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Abstract
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teleost fish. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of 
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Behavioural differences between and within individuals can greatly affect the outcome of 
behavioural studies. In addition, behavioural interactions between individuals can compromise 
the health and welfare of captive fish. In paper I, I investigate the relationship between 
locomotory activity, boldness and aggressive behaviour in ~2000 hatchery-reared Baltic salmon 
parr (Salmo salar L), with the aim to predict aggression level from activity and boldness 
displayed in the open field test. We found that activity and boldness were positively correlated 
while they were not correlated with aggression level measured in the mirror stimulation test. 
Surprisingly, medium and low aggressive fish were the most active, while highly aggressive 
fish showed only average activity. We conclude that the open field test, although efficient, 
does not accurately predict aggressive behaviour. However, the mirror stimulation test can be 
used for high-throughput aggression profiling of juvenile salmon. In paper II, I tested a subset 
of the salmon parr for a second time, to quantify behavioural consistency between trials and 
to investigate if phenotypic plasticity was related to aggression level. Our results show that 
activity was the most stable behavioural variable between trials. Even though aggression was 
not consistent between tests, we found that the fish displaying a low level of aggression in the 
first test were less consistent in their behaviour than highly aggressive fish. In paper III, we 
compared the behavioural development of zebrafish larvae of two strains, the AB strain and 
5th generation offspring of wild-caught zebrafish from India. Individual larvae were screened 
for activity and boldness at the age of 5-, 7-, 12- and 30-days post fertilization using an open 
field test with alternating light and dark cycles. Furthermore, we analysed mRNA expression of 
genes encoding serotonin, dopamine, galanin and opioid receptor subunits, as well the peptide 
neurotransmitter spexin in whole brain samples from juveniles, with the aim to investigate 
potential neuroendocrine mechanisms of divergent behavioural profiles. Our results show that 
larvae from the wild strain had higher activity and greater variance in their behaviour than AB 
larvae, under both light and dark conditions. Wild larvae also had significantly higher expression 
of dopamine receptor subunit drd2b at 30 days post fertilization, a difference that could be 
related to difference in activity. In conclusion, the results presented in this thesis contribute to 
our understanding of animal behavioural profiles, at both an intraspecific and intraindividual 
level.
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“Somewhere, something incredible is waiting to be known.”

Carl Sagan
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Introduction 

In this general introduction, I will give an overview of the research related to 
animal personality and behavioural plasticity. In addition, I describe the ecol-
ogy and life cycles of the study species used in paper I and II, the Baltic salmon 
(Salmo salar) and the study species used in paper III, the zebrafish (Danio 
rerio). 

Animal personalities  
Pet owners and fortunate ethologists that interact with animals daily will often 
confirm that their animals have different personalities. But what is meant by 
the scientific term animal personality? Within the research field of behavioural 
ecology, there are several definitions of animal personality. The one I use 
throughout this thesis is “consistent differences between individuals in their 
behaviour across time and contexts” (Biro & Stamps, 2008; Réale et al., 
2007). An associated term is a behavioural syndrome defined as a suite of 
correlated behaviours (Sih et al., 2004). Additional terms used sometimes as 
synonyms for animal personality are (animal) temperament, defined as an in-
dividual’s behavioural differences, which are repeated over time and context 
(Boissy, 1995; Gosling, 2001; Réale et al., 2007) and stress coping style 
(Koolhaas et al., 1999). Stress coping styles is used mainly in behavioural 
physiological and endocrinological research on rodents and includes in addi-
tion to behavioural also physiological traits. Two divergent coping styles are 
defined, proactive and reactive. The proactive stress coping style is character-
ized by an active response to a challenging situation, such as active avoidance, 
aggression, higher general activity, and a predominantly sympathetic reaction 
(Brelin et al., 2008; Koolhaas et al., 1999). By contrast, animals with a reac-
tive coping style react to challenges with passive avoidance, freezing behav-
iour, and a predominant activation of the hypothalamic-pituitary-adrenocorti-
cal (HPA) axis (Koolhaas et al., 1999), the homologous axis in teleosts being 
the hypothalamic pituitary interrenal (HPI) axis (Wendelaar Bonga, 1997).  

Réale et al. (2007) proposed five interconnected personality axes including 
1) shyness-boldness, 2) exploration-avoidance, 3) activity, 4) aggressiveness, 
and 5) sociability. One of the most studied axes of these is the shyness-bold-
ness axis (also called bold-shy continuum), which describes an individual’s 
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tendency to take risks (Oswald et al., 2012). Several reviews on the bold-shy 
continuum exist (Bell et al., 2009; Conrad et al., 2011; Gosling, 2001; Sih et 
al., 2004; Wilson et al., 1994) that summarize studies done on a range of taxa, 
including fishes, nonhuman mammals, birds, reptiles, amphibians and inver-
tebrates. These reviews show the vast scope of the field of animal personality 
that has grown immensely over the past decades and continues to be a major 
theme in behavioural ecology and physiology.  

Boldness and shyness are commonly measured by risk taking, most often 
in novel environments where the bold individual is characterized by active and 
fast exploration compared to the shy individual that typically takes longer time 
to explore and behaves more passively (Sih et al., 2004). Research suggests 
that behaviours such as aggressive behaviour often correlate with behavioural 
traits from other contexts, such as boldness and locomotory activity (Réale et 
al., 2007; Sih et al., 2004). In a now classical paper, Huntingford (1976) re-
ported that in nonreproductive three-spined stickleback (Gasterosteus acule-
atus) males, boldness was positively correlated with aggression during the 
breeding season, a relationship which has been repeatedly confirmed (Bell et 
al., 2010; Bell & Sih, 2007; Salonen & Peuhkuri, 2006). Additional studies 
also included locomotor activity as a part of the bold and aggressive behav-
ioural profile (Bell & Stamps, 2004), where there was a positive relationship 
between activity, aggression, and boldness in juvenile and adult three-spined 
sticklebacks.  

