, the effects of 

rearing complexity, temperature and 

luminosity on behavioural syndromes, and 

how these and the emergent behavioural 

syndromes are associated with underlying 

traits such as physiology and growth 

(Castanheira et al., 2017; Stamps and 

Groothuis, 2010b).  

One way to increase the welfare in a 

farming context is  to add complexity to 

the rearing condition (Huntingford, 2004a; 

Näslund and Johnsson, 2016a). The 

addition of a physical enrichment (i.e., 

plastic plants and/or stones) can increase 

the environmental complexity and 

decrease maladaptive and aberrant traits  

compared to those observed in fish reared 

in a plain environment (Macaulay et al., 

2020); it is likely that the lack of 

stimulation reduces learning performances 

and stress recovery. In fact, many positive 

effects of environmental enrichment have 

been found, including a reduction of stress 

responses to past, present and future 

stressors and a better recovery after 

handling stress in juvenile Chinook salmon 

(Oncorhynchus tshawytscha) and Rainbow 

trout (Oncorhynchus mykiss) (Cogliati et 

al., 2019; Pounder et al., 2016), as well as 

lower basal cortisol levels due to lower 

stress levels in hatchery–reared Salmon 

(Salmo salar; Näslund, 2014). 

Environmental enrichment could therefore 

improve psychological and physiological 

welfare, by providing positive 

environmental effects during the 

development of behavioural traits 

(Brydges and Braithwaite, 2009; 

Castanheira et al., 2017; Huntingford, 

2004b).  

As seen previously, early environmental 

factors (i.e., enriched environment) could 

influence personality traits such as 

boldness, aggressiveness, activity and 
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sociality (Näslund and Johnsson, 2016a). 

In addition, it is known that the level of 

swimming activity and aggressiveness can 

affect growth performances (Castanheira et 

al., 2017; Salvanes et al., 2007). Other 

recent studies have shown that 

environmental enrichment can enhance 

fish growth rate (Crank et al., 2019; Kientz 

and Barnes, 2016). However, studies on 

salmonids produce varying results. Some 

studies show no positive or negative 

effects (Arndt et al., n.d.; Brockmark and 

Johnsson, 2010; Roberts et al., 2011b) 

whereas a few studies only described a 

positive effect (Brockmark et al., 2007; 

Hyvärinen and Rodewald, 2013).  

Furthermore, the impact of an artificial 

shelter in Arctic charr (i.e., Enrichment) on 

growth performances linked to the 

swimming activity  has been shown at 

early stage (Benhaïm et al., 2009b) as well 

as higher body mass, body length and 

specific growth rate in physical 

environmental enrichment (Philip et al., 

2021). 

Arctic charr is the northernmost distributed 

fish freshwater species and therefore 

considered as highly adapted to cold 

temperature (Jonsson and Jonsson, 2001). 

Studies on Arctic charr tolerance and 

growth at low temperature found that 

relatively good growth rate occurs at low 

temperature (Alanärä 1990). For farms 

situated at northern latitudes the 

temperatures range between 0-6 °C 

(Imsland et al., 2019). It is known that 

temperature is an important environmental 

factor affecting food intake, growth, and 

food conversion, although sufficient 

growth rate has been found in Arctic charr 

at low temperature  (Brännäs and Wiklund, 

1993). In salmonids, increasing 

temperature leads to an obvious increase in 

growth rate until the optimum temperature 

is reached and above the optimum, growth 

rate declines (Brett and Shelbourn, 1975; 

Jobling, 1983). Arctic charr reach their 

optimum growth at 14 °C (Jobling, 1983). 

Furthermore, in Arctic charr subtle 

variation in temperature has been shown to 

impact behaviour and growth (Leblanc et 

al., 2019), Therefore, temperature is an 

important consideration when studying 

behaviour as ectothermic organisms are in 

direct contact with temperature variation in 

their environment. However, no studies 

have yet targeted the effect of optimum 

temperature on behavioural syndrome 

expression in a cold-water species such as 

Arctic charr and its implication for 

welfare.  

The present work investigated the effect of 

an environmental enrichment on the 

development of behavioural syndrome and 

its link with growth performance in 

juvenile Arctic charr raised at optimum 

rearing temperature. The physical 

environmental enrichment was 

hypothesized to influence: (1) the average 

value of boldness and activity; I suggest 

that boldness and activity traits will be 

consistent in both treatments over a short-

term period, and despite the effects of 

temperature on behaviour, I suggest that 

average values in boldness and activity 

will tend to be lower in the enriched 

environment; and (2) the development of 

behavioural syndrome between boldness 

and activity; following the theorical 

approach of personality expression (Réale 

et al., 2007; Stamps and Groothuis, 

2010a), I suggest that physical 

environmental enrichment will induce a 

behavioural syndrome where bolder fish 

are predicted to be more active. 

Furthermore, regardless of the treatment 

(3) I hypothesize an association between 

boldness, activity, and growth 

performances (i.e., specific growth rate); 

as temperature is suspected to increase 

metabolism and behaviour, I predict a 

positive correlation between the growth, 

boldness, and activity. Lastly, (4) I predict 

that environmental enrichment will 

influence the growth performances i.e, 

specific growth rate. 
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Material & methods 

Biological model and housing conditions 

The experiment took place at Verid 

Visindagardar, the Hólar University 

research facilities, Saudakrókur, Iceland. 

The biological model used in this study is 

an aquaculture strain of Arctic charr 

(Salvelinus alpinus) from the Icelandic 

breeding program (Hólar University). The 

eggs were fertilized using the crossing of 

one female and three males and were 

incubated at 4 °C in a flow through water 

system. After hatching, the batch was split 

into six 20L- cylindrical tanks in a flow 

through water system and one triplicate 

was enriched in three dimensions (i.e., 

vertically with a green plastic plant, and 

horizontally with five black volcanic 

rocks). The other triplicate remained a bare 

white tank (i.e., Plain environment). Each 

tank contained fish with an average weight 

of 0.0758 ± 0.0124 (g), a biomass of 9.1 

(g) per tank (i.e., 455 g.m3). The 

temperature in the tanks was maintained at 

14 ± 2 °C. The individuals were fed three 

times a day (9:00, 13:00, 16:00) according 

to the Inicio guidelines. The waterflow 

was 48 l.hour-1 at hatching and increased 

gradually to 120 l.hour-1 to keep the 

oxygen level at 100% saturation. The tanks 

were on a 12:12-hour light schedule.  

Experimental design 

1. Sampling and tagging 

 A randomly selected sample of 35 

individuals per tank were tagged. The 

tagging was done under anaesthetic (2-

phenoxyethanol) at a concentration of 310 

ppm at 167 dph. A small incision was 

made between the pectoral fins and a PIT – 

tag (Passive Integrated Transponder 1.4 x 

8mm FDX -B PIT tags, Oregon RFID EU 

GmbH) was inserted into the peritoneal 

cavity. 

2. Behavioural syndrome test design 

Boldness and Activity were assessed two 

times respectively in an OFTS (i.e., Open 

Field Test with Shelter) and an OFTC (i.e., 

Open Field Test Circular). The OFTS 1 

(i.e., first trial repetition – R1) was 

assessed between 182 – 187 dph and the 

OFTS 2 (i.e., R2) between 189 – 194 dph 

(i.e., 7 day-interval between OFTS 1 and 

2). The OFTC 1 was assessed between 201 

- 206 dph (i.e., 12 days after the OFTS 2) 

and OFTC 2 between 207 – 212 dph (i.e., 

7 days after the OFTC 1).  

3. Open field test with shelter: 

Boldness 

To assess the boldness continuum axis, an 

OFTS was used. The tests were carried out 

in a rectangular arena (29.5 cm x 39.7 cm) 

made of opaque white Plexiglas® with a 

shelter (6 cm x 14 cm) in its left corner. 

This non - forced test allowed individuals 

to stay hidden in the shelter. The decision 

to exit the shelter into the open area (i.e., 

exploration zone) was controlled by the 

individuals. The OFTS arena was situated 

above a white LED backlight (110 x 110 

cm. Noldus, the Netherlands). A camera 

(Basler Ace acA1920-150 mm camera 

Germany, 30 fps) was located 112 cm 

above and plugged into a computer. The 

videos were recorded using the Noldus 

Ethovision XT15 tracking software. Four 

individuals were filmed at the same time. 

Before the beginning of the test, each 

individual was placed in a waiting box 

with the corresponding arena number. 

When all the fish were selected, they were 

placed into the shelter by a roof door. 

After 5 minutes of acclimation the front 

door of the shelters were lifted, and the 

fish were free to move around in the arena 

for 20 minutes. After 20 minutes the fish 

were caught and anesthetized with 2-

phenoxyethanol at a concentration of 310 

ppm. The weight and the fork length were 

recorded, and the individuals were 

returned to their home tank. The open-field 

arena was divided in several virtual zones: 

Entry, Border and Centre. The following 
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variables of interest for each individual 

were extracted with the Noldus Ethovision 

XT15 tracking software: (1) the total 

distance moved (i.e., the distance travelled 

by the centre point of the individual (cm)), 

(2) the latency to emerge from the shelter 

(s), (3) the total time spent in the shelter, 

the centre zone, the border zone and the 

entry zone (s), (4) the mean velocity (i.e., 

the distance moved by the centre point 

expressed in body lengths per second 

(body length.s-1)), and (5) the absolute 

angular velocity (i.e., expressed in degrees 

per second (° s−1 )).   

4. Open field test circular: Activity 

To assess the activity axis, an OFTC was 

used. The OFTC consisted of a white 

circular PVC arena with no landmarks 

(Diameter = 25 cm). The individual was 

carefully placed into a transparent starting 

box at the centre of the arena to ensure all 

the individuals started at the same place. 

The test was split in two periods, five 

minutes of acclimation in the start box and 

twenty minutes of test after the fish was 

released. This 20-minute period only was 

analysed. The following variables of 

interest were extracted with Ethovision 

XT15: (1) the distance from the arena 

centre point (cm), (2) the total distance 

moved (i.e., the distance travelled by the 

centre point (cm)), (3) the mean velocity 

(i.e., the distance moved by the centre 

point expressed in body lengths per second 

(body length.s-1)), (4) the absolute angular 

velocity (i.e., expressed in degrees per 

second (° s−1 )). After 20 minutes the fish 

were caught and anesthetized with 2-

phenoxyethanol at a concentration of 310 

ppm. The weight and the fork length were 

recorded, and the individuals returned to 

their home tank. Fish that expressed 

extreme stressed behaviour (i.e., jumping 

and twirling) were excluded from the 

analyses.  

5. Growth performances 

To assess growth performance, the specific 

growth rate (i.e., SGR) was calculated 

between the biometric measurements of 

tagging (167 dph) and OFTS 1 (i.e., Period 

1), OFTS 2 and OFTC 1 (i.e., Period 2). 

Statistical analysis 

All statistical analyses were performed 

using R v.1.4.1103 R Core Team, 2020). 

Significant P values were set at 0.05. The 

assumptions for a linear mixed model and 

linear model (i.e., normality of residuals, 

homoscedasticity of the residuals and 

uncorrelated residuals) were examined and 

validated for each model. 

1. Behaviour score  

For each test separately (i.e., Boldness and 

Activity), the outcome variables were 

scaled and collapsed into first principal 

component scores using a Principal 

Components Analysis (PCA). A 

correlation matrix was used to verify 

multi-collinearity between variables, i.e., 

to identify variables that correlate very 

highly (r = 0.9) with one or more 

variables. Those latter variables were 

removed in the following analyses. A 

boldness score was calculated from the 

PCA dimension 1 (62,37 %) combining 

the following variables: total distance 

moved (TDM), shelter time (ST), shelter 

frequency (SF), shelter latency (TSL) and 

entry duration (ED). An activity score was 

calculated from the PCA dimension 1 

(62,49 %) combining the following 

variables: total distance moved (TDM), 

mean distance to arena centre point 

(DPm), absolute angular velocity (AGA).  

2. Repeatability of behavioural traits 

To assess the repeatability, the package 

rptE (Nakagawa and Schielzeth, 2010; 

Stoffel et al., 2017) and the function rpt 

were used. This function allowed the use 

of a linear mixed model (LMM) and 

extracted the variances of interest to 

calculate the repeatability estimates using 

Equation 5. When the repeatability is 

calculated using the function rpt, it is 

reasonable to follow a normal distribution 
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for the response variable (Dochtermann 

and Dingemanse, 2013b). A logarithm 

transformation of the behavioural score 

was applied to fit a gaussian distribution. 

The boldness and the activity scores were 

set as response variables in two 

independent models, the trial repetition 

was used as a fixed factor. The body mass 

was used as a covariable. The individual 

was used as a random factor. The 

parameters nboot and npermut allow the 

formula to calculate the confidence 

intervals by random iteration and were set 

at 1000. 

3. Average behavioural value 

Differences between treatments were 

assessed using the logarithm of boldness 

and activity scores as response variables in 

independent linear models (LMM). Two 

full LMMs included the treatment as a 

fixed factor (Plain vs Enriched) and an 

interaction with body mass as covariables. 

The tank was nested in the treatment and 

the individual ID was fitted as a random 

factor. After backward selection, the 

individual and the trial repetition were 

kept as random factors in the boldness 

model. No random factors remained in the 

activity model. The final models were 

respectively fitted into a type 3  and type 2 

ANOVA.  

4. Behavioural syndrome and trait 

association 

Generalized linear mixed model using 

Bayesian Markov Chain Monte Carlo 

(MCMC) methods as implemented in the 

package MCMCglmm was used (Hadfield 

et al., 2010). First, a non-informative  

parameter-expanded prior was set 

following the recommendation of Hadfield 

et al (2010) and Houslay and Wilson 

(2017). A trivariate model was used to 

associate the boldness, the activity, and the 

specific growth rate at the same level as 

response variables. The response variables 

were scaled at their mean value and 

standard deviation. Both conditions (i.e., 

enriched, and plain) were run in a separate 

model. The defined fixed effects were the 

trial repetition and the body mass. The 

individual was used as a random factor and 

defined as an unstructured covariance 

matrix in order to calculate the among-

individual variance for the three response 

variables separately and for the covariance 

between them. Number of iterations were 

420000; burn-in=20000; thin=100. To 

calculate the among – individual 

correlation (r) between behavioural traits 

and specific growth rate, the posterior 

distribution of (co)variance between traits 

(i.e., cov(Bolndess, Activity; 

cov(Boldness, SGR); cov(Activity, SGR)) 

divided by the product of the square root 

of their variances (Equation 6). The mean 

correlation estimate was extracted with the 

function mean and the confidence intervals 

with the function HPDinterval. Here, as 

the correlation estimates can take on either 

positive or negative values, the credible 

intervals of correlation of the (co)variance 

(i.e., with standardized covariance to a 

scale of -1 to 1) were used to assess 

statistical significance (95% credible 

interval > 0). 
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Results 

Repeatability of behavioural traits 

The repeatability estimates showed a 

significant consistency for boldness and 

activity, in both treatments (Boldness; 

Enriched: R= 0.302 ± 0.109 [0.086, 

0.501], Plain: R= 0.261 ± 0.126 [0, 0.494]. 

Activity; Enriched: R= 0.529 ± 0.092 

[0.329, 0.683], Plain: R= 0.336 ± 0.12 

[0.086, 0.559]) (Table 7). 