Some of the issues that the animal personality field struggles with is how 
to establish a standardized framework for measuring certain behaviours, 
which would be applicable for a range of taxa. There are many ways for ani-
mals to communicate which lies outside the scope for humans to interpret or 
could be missed or overlooked, for example, olfactory cues (Johansson & 
Jones, 2007), auditory cues such as infrasound (Pye & Langbauer, 1998), and 
bioluminescence (Bossert & Wilson, 1963). Nevertheless, some commonly 
used tests do exist, perhaps the most commonly used assay being the open 
field (OF) test, which was originally developed for testing emotionality in rats 
(Hall & Ballachey, 1932).  

The OF is used to test quantify locomotory activity and thigmotaxis (“wall-
hugging”) in a range of species, including fish (Warren & Callaghan, 1975). 
The amount of time spent actively moving, as well as the proximity of the 
individual to the wall of the arena, are generally considered to give a meas-
urement of the animal’s “anxiety”. Anxiety is placed between quotation marks 
here because we cannot know if the emotion anxiety in humans is perceived 
in the same way in various species of animals (LeDoux, 1995; Paul et al., 
2005). Adding light and dark zones to an open arena or rapidly changing the 
illumination over time (Aulich, 1976) adds another dimension to the test. 
When tested in juvenile zebrafish (Steenbergen et al., 2011) and adults (Serra 
et al., 1999), the transition between light and dark triggers alternations in 
locomotory activity. Other commonly used behavioural tests include the novel 
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object test (Antunes & Biala, 2012; Campler et al., 2009; Sneddon et al., 
2003b), the predator response test (Brown & Godin, 1999; Campler et al., 
2009), the elevated plus maze (also adapted for zebrafish; Varga et al., 2018) 
and the resident intruder test (Agnvall et al., 2015; D’Eath, 2002). The test I 
have used to evaluate the personality of Atlantic salmon parr (Salmo salar L.) 
in Paper I and II is the mirror stimulation (MIS) test for evaluating aggressive 
behaviour. In Paper III, we tested zebrafish larvae (Danio rerio) in an OF test 
where we quantified locomotory behaviour and boldness (see also Methods).  

Behavioural plasticity 
In contrast to animal personality, behavioural plasticity focuses on the unsta-
ble and context-dependent nature of behavioural traits measured on the same 
individual. Behavioural plasticity can be defined as the amount of variation in 
the behaviour response that an individual shows over time or context 
(Dingemanse et al., 2010) , as illustrated in Figure 1. Stamps (2016) distin-
guishes different types of plasticity, contextual plasticity (immediate response 
to current external stimuli), developmental plasticity (learning from life expe-
rience), and endogenous plasticity (behavioural differences within individuals 
in response to external factors). The classification and analysis of plasticity is 
further complicated by the multitude of names that researchers use to describe 
similar processes (Debat & David, 2001; Dingemanse et al., 2010; Kolb & 
Gibb, 2014; Mathot et al., 2012; Piersma & Drent, 2003; Sih et al., 2004), 
which all use different definitions of plasticity.  

Empirical evidence to support the idea that some individuals are more plas-
tic than others is still limited and equivocal (Stamps, 2015). Behavioural plas-
ticity also partially collides with the concept of animal personality, since the 
latter assumes that only traits that are consistent over time and context can be 
called personality traits. One way out of this paradox is to allow the intensity 
of the behaviour to change over time, but the ranked position in relation to the 
other individuals in the sample should remain the same (Castanheira, 2016).  
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Figure 1: An illustration of the variation in plasticity in animal behaviour. Green and 
red illustrate the different sides of a potential scale. Highly plastic individuals show a 
greater span of behavioural variation, whereas individuals with low plasticity often 
show the same (range of) behavioural responses.  

Behavioural and neuroendocrine mechanisms behind 
bold and shy fish 
In both mammals and fish, monoamine neurotransmitters norepinephrine 
(NE), dopamine (DA), and its metabolites homovanillic acid (HVA) and 3,4 
dihydroxyphenylacetic acid (DOPAC), serotonin (5-HT) and its metabolite 5-
hydroxyindoleacetic acid (5-HIAA) has been connected to behaviours such as 
aggression, impulsivity, and active behavioural responses (Winberg et al., 
1991). Cabib & Puglisi-Allegra (2012) hypothesized that elevated dopamine 
release could be indicative of active stress coping in bold proactive individu-
als, whereas in shy animals, dopamine release would be inhibited in response 
to challenges. This would implicate that the dopaminergic system would also 
be important in controlling the interindividual differences in stress coping 
styles and behaviour. Thörnqvist et al. (2019) showed that there was a signif-
icantly higher expression of the dopamine D2 receptor (drd2a and drd2b) and 
the delta opioid receptor 1b (oprd1b) in bold (risk taking behaviour in novel 
diving test) AB zebrafish. Serotonin (5-hydroxytryptamine, 5-HT) is another 
monoamine neurotransmitter that appears to play a key role in mediating the 
behavioural effects of stress and social interaction (Backström & Winberg, 
2017). Øverli et al. (1999) showed that the brain monoaminergic systems, DA, 
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NE, as well as 5-HT, are rapidly activated in response to social stress, and 
remain activated in the subordinate fish whereas brain monoaminergic activity 
in fish winning dyadic fights returns to control levels following 24 hours of 
social interaction. 

Spexin (spx) is a 14 amino acid long peptide, also known as neuropeptide 
Q, which is highly conserved across the vertebrate subphylum (Kim et al., 
2014). In zebrafish, spexin occurs in two different isoforms, spx1 and spx2, 
with different expression in the brain. It has been shown that both spx1 and 
spx2 activate galanin receptors 2a (galr2a) and 2b (galr2b) in zebrafish (Kim 
et al., 2014). Spexin has been suggested to be involved in anxiety and stress 
responses, and to interact with the brain 5-HT system (Lim et al., 2020). 

Atlantic salmon (Salmo salar) 

Atlantic salmon life cycle 
The life cycle of Atlantic salmon (Salmo salar L) is complex because the spe-
cies is anadromous, living both in fresh and saltwater at stages of their lives, 
as well as iteroparous, migrating several times to reproduce (Bordeleau et al., 
2020; Klemetsen et al., 2003). Salmon spawn from late summer to late fall. 
The eggs survive winter in the riverbed gravel and do not hatch until the fol-
lowing spring (Marschall et al., 1998). The incubation period of the embryos 
depends on the water temperature (Beacham & Murray, 1990). After the ale-
vin (early fry) reach the fry stage, which happens when the yolk is consumed, 
the fry start feeding. Subsequently, they enter a juvenile stage, also called parr, 
in which they can remain for one year or more. During this time, they reside 
in freshwater streams and rivers (Klemetsen et al., 2003). Different reproduc-
tive strategies have evolved in Atlantic salmon, where some males may ma-
ture as early as in the parr stage, while others mature first after spending sev-
eral years at sea (Fleming, 1996; Klemetsen et al., 2003). 
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Figure 2: Illustration of the life cycle of Atlantic salmon. In the first stages of the life 
cycle, eggs, alevins, and parr live in freshwater rivers while smolts move to the ocean 
where they become adults. The adults later return to freshwater to spawn. Credit to 
Jenny Proudfoot (www.jennyproudfoot.co.uk).  

As the salmon parr metamorphoses into the next phase in the life cycle, smolts, 
they develop salinity tolerance, which includes physiological changes in their 
osmoregulatory organs, gills, gut, and kidneys (McCormick et al., 2007). 
Smoltification begins as the parr reaches a certain size, and is also triggered 
by changes in photoperiod and water temperature (Johansson et al., 2016). 
Other changes associated with smoltification include physiological (higher 
metabolic rate, olfactory imprinting), morphological (silvering and more ob-
long body shape) and behavioural changes (downstream migratory and 
schooling behaviour) (Johansson et al., 2016; Klemetsen et al., 2003; McCor-
mick et al., 2007), which prepare the salmon for the migration out to sea. Once 
the smolt has reached the sea, mortality and maturation vary greatly among 
individuals and populations. Atlantic salmon may spend one to five years 
(Hansen & Quinn, 1998) in the ocean before they are sexually mature. Some 
individuals return to the spawning site, where they spawn several times. 
Salmon which have spawned and migrated back to the sea are referred to as 
kelts and are only known to occur in Atlantic salmon although these individ-
uals are considered rare (Hubley et al., 2008). 

Aggressive behaviour in Atlantic salmon 
The function of aggressive behaviour can be thought of as a means to establish 
dominance which then enables the animal to claim resources, such as food or 
access to mates (Damsgård & Huntingford, 2012). Species that migrate 
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between habitats, such as fish in freshwater and pelagic phases, tend to alter-
nate between aggressive and non-aggressive phases depending on their current 
habitat (Fleming, 1996). This is also the case for Atlantic salmon, where ter-
ritorial aggression is seen in the freshwater phase, but not in the pelagic 
schools (Fleming, 1996; Klemetsen et al., 2003; MacLean et al., 2000; 
Thörnqvist et al., 2015). Agonistic behaviours in Atlantic salmon include a 
variety of displays, colour changes, threatening postures, as well as overt ag-
gressive acts, such as chasing and biting (Fenderson et al., 1968; Johnsson & 
Näslund, 2018; Keenleyside & Yamamoto, 1962). An interaction will start 
when one fish approach another and the gill covers of one or both contesters 
flare up, bright in coloration, with fins expanded. This is an example of a threat 
display, which signals an intention to attack (Damsgård & Huntingford, 2012). 
The fight might escalate to include sideways positioning, circling, and quick 
nips or bites (Johnsson & Näslund, 2018). At some point, one fish will aban-
don the interaction, folding the fins and darkening in colour, and assume a 
submissive posture (Fenderson et al., 1968; Keenleyside & Yamamoto, 1962). 
Subordinate fish also tend to show stress-induced behavioural inhibition 
(Backström & Winberg, 2017) and, if possible, will try to escape (Adri-
aenssens & Johnsson, 2013b; Metcalfe, 1986).  

The mirror image stimulation (MIS) test has been used in a number of stud-
ies to quantify aggression in salmonids (Berejikian et al., 1996; Höjesjö et al., 
2004; Holtby et al., 1993; Johnsson et al., 2003; Swain & Holtby, 1989; Tay-
lor & Larkin, 1986) as well as other fish species (Adriaenssens & Johnsson, 
2013b; Reddon & Balshine, 2010). Measuring aggression through a mirror 
image instead of dyadic fights with a conspecific has several ethical, analyti-
cal, and practical benefits. The fish always meets a standardized opponent of 
the same size, and the identification is easier to maintain (Huntingford et al., 
1990; Johnsson et al., 2003). It has been questioned whether the MIS test ac-
curately reflects pairwise agonistic behaviour (Balzarini et al., 2014; Elwood 
et al., 2014). Behavioural response towards the mirror reflection and towards 
a real opponent is correlated in some species of fish (Ariyomo & Watt, 2013; 
Balzarini et al., 2014; Holtby et al., 1993) but not in others (Balzarini et al., 
2014; Mustafa et al., 2019). For salmon, a study by Holtby et al. (1993) con-
firmed that the response of juvenile coho salmon (Oncorhynchus kisutch) in 
the MIS test is the same when each animal is paired up with an opponent of 
similar size in a stream tank.  

Applying knowledge of behavioural profiles to aquaculture 
Aquaculture as an industry has increased immensely over the last decades, 
proclaimed by some to be the solution to overfishing and the increased global 
demand for protein sources (Belton et al., 2018; Rector et al., 2022). Com-
pared to any other protein source, the global consumption of fish has increased 
the most (FAO, 2020). In 2018, aquaculture accounted for over half of the fish 
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produced for human consumption. (FAO, 2020; Rector et al., 2022). Salmon 
is one of the most popular and productive aquaculture species with 60.4 mil-
lion tons produced in 2010 (Asche et al., 2013; Garlock et al., 2020). The 
increase in salmon farming puts pressure on sustainable management and wel-
fare.  