Average behavioural value 

There was no difference in boldness and 

activity average value between the 

treatments. Furthermore, it is important to 

note that abnormal swimming behaviour 

was observed in both treatments 

(Enriched: 1.4%, Plain: 3.4%) (Figure 14,  

Table 8). 

Behavioural syndrome and growth 

association 

No behavioural syndrome was found in the 

plain environment, the correlation 

estimates were very low, and the 

confidence intervals spread between -1 and 

1 (r= -0.017 [-0.786, 0.763]). A non-

significant positive behavioural syndrome 

tendency was found in the enriched 

environment (r= 0.394 [-0.095, 0.924]). 

However, the lower confidence interval is 

slightly crossing zero and we cannot 

account this result as significant. No 

associations were found between activity 

and specific growth rate in either treatment 

(Enriched: r= -0.05 [-0.317, 0.212], Plain: 

r= -0.25 [-0.610, 0.120]). Lastly, a positive 

correlation was found between the 

boldness and the specific growth rate in 

the enriched environment (r= 0.37 [0.042, 

0.684]). However, despite the non-

significant relation between boldness and 

specific growth rate we found a positive 

correlation tendency between boldness and 

specific growth rate in the plain 

environment. However, the lower 

confidence interval was crossing zero and I 

cannot say that this result was significant 

(r= 0.32 [-0.018, 0.634]) (Figure 15, Table 

9). 

Growth performances 

The SGR was not significantly different 

between the treatments. 

Figure 14: Average activity (A) and 

boldness (B) values in both treatments 

(i.e., Enriched and Plain). The enriched 

treatment is represented in red (E) and 

the plain treatment in represented in 

blue (B). 
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Figure 15: Correlation estimates of traits association. The black point is the mean estimate and the black line the confidence interval. A. Association activity, boldness. 

B. Association SGR, boldness. C. Association SGR, activity.  
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Table 7: Repeatability estimates of boldness and activity in both treatments (i.e., enriched, and plain) across the two periods (i.e., short-

term = 7days). R represents tthe repeatability estimates [0, 1]. SE is the standard error. CI is the confidence interval. P is the p – value 

and level of significance. P < 0.001 (***). 

Table 8: Linear regression model of boldness, activity, and specific growth rate between the two treatments. The effects are the 

treatment P (i.e., Plain environment is taken as the reference), the body mass as fixed factor. For the specific growth rate variable, the 

effects are the period 1 and the period 2. The estimates are the linear coefficient estimates. SE is the standard error. Df is the degree of 

freedom. The X2 is not available as the statistic output does not involve mixed model. The p value is noted as p followed by the level of 

significance. P < 0.05 (*), < 0.001 (***). 
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Table 9: Correlation estimates between boldness and activity, boldness, and specific growth rate (SGR) as well as activity and SGR. 

The correlation estimates r. The confidence interval CI and the level of significance p (When the CI does not cross the 0). 
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Discussion 

In this chapter I investigated the effect of a 

physical environmental enrichment on the 

development of a behavioural syndrome 

between boldness and activity over a 

short-term period (20 days) in juvenile 

Arctic charr raised at optimum 

temperature. In addition, I assessed the 

average behavioural value of boldness and 

activity, the association between the 

behavioural traits and the growth 

performances and the growth 

performances in these fish independently. 

Activity was found to be repeatable over 

the short-term period regardless of the 

treatment, and boldness was also 

repeatable to some extent (Table 12). 

There were no differences in the average 

value of boldness and activity in both 

treatments (Figure 14, Table 13). 

Furthermore, boldness and activity were 

correlated to some extent in the enriched 

environment, showing a tendency towards 

a behavioural syndrome whereas this was 

not the case in the plain environment 

(Figure 15, Table 14). Overall, I found a 

difference between the treatments, and 

notably boldness and activity were 

repeatable and tended to correlate with 

each other in enriched environment 

suggesting the presence of a behavioural 

syndrome. Additionally, boldness and 

specific growth rate were associated in 

enriched environment. Although the same 

pattern tended to occur in the plain 

treatment, it was less clear. These results 

suggest that the environmental enrichment 

could play a major role in the expression 

of a behavioural syndrome.  

Similar behavioural syndromes (i.e., 

boldness ~ activity) have been found in 

other fish species such as Zebrafish 

(Moretz et al., 2007), Bluegill (Lepomis 

macrochirus; Wilson and Godin, 2009) 

and Three-spined stickleback 

(Gasterosteus aculeatus; Dingemanse et 

al., 2009). However, my study is the first 

to show a behavioural syndrome targeting 

boldness and activity in a salmonid 

species. Syndromes associating boldness 

and exploration and/or activity and 

exploration have been previously 

described in Rainbow trout or Brook trout 

(Salvelinus fontinalis; Wilson and 

McLaughlin, 2007; Wilson and Stevens, 

2005), and syndromes linking boldness 

and aggression or exploration and 

aggression have been described in Brown 

trout (Sundström et al., 2004)  and 

Grayling (Thymallus thymallus) (Salonen 

and Peuhkuri, 2006b). Arctic charr is a 

territorial and aggressive species where 

agonistic interactions are a major part of 

their behavioural repertoire (Adams et al., 

1995). It has been shown that a way to 

reduce aggression in Arctic charr is to 

increase stocking density (Brown et al., 

1992). The similar effect of an 

environmental enrichment has been 

described by reducing visual contact 

among dominant and subordinate 

individuals (Näslund and Johnsson, 2016; 

Corkum and Cronin, 2004; Höjesjö et al., 

2004)). This suggests that social 

interactions would have been different in 

the two treatments used here. Therefore 

the absence of behavioural syndrome in 

plain environment does not necessary 

mean that no behavioural syndrome 

occurs, instead it could be that a plain 

environment leads to the development of a 

different behavioural syndrome such as 

boldness and sociality or boldness and 

aggression. This opens up interesting 

questions for future research into the 

association between boldness, sociality 

and aggressiveness.  

It has also been suggested that genetic 

variation, environmental factors, and their 

interaction affect behavioural syndrome. 

Indeed, selecting for a single trait can 

result in co-selection of other non-targeted 

traits i.e., genetic correlations. For 

example, artificial selection for high and 

low cortisol response in Rainbow trout has 

revealed genetic correlations between 

exploratory and dominance behaviours 

(Overli, 2005). In this study, behavioural 



51 

syndrome between boldness and activity 

tends to develop in the enriched 

environment only. Genetic variation is 

known to be lower in farmed Arctic charr 

compared to their wild counterparts which 

suggests an unbalanced effect between 

genetic and environmental factors 

(Lundrigan et al., 2005; Wilson et al., 

2004). Indeed, genetic and environmental 

factors have been shown to play a major 

role in the expression of personality traits 

(Réale et al., 2007; Stamps and Groothuis, 

2010b). Both strongly affect the gene 

expression involved in such behavioural 

traits. Here no trait associations were 

observed in plain environment whereas the 

enriched environment seemed to affect the 

behavioural trait relation between boldness 

and activity, supporting the idea that 

environmental effects are important in 

behavioural traits development.  

There were no differences in average 

behaviour values, neither in boldness nor 

activity, between the two environments. 

This could indicate that the same 

behaviour repertoire was followed on the 

average level. However, results at the 

among - individual level (i.e., behavioural 

syndrome) were divergent. These results 

indicate that studying the effect of a 

physical environmental enrichment or a 

treatment in general on an average level 

may not give a complete view on the 

impact it can have, as obvious behavioural 

structure differences occur in this study.  