Animal welfare has been separated into five overlapping and connected 
“domains”: nutrition, health, physical environment, behavioural interaction, 
and mental state (Mellor et al., 2020). Fish have previously been overlooked 
in welfare aspects (Barreto et al., 2022) due to debate regarding whether fish 
are capable of feeling pain (Rose, 2002). Recent findings on the perception of 
pain and nociception in fish suggest that this assumption might not be 
grounded (Sneddon et al., 2003a). The argument has been that the fish brain 
does not possess a neocortex (Rose, 2002), which is the region that predomi-
nately integrates signals related to complex thoughts, consciousness, and pain 
in mammals (Cloninger, 2009). Since the basis for animal welfare has been to 
be able to be sentient or conscious (Dawkins, 2006), fish have therefore been 
excluded from previous welfare regulations. However, differences in mor-
phology between fish and mammals do not necessarily mean a lack of function 
(Huntingford et al., 2006). Recent research suggests that fish are indeed capa-
ble of perceiving pain (Chandroo et al., 2004; Sneddon et al., 2003a), even 
though other regions of the brain are involved compared to mammals. There-
fore, as fish production within aquaculture continues to increase, so does the 
need to formulate guidelines for improving fish husbandry and management 
in commercial aquaculture. Behavioural methods developed within the frame-
work of animal personality may be a fruitful route to assess welfare, in fish 
and in other species (Dawkins, 2004).  

Zebrafish (Danio rerio) 

Zebrafish as a model species 
Since the early 2000s, the zebrafish (Danio rerio) has become one of the most 
widely used vertebrate model organisms. Although zebrafish initially became 
popular as a model organism in developmental biology, zebrafish is now an 
established model species in all areas of biomedical research, including neu-
rophysiology (Graham et al., 2018; Kalueff et al., 2014) and ecotoxicology 
(Nagel, 2002). Behaviour is a complex trait influenced by both genetics and 
the environment (Levitt, 2013) and is an important outcome variable in pre-
clinical studies in neuroscience and pharmacology. There is currently a rapid 
increase in the production of zebrafish genetic models of disease, including 
affective and neurodegenerative disorders (Kalueff et al., 2014; Wang et al., 
2021). The use of zebrafish larvae in developmental biology continues to ex-
pand, in part because zebrafish larvae are transparent, allowing for in vivo 



19 

monitoring (Choi et al., 2021). Zebrafish larvae are also used for the screening 
of various pharmaceuticals and xenobiotics, since larvae are more cost-effi-
cient than adult zebrafish (Hill et al., 2005) but likely also because animal 
ethical regulations are less stringent than for adults (Graham et al., 2018). The 
zebrafish is native to the Northern Bengal areas of India, Nepal and Bangla-
desh. There are, however, quite a lot of differences between the laboratory 
strains and their wild counterparts due to both differences in biotic factors of 
the environment and also artificial selection processes as a result of domesti-
cation (Price, 1999). 

Wild versus laboratory environment 
Habitats range from open riverbanks with fast currents to dense forests with 
turbid and slow-moving water and stagnant ponds with dense vegetation 
(Sundin et al., 2019). These habitats differ widely in vegetation, predation 
pressure, water flow and quality, noise, and substrate (Lara & Vasconcelos, 
2019). Under natural conditions, the water temperature and environment 
change during the four seasons of winter (Jan-Feb), summer (Mar-May), mon-
soon (Jun-Aug), and post monsoon (Sep-Dec; Figure 3). The temperature and 
availability of food control the duration of each life stage in the wild (Lee et 
al., 2022). Zebrafish are omnivorous feeding on zooplankton, insects, plants, 
and eggs of fish, but also of their own species (Spence et al., 2008). Physically, 
wild zebrafish are often smaller in size and more slender, shy, and easier to 
startle than laboratory strains of zebrafish (personal observation, Johanna Ax-
ling). Shoal sizes of up to 1000 individuals have been recorded in the wild 
(Sundin et al., 2019), while earlier studies report up to 300 individuals per 
shoal (Suriyampola et al., 2016). Individuals are likely to migrate between 
shoals and that shoal sizes can change rapidly.   

In a laboratory setting, conditions such as water quality, light conditions, 
and food availability are tightly controlled to vary as little as possible. Domes-
ticated zebrafish strains reach sexual maturity after three months; however, 
for wild populations it seems to take longer time (personal observation, Jo-
hanna Axling). Fecundity and egg production also vary in the wild population 
compared to domesticated strains, where the conditions of reproduction have 
been intentionally maximized in the laboratory strain (personal observation, 
Johanna Axling).  
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Figure 3: An illustration of the difference between the wild and laboratory environ-
ments in terms of the presence or (nearly) absence of seasonality. Under wild condi-
tions, four seasons are distinguished (winter, summer, monsoon, and post-monsoon), 
whereas effects of seasons are highly limited under laboratory conditions. Credit to 
Sandra Doyle for zebrafish illustrations.  

Laboratory strains 
The AB strain (ZFIN ID: ZDB-GENO-960809-7) is one of the most widely 
used laboratory strains of zebrafish that was established in the 1970s by cross-
ing an A and a B strain of zebrafish available at a pet store in Albany, Oregon, 
USA (Spence et al., 2008). Other strains commonly used in behavioural stud-
ies are Tübingen (TU), Tübingen long fin (TL), Tupfel long fin (TU), Wild 
Indian karyotype (WIK), and shortfin (SH). A recent study comparing whole 
genome analysis of genetic variability in a large set of laboratory and wild 
zebrafish found that laboratory strain zebrafish had 60% less genetic variation 
compared to wild caught zebrafish (Suurväli et al., 2020). The loss of genetic 
variation in laboratory strains may be the result of many generations inbreed-
ing, mutations, and genetic drift. For these reasons, it is important to properly 
characterize the phenotypic variation in the different strains used. Although 
many strains do not only differ morphologically, physiologically, and genet-
ically, they often still show behavioural differences both at the larval and adult 
stage (Audira et al., 2020; van den Bos et al., 2017; Volgin et al., 2019, Roy 
and Bhat, 2018).  