The Arctic charr in this study were raised 

at their optimum growth temperature (i.e., 

14°C), which could have a major effect on 

fish behaviour. Indeed, among the 

poikilothermic fish, temperature is 

considered as the most important abiotic 

factor, with fish having different 

behaviours at changes as low as 0.03 °C 

(Krause et al., 1998). Most  studies agree 

that the temperature preference for Arctic 

charr is between 10.8 and 11.6 °C 

(Siikavuopio et al., 2013), with an 

exception where 4.5 °C was found to be 

the preferred temperature (Larsson and 

Berglund, 2005a). Although the farming 

recommendation for optimum growth 

performances is 14°C (Jobling, 1983), 

these recommendations are targeting the 

effect of temperature on growth only. 

What has been found in Arctic charr in 

terms of behaviour differences among 

temperatures is that a 2 °C increase in 

temperature can induces behavioural 

differences (Leblanc et al., 2019). In fact, 

several recent studies conducted to assess 

the possible effects of temperature 

increases in fish have shown that an 

increase of water temperature impacts the 

health, behaviour, and fitness of fish 

(Manciocco et al., 2015).   

In the present study, I suggest that 

optimum temperature buffers the effect of 

the physical environmental enrichment by 

increasing the boldness and the activity 

average values and by affecting the 

development of behavioural syndromes 

and personality traits. Indeed, this is in line 

with the results from Philip et al (2021), 

where boldness level was lower in 

enriched environment at low temperature 

(5 ± 1 °C). 

I also suggest with caution that the 

optimum temperature for growth 

performances out of temperature range 

preferences may decrease welfare state by 

affecting the behavioural traits (i.e., 

average value and at the among – 

individual level). Further research  that 

targets the combined effect of 

environmental enrichment as well as the 

temperature range preferences and 

optimum temperature on behavioural 

traits, physiological and growth aspect 

would be valuable to our understanding of 

welfare. 

A positive correlation between the specific 

growth rate and boldness was found in 

both treatments, which supports our 

hypothesis. This is in line with what has 

been found in multiple fish species, such 

as Three – spined stickleback (Ward et al., 

2004), Atlantic silverside (Menidia 
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menidia; Bunger et al., 2001) and Rainbow 

trout (Øverli et al., 2006b). Studies in 

African catfish (Clarias gariepinus) 

(Martins et al., 2005), Common carp 

(Cyprinus carpio; Huntingford et al., 

2010) and Nile tilapia (Oreochromis 

niloticus; Martins et al., 2011) have also 

found that feeding behaviour and feed 

efficiency were related to boldness and 

higher growth rate. Furthermore, it is 

suggested that high stocking density in 

Atlantic salmon tends to favour bold 

individuals in terms of growth rate (i.e. 

bold individuals grow faster at high 

stocking densities; Huntingford and 

Adams, 2005; Huntingford, 2004). 

Therefore, as with many traits, the 

association between behaviour and growth 

is likely to be influenced by genetic and 

environmental factors. Although 

Andersson and Höglund (2012) found that 

bolder individuals tended to have a faster 

developmental strategy (resulting in earlier 

hatching) and a faster consumption of egg 

yolk reserves at the egg stage, they found 

no correlation between activity and 

growth, which does not support the first 

prediction of this study. It is possible that 

growth was mainly established by feed 

intake and boldness and less by activity. 

Indeed, increasing activity does not 

necessarily mean that the feed intake 

changes (Biro and Stamps, 2008b). This 

suggests that activity is involved in 

different functions.  

I expected to find higher growth 

performances in the enriched environment 

due to a reduction in behavioural energy 

expenditure (Finstad et al., 2007b; 

Millidine et al., 2006; Näslund and 

Johnsson, 2016b). However, for average 

behavioural trait values, the specific 

growth rate was not different between the 

treatments.  This could be explained  by 

the temperature being optimal for growth 

(i.e., growth and feed conversion; Larsson 

and Berglund, 2005) and not due to the 

rearing environment.  

 

 

Conclusion 

To summarize, boldness and activity traits 

tended to be correlated with each other in 

the enriched environment and not in the 

plain environment. I argue that this could 

be explained by differences in social 

structure and/or caused by a stronger 

influence of environmental factor in the 

development of personality traits. I did not 

find any differences in the average value 

for the boldness and activity, which could 

be explained by the impact of temperature 

on those behavioural traits. Furthermore, 

growth and boldness were correlated as 

predicted. Against my expectations there 

were no significant differences in growth 

between the two environments. From these 

results, alongside previous work, I 

recommend the use of physical 

environmental enrichment in the housing 

of Arctic Charr. Indeed, to some extent my 

results bring new insights into the welfare 

framework. Firstly, my results suggest that 

the development of behavioural 

syndromes, as well as the correlation 

between behaviour and growth, are 

important for both nature and function-

based welfare because fish are able to 

express their inherent behaviour and are 

not responding beyond their capacity (i.e., 

relation behaviour ~ growth). Secondly, 

this work opens up avenues for further 

investigation targeting the effect of out 

ranging warm temperature on Arctic charr. 

Indeed, to complete the overall welfare 

state of this species, it remains important 

to assess how temperature truly effects the 

state of Arctic charr. A way forward, 

would be to investigate the feeling-based 

welfare by a broad assessment on stress, 

pain, and physiological parameters in 

response to optimum temperature.
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Chapter 3: Group risk taking test as a potential 

selective breeding tool for behavioural trait in 

juvenile Arctic charr (Salvelinus alpinus). 
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Introduction 

Over the last years, behavioural traits have 

been shown to have implications in a wide 

range of biological fields and livestock 

productions including fish welfare and 

growth performances in aquaculture 

(Philip et al 2021a; Philip et al 2021b). 

Several studies have demonstrated the 

existence of repeatable and heritable 

behavioural traits in the behavioural and 

ecological framework i.e., animal 

personality (Dingemanse et al., 2009b; 

Dochtermann et al., 2019, n.d.). Consistent 

traits have been shown in different fish 

species such as boldness and aggression  in 

Zebrafish (Danio renio; (Ariyomo et al., 

2013), boldness in Seabass (Dicentrarchus 

labrax; (Ferrari et al., 2016b), boldness 

and aggression in Brown trout (Salmo 

trutta) (Kortet et al., 2014), suggesting that 

it may be possible to select individuals on 

the basis of behavioural traits.  

One way to increase welfare in a farming 

context is  to add complexity to the rearing 

condition (Huntingford, 2004a; Näslund 

and Johnsson, 2016a). The addition of a 

physical enrichment (i.e., plastic plants 

and/or stones) can increase the 

environmental complexity and decrease 

maladaptive and aberrant traits  compared 

to those observed in fish reared in a plain 

environment (Macaulay et al., 2020). This 

is because of the lack of stimulation in a 

plain environment leading to reduced 

learning performance and stress recovery. 

Several methodological approaches have 

been used to assess personality in fishes, 

including individual-based tests such as 

confinement in rainbow trout 

(Oncorhynchus mykiss; (Øverli et al., 

2007, 2004b), feeding recovery in a novel 

environment in African catfish (Clarias 

gariepinus; (Martins et al., 2006) and the 

Nile tilapia (Oreochromis niloticus; 

(Martins et al., 2011a), exposure to a novel 

object in Nile tilapia (Martins et al., 

2011c), aggression tests in rainbow trout 

(Onchorynchus mykiss) (Øverli et al., 

2007) or boldness in Atlantic salmon 

(Salmo salar; (Benhaïm et al., 2020). Most 

behavioural tests are therefore carried out 

in isolation conditions which appears to 

somewhat limit their use from a selective 

breeding perspective because these tests 

are too time consuming. To address this 

drawback, group-based tests have been 

developed. Most of these tests concern 

risk-taking in Seabass (Dicentrarchus 

labrax; (Ferrari et al., 2015) or common 

carp (Cyprinus carpio; (Huntingford et al., 

2010b). However, the link between 

individual- and group-based tests has not 

yet been clearly established. No link has 

for example been found in Seabass and 

Gilt head seabream (Castanheira et al., 

2013; Ferrari et al., 2015; Millot et al., 

2009). 

It appears essential to characterize risk- 

taking behaviour in order to evaluate the 

potential ability of the targeted fish species 

to cope with potentially stressful 

conditions in their rearing conditions and 

to ensure good welfare conditions. 

Furthermore, selective breeding is widely 

practiced in fishes and selection has often 

been applied to growth as a major trait of 

interest. However, the distribution of 

behavioural traits within a group may play 

an important role in the welfare of reared 

fish (Huntingford & Adams, 2005). 

Developmental aspects such as raising 

conditions are of fundamental interest for 

behavioural traits and there are potential 

links between risk–taking and growth 

performances. Therefore, there is clearly a 

need to develop tools that assess the 

behaviour among- individual variation in 

farmed species to improve their welfare 

and likely their farmed value. 

In Nordic countries, Arctic charr 

(Salvelinus alpinus) is widely used in 

aquaculture for food production and 

represents a considerable economic value 

(Imsland et al., 2019). This production is 

the result of selective breeding programs 

run over the last 30 years with a focus on 

growth rate, feed conversion, survival rate, 
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size and age at maturation (Olk et al., 

2019). However, no selection effort on 

behavioural trait has yet been carried out. 

In the present work, the effect of physical 

enrichment on the among–individual 

variation response in risk-taking behaviour 

was tested. Specifically, I compared this 

behavioural trait in an individual and a 

group–test over a short-term period in 

order to compare the among–individual 

variation in risk-taking consistency in both 

contexts and to verify whether there are 

correlated to each other. I predicted : (1) 

Risk-taking behaviour to be repeatable in 

individual and group-based tests. (2) 

Existence of cross – context consistency in 

Arctic charr i.e., correlation between 

individual and group-based tests. 

Material & methods 

Biological model and housing 

An Icelandic aquaculture strain of Arctic 

charr from the Hólar University breeding 

program was used in this experiment. Eggs 

were incubated at 4°C in a flow through 

system. After hatching, the batch was split 

into six 20L- tanks with a biomass of 13.8 

g per tank (i.e., 644 g.m3), which gave 

three replicates of each treatment. After 

first feeding (73 - days post hatching; dph) 

three of the tanks were enriched in three 

dimensions for the environmental 

enrichment treatment: i.e., vertically with a 

green plastic plant, and horizontally with 

five black volcanic rocks. The temperature 

in the tanks was maintained at 5 ± 1 °C 

over the course of the experiment. The fish 

were fed three times a day (9:00, 13:00, 

16:00) according to the Inicio guidelines. 

The waterflow was 48 l.hour-1 at hatching 

and increased gradually to 120 l.hour-1 to 

keep the oxygen level at 100% of 

saturation. The batch were on a 12: 12-

hour light schedule.   

Sampling and tagging 

To keep the time interval test equal for 

each fish, a randomly selected sample of 

32 individuals per tank were tagged. The 

tagging was done under anaesthetic (2-

phenoxyethanol) at a concentration of 310 

ppm at 259 dph. A small incision was 

made between the pectoral fins and a PIT – 

tag (Passive Integrated Transponder 1.4 x 

8mm FDX -B PIT tags, Oregon RFID EU 

GmbH) was inserted into the peritoneal 

cavity. 

Experimental design 

Individual and group risk-taking were each 

assessed twice, in an OFTS (i.e., Open 

Field Test with Shelter) and an GRT (i.e., 

Group Risk taking Test), respectively. The 

OFTS 1 (i.e., first trial repetition – R1) 

was assessed between 429 – 435 dph and 

the OFTS 2 (i.e., R2) between 436 – 452 

dph . The GRT 1 was assessed between 

453 - 459 dph and GRT 2 between 453 – 

465 dph.  

Risk–taking.  

1. Individual risk-taking 

To assess the individual risk-taking (IRT), 

an OFTS was used. The tests were carried 

out in a rectangular arena (29.5 cm x 39.7 

cm) made of opaque white Plexiglas® 

with a shelter (6 cm x 14 cm) in its left 

corner. This non - forced test allowed 

individuals to stay hidden in the shelter. 

The decision to exit the shelter into the 

open area (i.e., exploration zone) was 

controlled by the individuals. The latency 

time to emerge from the shelter (s) was 

measured as a proxy of risk - taking. The 

OFTS arena was situated above a white 

LED backlight (110 x 110 cm, Noldus, the 

Netherlands). A camera (Basler Ace 

acA1920-150 mm camera Germany, 30 

fps) was located 112 cm above the arenas 

and plugged into a computer. The videos 

were recorded using the Ethovision XT15 

tracking software (Noldus, The 
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Nertherlands). Four individuals were 

filmed at the same time. Before the 

beginning of the test, each individual was 

placed in a waiting box with the 

corresponding arena number. When all the 

individuals were selected, they were 

placed into the shelter by a roof door. 

After 5 minutes of acclimation the front 

door of the shelter was lifted, and the 

individuals free to move around in the 

arena for 20 minutes. After 20 minutes the 

individuals were caught and anesthetized 

with 2-phenoxyethanol at a concentration 

of 310 ppm. The weight and the fork 

length were recorded, and the individuals 

were returned to their home tank.  

2. Group risk-taking test. 

To assess the among–individual risk taking 

in group, a Group Risk taking Test (GRT) 

adapted from Ferrari et al (2016) was used. 

The test was carried out in a 0.114 m3 

rectangular tank divided into three rooms 

(Figure 16): a dark shelter – room (0.0314 

m3) covered by a black lid, a passing 

tunnel (0.0022 m3) and a risk – room 

(0.0314 m3). The device was in flow 

through system (100 l.h-1). A white LED 

light was situated above the passing – 

tunnel and the risk room. A PIT – tag 

reader (Dorset) antenna linked with an 

USB – data – logger (Dorset) was placed 

in the middle and around the tunnel. A 

group of 32 individuals were placed into 

the shelter – room by the roof door and 

acclimatized for 60 min. At the end of the 

acclimation time, the shelter – room front 

door was gently lifted, and the individuals 

were free to pass through the tunnel to 

access the risk – room during 1440 min. 

The latency to first exit (s) was recorded. 

When the individual swims through the 

antenna, the PIT – tag number of the fish, 

the date and the time was recorded by the 

USB – data – logger. After the test, the 

individuals were caught and anesthetized 

with 2-phenoxyethanol at a concentration 

of 310 ppm. The weight and the fork 

length were recorded, and the individuals 

returned to their home tank. 

Statistical analysis 

All statistical analyses were performed 

using R v.1.4.1103 R Core Team, 2020). 

Significant p-values were set at 0.05. The 

assumptions for a linear mixed model and 

linear model (i.e., normality of residuals, 

homoscedasticity of the residuals and 

uncorrelated residuals) were examined and 

validated for each model. 

1. Repeatability of risk-taking 

The repeatability was assessed using the 

package rptE (Nakagawa and Schielzeth, 

2010; Stoffel et al., 2017) and the function 

rpt. This function allowed the use of a 

linear mixed model (LMM) and extracted 

the variances of interest to calculate the 

repeatability estimates using Equation 7. 

When the repeatability is calculated using 

the function rpt, it is reasonable to follow a 

normal distribution for the response 

variable (Dochtermann and Dingemanse, 

2013a). A logarithm transformation of the 

latency in OFTS and GRT was applied to 

fit a gaussian distribution. In the model, 

the logarithm of the latency was the 

response variable, and the trial repetition 

was a fixed factor. The body mass was 

used as a covariable. The individual ID 

was used as a random factor. The 

parameters nboot and npermut allowed the 

formula to calculate the confidence 

intervals by random iteration and were set 

at 1000. 