Behavioural differences between laboratory strains 
A large number of studies have shown that zebrafish from different strains 
may differ considerably in behaviour. Vignet et al. (2013) compared locomo-
tory activity, light/dark test responses as well as exploratory behaviour of 

Wild seasons Laboratory seasons 

Sandra Doyle Sandra Doyle 
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adults and larvae of the AB and TU strains. TU larvae had a wider range in 
locomotory activity compared to AB larvae. As adults, TU reacted more 
strongly to light transitions, showing a three-fold increase in activity, while 
AB zebrafish only showed a two-fold increase (Vignet et al., 2013). Another 
research group reported that fish from the AB strain showed an increase in 
stress-axis activity but no inhibitory avoidance learning compared to TL fish 
(Gorissen et al., 2015). The response to alcohol treatment was compared be-
tween TL and WIK, where TL was less affected by alcohol and the differences 
were concluded to be due to genetic differences (Pannia et al., 2014). Simi-
larly, Mustafa et al. (Mustafa et al., 2019) showed that adult AB zebrafish 
differ in behaviour from wild-derived zebrafish, where wild zebrafish were 
less bold compared to AB in three different behavioural tests: the shelter test, 
novel tank diving, and scototaxis. Using a multivariate arena, a recent study 
found that AB more readily entered the exposed centre of the test arena that 
the wild zebrafish avoided, while wild zebrafish explored the whole arena 
more and did not avoid the shallowest area (Vossen, Brunberg, et al., 2022). 
Indeed, it is important to realize that the results obtained on one strain of 
zebrafish may not always extrapolate to other strains or to the species as 
whole. Vossen et al. found a reduced diving response in wild-caught versus 
laboratory zebrafish of the AB strain, which hampered the ability to detect the 
effects of low concentrations of anxiolytic oxazepam that were seen in wild-
caught conspecifics (Vossen et al., 2020).  

Overall, it appears that both wild-caught and laboratory strains may show 
risk taking and risk aversion, but the strains differ in what types of risk they 
are sensitive to (Vossen et al.,2022). This finding differs from the idea that 
domestication drives behaviour, physiology, and morphology towards a spe-
cific ‘domesticated phenotype’ (Price, 1999). Some authors have hypothe-
sized that fish captured from complex habitats could be bolder and better at 
navigation compared to those inhabiting simpler habitats (Daniel & Bhat, 
2020). Inter-strain behavioural differences are often considered a nuisance be-
cause they complicate the comparison between different studies and add to the 
‘replication crisis’ (Ioannidis, 2005). However, interstrain differences in be-
haviour may in fact be used to decipher the genetics underlying behavioural 
traits (Pannia et al. 2014). Regarding larvae, fewer tests are available, and 
strain differences are even more rarely reported.  

Behaviour of zebrafish larvae  
Teleost fishes are well known for their phenotypic plasticity and this is espe-
cially true regarding the development of behavioural phenotypes (Backström 
& Winberg, 2017). Even though behavioural traits such as boldness are herit-
able, they are also most likely to be affected by environmental factors, espe-
cially factors related to social interaction. The development of dominance hi-
erarchies, a phenomenon also occurring in zebrafish (Larson et al., 2006; 
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Dahlbom et al., 2012), is well known to have large behavioural effects. The 
ontogenetic development of agonistic behaviour in zebrafish is still not well 
described. However, Ricci et al. (2013) showed that agonistic behaviour in-
creases with age, being first apparent at 2 weeks of age. Thus, it could be 
expected that larvae behaviour will be less affected by social interaction. Due 
to rapid development in zebrafish larvae, it is important to time the test when 
the appropriate organs and functions are developed (Tegelenbosch et al., 
2012), since there can be quite small margins for the development of certain 
behaviours. MacPhail et al. (2009) found that locomotory activity was higher 
in morning versus the afternoon when larvae were tested at 5 days post ferti-
lization (dpf). Light conditions are also known to alter the behaviour of larvae, 
initially being quite high during dark periods to increase during the light pe-
riod as the larvae develops (Padilla et al., 2011). Behavioural variables quan-
tified in zebrafish larvae include coiling, where the frequency of alternating 
tail coils is driven by activity in the spinal cord, touch-induced escape re-
sponse, and startle response, which provide a quick measure of sensory and 
motor integration. The OF test, which measures exploration and thigmotaxis 
as well as habituation when performed repeatedly, has also been used for lar-
vae (Ahmad & Richardson, 2013; Ali et al., 2011). These behavioural varia-
bles have been used to measure the effect of anxiolytic substances and central 
stimulants in zebrafish larvae (Airhart et al., 2007; Irons et al., 2010), to see 
if the response matches those seen in mammals. Ethanol (which has both stim-
ulating and sedative effects) leads to hyperactivity at lower concentrations, 
compared to treatment in higher concentrations which lead to decreased loco-
motor activity (Parng et al., 2007; Tegelenbosch et al., 2012). In Paper I, we 
used the OF test combined with light and dark regimes since these behaviours 
could be measured throughout the different stages of interest. 
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Objectives  

In Paper I, we investigate the aggressive response of sea-ranched salmon parr 
(Salmo salar L.) in the OF and MIS test with the objective to generate new 
knowledge regarding the relationship between locomotory activity, boldness 
and aggression, knowledge that can be applied to improve salmon husbandry 
and management practices. 

In Paper II, we evaluate the consistency of the behavioural profile of Baltic 
salmon parr (Salmo salar L) over time by testing the animals on two occasions 
in the OF and MIS test. We also analyse whether the behavioural plasticity 
seen in the three variables activity, boldness and aggression is related to the 
aggression level displayed in the first trial. 

In Paper III, we quantify boldness in zebrafish larvae of two strains (AB 
and wild) at different developmental stages, i.e. 5, 7, 12 and 30 dpf. We also 
compare the gene expression in brain of six genes coding for neurotransmitter 
receptors drd2a, drd2b, oprd1b, 5ht1aa, spx1, galr2a and galr2b, with the 
objective to identify possible neuroendocrine mechanisms underlying these 
divergent behavioural profiles. 
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Material and Methods 

Animal breeding and maintenance 

Ethical approval 
Ethical approval for the use of animals was given by the Uppsala Regional 
Animal Ethical Committee (permit C55/13 (Paper I) and 5.8.18-10125/2018 
(Paper II), following the guidelines of the Swedish Legislation on Animal 
Experimentation (Animal Welfare Act SFS1998:56) and the European Union 
Directive on the Protection of Animals Used for Scientific Purposes (Directive 
2010/63/EU). 