 

 

 

 

 

 

Equation 7 
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2. Among–individual correlation of 

risk-taking in individual- and 

group–based test. 

To assess the among-individual correlation 

between risk-taking behaviour in 

individual- and group-based tests, 

generalized linear mixed model using 

Bayesian Markov Chain Monte Carlo 

(MCMC) methods were used with a non-

informative  parameter-expanded prior 

(Hadfield et al., 2010; Houslay and 

Wilson, 2017). A bivariate model was 

used to associate IRT with GRT (joint 

response variables). Both treatments (i.e., 

enriched, and plain) were run in a separate 

model. The fixed effects were the trial 

repetition and the body mass. The 

individual ID was used as a random factor 

and defined as an unstructured covariance 

matrix in order to calculate the among-

individual variance for the two response 

variables separately and for the covariance 

between them. Number of iterations were 

420000; burn-in=20000; thin=100. To 

calculate the among–individual correlation 

(r) between the two risk taking tests, the 

posterior distribution of (co)variance 

between traits (i.e., cov(IRT, GRT)) were 

divided by the product of the square root 

of their variances (Equation 8). The mean 

correlation estimate was extracted with the 

function mean and the confidence intervals 

with the function HPDinterval. Here, as 

the correlation estimates can take on either 

positive or negative values, the credible 

intervals of correlation of the (co)variance 

(i.e., with standardized covariance to a 

scale of -1 to 1) were used to assess 

statistical significance (95% credible 

interval > 0). 

Results  

Repeatability of risk-taking 

The repeatability estimates showed a 

significant consistency in both treatments 

and both risk-taking behaviours at short-

time scale (Table 10 ; Enriched: IRT, R= 

0.510 ± 0.084 [0.329, 0.683], GRT, R = 

0.506 ± 0.092 [0.362, 0.639]. Plain: IRT, 

R= 0.502 ± 0.095 [0.433, 0.723],GRTt, R 

= 0.454 ± 0.117 [0.243, 0.592]). 

Risk – taking correlation. 

No association was found between IRT 

and GRT in either treatment. The 

correlation estimates were very low, and 

the confidence intervals spread between -1 

and +1 (Enriched r= -0.170 [-0.786, 

0.763], Plain: r= -0.210 [-0.281, 0.689]) 

(Figure 17) 

Equation 8 
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Figure 16: The experimental set-up for a group risk taking test (GRT). The water inlet (a) is situated in the shelter room and the outlet (b) in the passing 

room. To prevent from unbalanced oxygen concentration throughout the rooms, an oxygenation was constantly running in a back risk – room. The door 

was link to a rope through two pulleys, when the acclimation time was over, the door was lift through the rope. 
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Figure 17: Correlation estimates of trait association (IRT, GRT). The point is the mean estimate and 

the line the confidence interval [-1, 1].  
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Table 10: Repeatability estimates in both treatments (i.e., enriched, and plain) and risk – taking behaviours (i.e., individual and group) at short term period  

(i.e., short term = 6 days). The R represent the repeatability estimates [0, 1]. The SE is the standard error. The CI is the confidence interval. The p is the p – 

value and level of significance. P < 0.001 (***). 
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Discussion 

In this chapter, the effect of two different 

contexts (i.e., individual, and group) and 

treatments (i.e., enriched, and plain) were 

investigated on risk – taking behaviour. 

The main aims of this study were to 

examine if risk-taking behaviour were 

repeatable and correlated in different 

contexts across time and to verify whether 

a GRT could be used as a selective 

breeding tool. In both contexts and 

treatments, the risk – taking behaviours 

were repeatable across the short–term 

period. However, no correlation was found 

between the two contexts, suggesting that 

there are differences in risk-taking 

behaviours depending on the setting. 

The results of this work are in accordance 

with those of previous studies that also 

showed consistency across a short-term 

period in individual context in Seabass 

(Ferrari et al., 2014; Millot et al., 2009), 

Common carp (Huntingford et al., 2010b) 

as well as in group–based context in 

Seabass (Ferrari et al., 2015) and Gilthead 

seabream (Castanheira et al., 2013). It is 

therefore likely that risk taking is 

repeatable across time in both contexts. 

Nevertheless, risk – taking was not cross–

context consistent which indicates that 

different behavioural traits were expressed 

in each situation. An explanation for this 

difference is the influence of social 

interactions that are occurring when risk–

taking behaviour is measured in a group 

context, which has been found in other 

studies. For example, no cross – context 

consistency has been found in Seabass 

despite independent repeatability in each 

context (Castanheira et al., 2013; Ferrari et 

al., 2015; Millot et al., 2009). Despite the 

fact that cross–context correlations among 

behavioural traits is a fundamental aspect 

of animal personality theory, it is rarely 

the case that cross – context consistency in 

a behavioural trait is  found between 

individual and group – based contexts. In 

fact, cross – context consistency between 

individual and group – based test has only 

been found in Gilthead seabream where 

group response to hypoxia was found to be 

correlated with individual feeding recovery 

(Castanheira et al., 2013).  

Social interactions can be extremely 

complex in fish species and particularly in 

salmonids. It is likely that the relationships 

between individuals are dependent on the 

behavioural rank of each individual within 

a group. In other words, group 

organisation is mediated by among – 

individual variation in behaviour (Croft et 

al., 2005); for example, bolder individuals 

become more dominant and shyer 

individuals become subordinates. Indeed, 

it is known that Arctic charr is a very 

territorial species with often one or two 

dominant individuals in one group (Adams 

et al., 1995). Therefore, one scenario that 

could explain the lack of cross–context 

consistency between individual and group 

– contexts is the strong influence of social 

interactions in Arctic charr and a need for 

subordinates to escape more dominant 

individuals in a group setting.  

In this experimental setup, the group was 

at quite low density and it is possible that 

an individual exiting the shelter room do 

not express a risk – taking behaviour but 

rather escapes to the safe area to avoid 

dominant chase and aggression i.e., the shy 

fish exit the safe area before the bold ones. 

Although my results do not explicitly 

support this hypothesis because no 

negative correlations between the 

individual and group were found, it seems 

likely that aggression could have been a 

factor influencing the exit behaviour 

(personal observation). Therefore, the time 

to exit the safe area could be somehow 

linked to the fish social rank, and it would 
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be interesting to follow this idea further. 

This idea is also supported by studies on 

other salmonid species where the social 

rank could be correlated with risk - taking; 

i.e., risk - taking-  aggressiveness 

syndrome as in Brown trout (Sundström et 

al., 2004) and Atlantic salmon (Adams and 

Huntingford, 2005b). 

Nevertheless, other scenarios where social 

learning and leadership could have driven 

exit behaviour could be put forward. These 

two theories are complementary to each 

other as social leaning refers to learning 

influenced by observation of other 

congeners and this could lead to leadership 

where the initiation of a movement, made 

by one or some individuals is followed by 

the rest of the group (Galef and Giraldeau, 

2001; Jens Krause et al., 2000; J Krause et 

al., 2000). Therefore, small groups of 

sociable (i.e., unrelated to boldness) 

individuals could have influenced the exit 

behaviour.  

In conclusion, in the present study 

individual and group risk–taking 

behaviour were independently repeatable. 