Baltic salmon 
In Paper I, milt and roe were collected from adult Baltic salmon (Salmo salar 
L) (100 females and 100 males) which were collected from the river Dalälven 
using a fish trap located outside at the Älvkarleby fishery research station (60° 
34' 7.3128'' N, 17° 26' 7.0944'' E) during the spawning season, from July to 
November 2015. The origin of collected parents is usually 85-90 % sea 
ranched and 10-15% wild. 1987 salmon parr underwent behavioural testing 
between August and October 2016.  

In Paper II, 164 salmon parr used from paper I which had been tested once 
were re-tested between the 21st -28th October 2016.  

Zebrafish 
In Paper III, zebrafish (Danio rerio) of the AB strain were obtained from 
SciLifeLab, Evolutionary Biology Centre, Uppsala University, which regu-
larly updates their strains from the Zebrafish International Resource Centre 
(ZIRC at the University of Oregon Eugene). The wild strain used was the fifth-
generation offspring of zebrafish that were caught in West Bengal, India in 
November 2016 (courtesy of Dr. Fredrik Jutfelt). This strain was kept at the 
Norwegian University of Science and Technology in Trondheim, Norway for 
four generations and the 5th generation was moved to the Biomedical Centre 
of Uppsala University in November 2018. 
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Behavioural tests 

Combined OF and MIS 
In Paper I, we used a single behavioural arena to measure activity, boldness, 
and aggression, which was optimized from (Adriaenssens & Johnsson, 2013). 
When the fish were tested, they weighed 10.4  0.09 g and had standardized 
fork length 9.28 cm  0.03 cm (mean  SEM, n=1987) and were four months 
old (hatched in April 2016). The test battery included an OF test for 5 min and 
a mirror image stimulation (MIS) test for 20 minutes. The MIS test simulates 
the encounter of an unknown individual and measures the reaction towards 
the mirror in addition to recording locomotory activity (Huntingford, 1976).  
In Paper II, the test procedure was identical as in Paper I.  

The OF test for larval zebrafish 
In Paper III, the OF test for larval zebrafish was used. This is one of the most 
widely used tests used to measure locomotory activity and light/dark re-
sponses in zebrafish larvae, but we used larger arenas for each individual 
larva, which enabled us to quantify thigmotaxis. We used a commercially 
available system (DanioVision, Noldus Information Technology, Wa-
geningen, The Netherlands) which included a temperature control unit. Each 
larva was placed in a well of a 12- or 24-well cell culture plate, after which a 
habituation period commended under dim light (30 minutes), the cell culture 
plates were moved into the DanioVision system and recording began under 
two alternating light (10 minutes)/ dark (10 minutes) phases (total test duration 
40 minutes). Previous research has shown that in the light phase, distance 
moved and duration spent in the centre of the well is reduced compared to the 
dark phase (Schnörr et al., 2012). A total of 72 individuals were analysed at 
each age: 5 dpf, 7 dpf, 12 dpf and 30 dpf.  

Video tracking and behavioural analysis 
In Paper I and II, all videos were analysed using automated tracking software 
EthoVision XT14 (Noldus Information Technology, Wageningen, The Neth-
erlands) with nose-tail base detection. Two zones of interest were virtually 
drawn in the arena: a centre zone and a mirror zone (Figure 2 in paper I).  

In Paper I we obtained the variables from the tracking software for each 
minute: total distance moved (in cm) in the whole arena and in the mirror zone, 
the duration in the centre and mirror zone (in sec), the number of entries into 
the centre and mirror zone, and the head direction, both while the fish was 
anywhere in the arena, and specifically while it was in the mirror zone. Dis-
tance moved and duration moving in arena were chosen as proxies for activity, 
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duration in, and the number of entries to the centre of the arena (proxies for 
boldness), and the distance moved in and duration of time spent in the area 
closest to the mirror (aggression). When observing the recorded behaviour 
from the trials only a fraction of fish actively attacked the mirror, therefore, 
we first aimed to categorise the fish into different aggression groups. This was 
carried out by manually scoring 105 randomly selected fish for the duration 
of ‘striking’ against the mirror during minute 5 (05:00 – 06:00), using BORIS 
observation software (Friard & Gamba, 2016). Striking was defined as a fast 
movement, resulting from a strong tail beat, towards the mirror at an angle 
perpendicular to the mirror. This time interval was chosen based on visual 
inspection of the variables obtained from EthoVision.  

In Paper II we analysed three variables; time spent moving (in cm) in the 
whole arena, time spent in centre zone (in sec) and distance between nose and 
mirror while the fish was located in mirror zone (mm). Time spent moving in 
arena represented activity, time spent in centre zone represented boldness and 
distance between nose and mirror represented aggression. 

In Paper III, the experiment was carried out using DanioVision and Etho-
Vision XT 15 (Noldus Information Technology, Wageningen, Netherlands). 
EthoVision settings were optimized using a test plate with larvae of an equiv-
alent life stage to establish the thresholds for tracking. The total test duration 
was 40 minutes with alternating dark and light intervals of 10 min each (10 
min dark, 10 min light, 10 min dark, 10 min light). EthoVision was set to track 
parameters such as total distance moved (in cm), mean velocity (in cm/s), la-
tency to first movement (in sec), frequency in zone and time in zone (in min).  

Brain sampling and qPCR 
In Paper III, whole brains were sampled from wild and AB larvae at the age 
of 30 dpf. These larvae were sampled directly from the holding tanks, i.e. these 
larvae were not used in behavioural tests but they were offspring from the 
same parental groups as the ones used for behavioural studies. cDNA was pre-
pared from 0.8 μg total RNA (Maxima First Strand cDNA Synthesis Kit for 
RT-qPCR, K1641, Thermo Fisher Scientific) according to the manufacturer’s 
instructions. After cDNA synthesis, the reaction volume of 20 μl was diluted 
to 800 μl, divided into aliquots, and 4 μl of diluted cDNA was used in each 
qPCR reaction. Primers were 19–24 nucleotides in length with a melting point 
around 60°C and formed products in the range 100–251 bp. From a set of 
seven reference genes, the four reference genes that displayed the smallest 
variation were selected, additional seven genes were selected for expression 
studies htr1aa, drd2a, drd2b, garl2a, galr2b, oprd1b and spx1. 
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Statistical analyses 
In Paper I, the initial inspection of the videos revealed that only a fraction of 
fish actively attacked the mirror, therefore, we first decided to classify indi-
viduals based on different aggressiveness levels. Our most reliable measure of 
aggressiveness was the manually scored variable “striking”, which was used 
to classify the ~5% of fish for which manual scoring was available, into 4 
discrete levels: highly aggressive (HA), “striking” 50–60 sec/min; medium 
aggressive (MA) 30-50 sec/min; low aggressive (LA) 0.001–30 sec/min; zero 
aggressive (ZA) 0 sec/min. To classify the remaining ~95% of fish for which 
manual scoring was not available, we used the strong relationship between 
“striking” and two automated tracking variables, the duration of time spent in 
the mirror zone and the distance moved in the mirror zone. Six mixed-effects 
models were fitted to the data to investigate the behavioural difference in the 
aggression groups. Response variables distance moved in the arena, the pro-
portion of time moving (logit transformed), and distance moved in the mirror 
zone were analysed with LMMs containing a fixed effect of Aggression group, 
Minute, and their interaction, and random (intercept) effects of fish ID, Arena 
and Temperature. The number of entries into the centre zone was analysed 
with a negative binomial generalized linear mixed-effects model (Negative 
Binomial GLMM, function ‘glmer.nb’ in R) with the same explanatory varia-
bles. We correlated the two activity variables (distance moved in the arena, 
the proportion of time moving at minute) and two boldness variables (propor-
tion of time spent in the centre zone, the number of entries into the centre 
zone) from the OF test (minute -1:00), with the aggression variables from the 
MIS test (duration in mirror zone and distance moved in the mirror zone; 
measured at minute 5:00). We recoded the variable head direction (in degrees) 
into a categorical factor (8 ‘octants’ of 45 degrees). This made it possible to 
compare the data from all arenas, regardless of whether the mirror was placed 
on the left or right short side. We constructed a generalized linear model with 
binomial error distribution (Binomial GLM) of the proportion of fish in each 
octant at minute 5, with fixed effects of Octant, Aggression group and Mirror 
side and all interactions. An equivalent GLM was constructed for the propor-
tion of fish in each octant while the fish was in the mirror zone. 

In Paper II, each fish was categorized into one of four distinct aggression 
groups based on the results of the MIS test from the first trial, presented in the 
previous study for Paper I. These aggression groups were not related to the 
variable used for aggression “distance between nose and mirror when fish was 
in mirror zone”. Spearman rank correlation coefficients between first and sec-
ond trial for the three behavioural variables was carried out in order to measure 
the consistency in the variables. Water temperature at first and second trial 
and days between trials were used as covariates. To obtain the average pro-
portion of time that each individual had a consistently high value for a behav-
ioural variable for a given trial, the value of a behavioural variable in one mi-
nute was correlated to the value in the following minute. Individuals having a 
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value of 40 seconds per minute or higher during both the focal minute and the 
following minute were classified as having a high level for that variable and 
minute (Fig S1). The individuals with values between 20 and 40 seconds per 
minute were classified as medium level and fish having a value of 20 seconds 
per minute or lower in both minutes were classified as low level. The remain-
ing fish were classified as ‘changers’. This was done for all recorded minutes, 
resulting in 24 comparisons for activity and boldness quantified both during 
the OF and MIS and 19 values for aggression which was quantified only dur-
ing the MIS test. From this we calculated the proportion of time (within a trial) 
that an individual had a high level of a specific behavioural variable; the pro-
portion of time having high activity, proportion of time having high boldness 
and proportion of time having high aggression. For example, if an individual 
showed a high level of activity (time spent moving in arena) for 16 out of the 
24 comparisons mentioned above, the proportion having a high activity was 
calculated as 16/24=0.75. Similar calculations were made for boldness). In the 
second part of our statistical analysis, we tested whether the above calculated 
proportions were dependent on whether the fish was classified as showing 
high, medium, low or zero aggression in the first test (sensu Axling et al., 
2022). We fitted three binomial GLMs per trial, one for each proportion (pro-
portion displaying high activity, high boldness, or high mirror attraction) us-
ing the procedure PROC GENMOD in SAS statistical software. Aggression 
group was the predictor variable and water temperature, and body weight were 
added as covariates. 

In Paper III, the pooled-within class correlations were achieved by using 
the SAS procedure PROC CANDISC. This procedure performs canonical dis-
criminant analysis, a dimension-reduction technique related to principal com-
ponent analysis and canonical correlation. The methodology that is used finds 
linear combinations of the quantitative variables that provide maximal sepa-
ration between classes or groups. This procedure was also used for analysing 
overall differences between classes (i.e. groups of age and strain). Pair-wise 
comparisons were made using t-test (PROC TTEST in SAS). The two groups 
were tested for differences in variance simply be dividing the larger variance 
with the smaller variance, if significant difference (p<0.001) the groups the 
degrees of freedom were adjusted according to Satterthwaite method. Differ-
ences in slope between groups (dpf being independent variable) were done by 
using PROC GLM in SAS. Probabilities have been adjusted using Sidak cor-
rection (Sidak 1967); m=4, i.e. each individual has been measured four times 
during the experiments. Differences in gene expressions (relative mRNA lev-
els) were done using t-test. Here the p-values were adjusted using Bonferroni 
correction (m=7; c.f. Dunn 1961).  
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Results 

In Paper I, we found that the fish in the mirror zone showed considerable 
interest in the mirror, as shown by e.g. a head direction perpendicular or par-
allel towards the mirror. Surprisingly, MA and LA fish were the most active 
(Figure 4 A and B), while HA fish showed average activity. For activity vari-
able duration moving, aggression groups differed in a similar manner, again 
with group ZA having the shortest duration moving, followed by HA, LA and 
finally MA moving for longest durations. Aggressive groups did not differ in 
boldness (Figure 4 C and D). The fish showed habitation to the mirror within 
10 minutes of mirror exposure (Figure 4 E and F). We detected a preference 
for aggressive fish to view the mirror with the left eye, but this lateralization 
was only observed in arenas with the mirror placed on the left side and was 
not confirmed in arenas with the mirror placed on the right side.  
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Figure 4: Video tracking variables in the MIS test with 4 different aggression groups 
and mean of all groups. (A) Distance moved in arena (cm). B) Duration moving in 
arena (s). C) Frequency of visits to in centre zone. D) Duration in centre zone (s). E) 
Duration in mirror zone (s). F) Distance moved in mirror and mirror zone (s). G) Head 
directed to mirror zone (s). In each graph, the black line represents the mean for all 
the aggression groups combined. (Paper I, Figure 3). 