However, no cross–context consistency 

was found. The rearing condition did not 

have any effect on the among–individual 

consistency or on the cross–context 

consistency. Therefore, the group risk-

taking test as designed in this experiment 

cannot be used to select for boldness in the 

Arctic charr. Further research is needed to 

better understand the link between 

individual and group behaviour. Indeed, it 

seems that social interaction strongly 

affects the risk – taking behaviour 

resulting in a biased behavioural measure 

(i.e., exit behaviour is not a risk – taking 

behaviour). Individual tests remain much 

more suitable to obtain information about 

risk – taking behaviour. However, I 

recommend further investigation into 

group risk taking, social interaction (i.e., 

aggression, social learning, and leadership) 

in the Arctic charr. 
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General discussion 

 

The main objectives of this thesis were to examine the effect of a physical environmental 

enrichment on personality traits, behavioural syndrome and the impact of different contexts 

on behaviour (i.e., individual and group risk-taking). Furthermore, I aimed to assess the effect 

of a physical environmental enrichment on brain morphology (i.e., brain volume and brain 

shape), growth performance (i.e., body mass, body length and specific growth rate) and the 

association between behaviour, brain morphology and growth performance. I conducted three 

different experiments to address these objectives, assessing the effect of a physical 

environmental enrichment on: (1) among–individual consistency in boldness variation, 

boldness average value, brain morphology (i.e., brain and brain regions), growth 

performances (i.e., specific growth rate) and the association between boldness and brain 

morphology as well as boldness and growth performances. (2) The among–individual 

association of average boldness and activity across time and context (i.e., behavioural 

syndrome) and their association with growth performances. (3) The among–individual 

association of average risk–taking behaviour across time and context (i.e., individual, and 

group risk-taking).  

I found that physical environmental enrichment induces among–individual variation in 

average boldness across a long-term period (130 days), a lower boldness average value, a 

lower brain volume as well as a shape divergence, a higher growth performance, and positive 

correlations between boldness and olfactory bulbs and boldness and specific growth rate. I 

also found that the physical environmental enrichment influenced behavioural syndrome 

between boldness and activity as well as the association between boldness and specific 

growth rate. Lastly, I found that individual and group risk-taking were independently 

repeatable but were not related to each other. 

In the light of my results, physical environmental enrichment seemed to have a strong 

influence the expression of personality traits and behavioural syndromes in the Icelandic 

aquaculture strain of Arctic charr and was associated with their brain morphology and growth 

performances to some extent. Throughout the three chapters of this thesis, I explored 

different explanations and possible scenarios on how and why a physical environmental 

enrichment could be such a strong influential factor in Arctic charr. At first, I examined how 

a physical environmental enrichment could balance the supposedly lower genetic variation in 

the personality traits expression (i.e., boldness and boldness-activity syndrome) of an Arctic 

Charr aquaculture strain compared to their wild counterparts. Secondly, I examined how 

physical environmental enrichment could affect social interactions and influence brain 

morphology and attempted to explain the absence of correlation between risk-taking across 

individual- and group–based contexts. Furthermore, I tried to explain  how the average value 

of boldness could influence growth performances and how optimum temperature could buffer 

the effect of physical environmental enrichment on average behaviour value and growth. At 

last, I implemented all my results within the fish welfare framework. 

The effect of environmental enrichment 

Overall, the environmental enrichment seemed to affect the development of personality traits 

and behavioural syndrome. In chapters 1 & 2, the environmental enrichment was shown to 

influence the long–term consistency of boldness (chapter 1) and the development of a 

behavioural syndrome between boldness and activity (chapter 2). There are four main 
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scenarios that could be underlying these relationships based on theoretical models of animal 

personality development and summarised in Figure 18 (adapted from Réale et al (2007), 

Stamps et al (2010) and Briffa et al (2015)). In each model the personality traits are equal to 1 

and are the sum of the genes–environment interaction on gene expression, the heritability and 

the environmental situation resulting in the development of personality and/syndrome. These 

scenarios are purely speculative but help to understand the potential effect of the physical 

environmental enrichment and so are briefly discussed below. 

In the first scenario it is assumed that the elements involved in animal personality expression 

are additive and in balance, and therefore, the gene–environment interaction is equal to 0.50, 

the heritability is 0.25 and the environmental situation is 0.25 (Figure 18 A). In this case, the 

genetic variation (genes; represented by the blue and green DNA) is equal to the 

environmental effect resulting in the development of personality traits equal to 1. However, 

throughout the two first studies (chapters 1 & 2), I argued that there would be less genetic 

variation in the aquaculture strain of Arctic charr due to artificial selection, which could alter 

the development of personality traits. I also suggested that environmental enrichment could 

balance this alteration by providing a strong stimulus to the gene–environment interaction for 

gene expression, and therefore, personality trait development as shown in the second scenario 

(Figure 18 B). Here the genetic variation is supposedly lower (genes, represented by blue 

DNA) than in the first scenario, with a genetic factor of 0.1 compared to 0.25 (Figure 18 A & 

1B)., whereas the environmental factor is higher (0.4 versus 0.25) and balances the lack of 

genetic variation. In contrast, in a plain environment with an aquaculture strain that is 

assumed to have both low genetic and environmental variance (0.1 and 0.05, respectively), 

the personality trait expression could become unbalanced in theory and result in lower values 

for the traits (i.e., 0.65 of the total additive effects; Figure 18C). However, it is important to 

note that the environmental component could be larger than expected in the plain 

environment for other personality traits. For example, heritability and artificial selection will 

also be acting upon the development of personality traits other than boldness, activity or a 

boldness-activity syndrome, and therefore, these could still arise in a plain environment even 

if they were not the main focus of a study (Figure 18 D). Indeed, domesticated species tend to 

show less genetic variation across generations of selection but still express different 

behavioural traits. Therefore, further investigations are recommended to assess any potential 

behavioural adaptations of Arctic charr raised in plain environment. Nevertheless, my results 

suggest that the effect of the physical environmental is greater than the genetic effect in the 

expression of behavioural traits such as boldness and boldness–activity syndrome in Arctic 

charr.  

Social interaction as an explanatory mechanism for the effect of environmental 

enrichment on behavioural average value and traits association 

Average behavioural value and growth association 

The environmental enrichment seemed to greatly affect the average behavioural values, the 

growth performance and the association between behavioural traits and growth. Indeed, 

average boldness level was lower when growth rate was higher in individuals raised in the 

enriched treatment at low temperature (chapter 1). There are different scenarios that could 

explain these patterns. Firstly, a lower level of boldness and a higher growth rate in the 

enriched compared to the plain environment could be explained by the individual spatial 

repartition. It is important to note that the aquaculture context in my study provided the fish 

with unlimited food availability. As such, it was expected individuals mostly located near the 

surface would be bolder than individuals located at the bottom and using shelters. In other 

words, the physical enrichment might foster the emergence of  the bold-shy personality axis 
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leading to different feeding strategies i.e., bottom versus surface foraging without affecting 

the level of feed intake, meaning that shyer individuals could obtain the same amount of food 

than bolder with less energy expediture. In the plain environment, individuals might have to 

be more plastic i.e., lower behaviour consistency, and bolder to better compete for food 

resources and cope with the stress potentially induced by intraspecific competition. This is 

supported by the fact that boldness and specific growth rate were correlated, where shyer fish 

grew better. In this non-limited food context, bolder indviduals are also more active and could 

forage more often and take greater risk to achieve a higher rate of feed intake (Castanheira et al., 

2017; Finstad et al., 2007a), which might come along with an energetic cost (Ferrari et al., 2015). 

However, those results were observed at cold temperatures (5 ± 1°C) whereas higher temperature 

(i.e., optimum growth temperature 14°C) seem to buffer the effect of the environmental 

enrichment on the behavioural value and the growth rate. Nevertheless, a significant association 

was observed between boldness and growth rate in the enriched enrichment in my study, although 

the opposite pattern to those descriced in the literature seemed to occur: i.e., at optimum growth 

temperature, bolder fish grew better (Chapter 2) whereas shyer grew better at low temperatures 

in. Therefore, a reduction of boldness average value with enough food supplies in an enriched 

environment could promote higher energy storage and therefore higher growth rate at low 

temperature. It also raises the idea that optimum growth temperature compared to preference 

temperature could alter the behaviour and welfare of Arctic charr. 

Brain morphology and brain–behaviour association 

The brain morphology was also affected by the environmental enrichment. However, the results 

observed did not support my hypothesis of finding a higher brain volume in the enriched 

compared to the plain environment as widely described in the literature on other fish species. 

Indeed, the overall brain volume and the telencephalon volume were lower in the enriched 

environment (chapter 1). I also found a divergence in brain shape between the two rearing 

environments. Nonetheless, an association between boldness and the volume of the olfactory 

bulbs was observed in the enriched environment. I argue that the effect of the enrichment on 

social interaction could be the underlying mechanism explaining these differences in brain 

morphology and the association between boldness and the olfaction region. Environmental 

enrichment is known to reduce aggression and territoriality by allowing more individuals per 

unit area, reducing visual contact among dominant and create shelters for subordinate 

individuals (Näslund et al., 2016). Previous studies have shown a high level of social 

interaction between congeners in Arctic charr via olfactive and visual cues as well as an 

association between brain activity and aggressive behaviour (Adams et al., 2005). This could 

explain the higher brain volume in individuals raised in the plain environment. Indeed, the 

lack of behaviour consistency combined with higher brain volume could be linked to higher 

brain activity associated with individual recognition to better compete for food and/or reduce 

stress level. Moreover, boldness was found to be associated with higher volume olfactory 

bulbs in the enriched environment, which supports the theory that the behaviour tends to 

reduce the development of visual mechanisms (i.e., optic tectum region). This is thought to 

occur because enrichment reduces light and visual contact between individuals leading to an 

alternative association between boldness and the olfaction where the shyer has a smaller 

olfactory bulb. Both scenarios suggest that the behavioural adaptation to a given environment 

affects brain volume and associated mechanisms. In summary, boldness behaviour could be 

associated with olfactory cues in the enriched environment whereas it could be associated 

with visual cues in the plain environment.  

 



68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 18: Conceptual model of additive effect on personality traits and behavioural syndrome development adapted from Réale et al (2007), Stamps et 

al (2010) and Briffa et al (2015). Each arrow brings an additive effect (i.e., Environmental situation 0.25). This effect 0 to 1 is purely theoretical  and 

demonstrative. A. Animal personality theory: Genes (i.e., blue and green DNA represent greater genetic variation). B. Genes (i.e., blue DNA less genetic 

variation) = 0.1 and environment balance = 0.4. C. Genes (i.e., blue DNA less genetic variation) = 0.1 and individuals (i.e., blue individual in plain 

environment) = 0.05 and results in lack of effect in boldness and boldness ~ activity development. D. Genes (i.e., blue DNA less genetic variation) = 0.1 

and individuals (i.e., blue individual in plain environment) = 0.4 and results in the development of potential other personality traits induces by plain 

rearing condition and heritable effect. 
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Figure 19: Effect of physical environmental enrichment on boldness, and boldness - brain and boldness - growth association. At 5°C, 

boldness was negatively correlated with the growth and positively correlated with the olfactory bulbs volume. At 14°C boldness and growth 

were positively correlated. 
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Figure 20: Overall conceptual approach of the thesis. Black arrow: Effect of physical enrichment. Blue arow: 5 °C (Chapter 1). Red vector: 14°C, optimum 

temperature. Green arrow: social interaction. Positive correlation: +. Negative correlation: -. (1) The physical environment influences the behavioural traits. (2) 

Development of personality traits and behavioural syndrome resulting from genes and environment interaction implemented in the nature - based welfare. (3) 

Average value lower. (4) The combination of the physical environment and the average value influence the growth performances as well as (5) the relation between 

the personality traits and the growth (-) and are implemented in the function – based welfare. (6) The optimum temperature affects the average value by buffering 

the effect of the physical environment. (7) The optimum temperature affects the behaviour ~ growth relation (+) and further investigation on feeling – based welfare 

is needed. (8) The physical environment affects the brain volume as well as the relation between the behaviour and brain. (9) The social interaction is suspected to 

affect the behavioural traits and the brain volume especially aggressive behaviour are implemented in the feeling – based welfare and further investigation on feeling 

– based welfare is needed.  
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Risk-taking  behaviour 

individual- and group-based cross-context consistency 

The last part of this thesis was to assess risk–taking behaviour between individual- (OFTS, 

standard behavioural test) and group–based tests (GRT, group risk – taking test) to develop a 

selective breeding tool for behaviour across contexts. Although it was independently 

repeatable within individual- and group–based tests, risk–taking behaviour was not cross–

context consistent (i.e., differences were seen between individual- and group-based tests). 

Here I argue that social context might strongly influence the individual decision. Indeed, the 

relationships between individuals within a group are dependent on their behavioural ranks. In 

other words, group organisation is mediated by among–individual variation in behaviour 

(Croft et al., 2005); for example, bolder individuals become more dominant and shyer 

individuals become subordinates. Furthermore, I also argue that the group-based test 

experimental setup was at quite low density and it is possible that an individual exiting the 

shelter room does not express a risk–taking behaviour but rather escapes to the safe area to 

avoid dominant chase and aggression i.e., the shy fish exit the safe area before the bold ones. 

It is also possible that social learning and leadership could have driven exit behaviour. These 

two theories are complementary to each other as social leaning refers to learning influenced 

by observation of other congeners and this could lead to leadership where the initiation of a 

movement, made by one or some individuals is followed by the rest of the group (Galef and 

Giraldeau, 2001; Jens Krause et al., 2000; J Krause et al., 2000). Therefore, small groups of 

sociable (i.e., unrelated to boldness) individuals could have influenced the exit behaviour. 

Lastly, I concluded that individual tests remain much more suitable to obtain information 

about risk–taking behaviour. However, I recommend further investigation into group risk-

taking and social interactions (i.e., aggression, social learning, and leadership) in Arctic charr. 

Conclusion 

These results bring new insights into the welfare state of the Icelandic aquaculture strain of 

Arctic charr and is the first to describe the effect of environmental enrichment on the 

development of personality and behavioural syndrome. The strong influence of the 

enrichment on the development of personality traits was found in a setup that implemented 

the nature–based welfare framework in the sense that fish could express their inherent 

behaviour in this context (Figure 20). It is worth noting that as individuals could also express 

the inherent behaviours of other individuals in both environments, future research must be 

undertaken to understand the expression of aggressiveness and sociality in these 

environments. This would help to disentangle these behaviours and indicate whether the lack 

of physical complexity could lead to aggressiveness and therefore cause welfare damage such 

as fin erosion and chronic stress. Research such as this would complement our understanding 

of Arctic charr welfare and would implement the feeling–based part of the welfare 

framework (Figure 20). Overall, my research supports the use of environmental enrichment to 

improve the nature–based welfare of these Arctic charr. 

Another key finding from this research was that environmental enrichment affected the 

correlation between personality and growth, and  the relationship between behaviour and 

brain morphology (i.e., boldness-olfactory bulbs). These results have found in a setup that 
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implemented in the function–based welfare framework. Indeed, personality correlates are 

important to understand how an individual is adapted to its environment (i.e., shyer 

individuals were bigger because the food was not limited). Under the function-based welfare 

setup here, all individuals could access food and therefore grow in concordance with their 

personality and were not pushed beyond their capacity. It would also be interesting to 

investigate the metabolic mechanisms that link personality and growth in these fish as it 

would improve the overview of personality correlates and bring in the coping–style welfare 

framework (Castanheira et al., 2019). However, using the combination of nature and 

function-based approach to assess welfare, I found that there is likely to be a link between 

behaviour, brain morphology and growth in these fish, and that improvements in welfare can 

be achieved by raising them in an enriched environment. 
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