For Paper II, we calculated the difference between trial 1 and 2 in the propor-
tion of time having a high level of activity, boldness, and aggression to be able 
to evaluate the consistency in behaviour between the groups (Figure 6). The 
results showed that activity was more consistent between trials compared to 
boldness and aggression. The consistency in the behavioural variables be-
tween trials was dependent on aggression group, with low and zero aggression 
groups having a greater variance in activity, boldness and aggression com-
pared to the high and medium aggression groups (Figure 5). Aggression group 
was a strong predictor of behavioural variables, but water temperature and 
weight also affected the behaviour. Aggression groups differed in boldness in 
the first trial but not the second trial.  

 
Figure 5: Change in probability of being highly active A) bold B) and aggressive C). 
The values of change are derived by subtracting the first trial from the second trial; 
thus positive values means that the activity was higher the second trial compared to 
the first trial. Hatched filled boxes indicate that the change was significantly different 
from zero according to Wilcoxon signed-rank test. (Paper 2, Figure 1) 

In Paper III, we showed that there was a behavioural difference between AB 
and of wild offspring larvae and the differences in behaviour increased as the 
larvae grew older. At 7,12 and 30 dpf wild offspring larvae showed higher 



31 

distance moved and higher mean velocity than AB larvae under both light and 
dark testing conditions. Distance moved during dark and light conditions in-
creased with age and this increase was significantly more pronounced in wild 
offspring larvae than in AB larvae as seen in Figure . Similarly, time in centre 
zone decreased with age but in this case, there was a significant difference 
between the strains. No difference between the strains were observed for an-
gular velocity. In wild offspring larvae it decreased more rapidly with age than 
in AB larvae, but this difference was only observed in larvae during the dark 
periods. Wild offspring larvae also showed significantly higher brain expres-
sion of drd2b than AB larvae at 30 dpf. No significant difference between the 
strains was detected for the other genes tested.  
 

 
Figure 6: Behavioural variables from EthoVision, (A) total distance moved (cm), 
(B) time in zone (s) (C) angular velocity (degrees sec-1). Data for zebrafish larvae 
at different days post fertilization. The centre line in the boxes represent the median 
value, the upper and lower end of the boxes third and first quartile respectively. The 
bars represent the 5th and the 95th percentile and the circles outliers. (Paper III, 
Figure 3). 
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Discussion and conclusion 

In Paper I, the salmon parr showed substantial interest for the mirror, as 
shown by head direction in mirror zone during the MIS test which was also 
observed in brown trout (Näslund & Johnsson, 2016). Activity, boldness, 
and aggression has been proposed to be correlated forming a behavioural 
syndrome (Bell & Stamps, 2004; Cutts et al., 1998, 2002; Dingemanse et 
al., 2007; Webster et al., 2007). There was a positive correlation between 
activity (distance moved and duration moving) and boldness (distance 
moved in centre zone and frequency in centre zone) however, no clear posi-
tive correlations between activity and aggression as found. The existence of 
correlation between behavioural traits has been suggested to vary between 
populations. In three spined sticklebacks, bolder males were more aggres-
sive towards other individuals during high predation however this correla-
tion was not present during low predation (Bell & Sih, 2007) implying the 
influence external or environmental conditions can have on behavioural and 
correlation between them. Behavioural syndromes such as the correlation 
between boldness and aggression is most definitely affected and a combined 
result of genetic contributions and adaptations to the environmental condi-
tions. The population used in this study is sea-ranched Baltic salmon from 
river Dalälven, resulting in an artificial environment compared to wild indi-
viduals with no predation pressure, high densities, and overall optimal con-
ditions for survival. The trout population in river Dalälven was established 
as having greater proportion of individuals showing proactive stress coping 
styles when compared to several Swedish brown trout populations reared 
under identical conditions (Brelin, 2008).  

Due to the combination of manual scoring (“striking”) and automated 
tracking variables we were able to classify individuals into distinguish sepa-
rate aggression groups for a large proportion of the tested fish (85%). It is a 
very challenge task to quantify agonistic behaviour and is also quite difficult 
to do it in salmon. The use if MIS has both advantages (standardized oppo-
nent) and disadvantages (no natural response from a interaction), same as 
fights with real opponents (no standardized opponent). In order to establish a 
screening test for aggression for a large sample size we were successful how-
ever there is always room for improvement. Johnsson & Näslund, (2018) 
makes a valid point when suggesting the MIS for juveniles due to lack of ex-
perience compared to older individuals. The LA and ZA fish showed a less 
pronounced peak in mirror zone duration and distance moved in mirror zone 
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than HA and MA fish, suggesting lower responsiveness and a more rapid ha-
bituation to the mirror stimuli in the LA and ZA fish. The interest the HA and 
MA fish showed for the mirror lasted for 10 minutes before it declined, poten-
tially due to lack of interaction or correct response from the “opponent”. Ber-
linghieri et al. (2021) proposed an intriguing suggestion in their review that 
lateralization could be used in order find associated behaviour and use it as a 
tool to improve fish welfare. By then deselecting the aggressive fish the fish 
welfare in ornamental fish rearing as well as aquaculture. We investigated eye 
preference as a measure of lateralization and was not able to confirm any eye 
preference in the MIS test. There was a preference of the fish for using the left 
eye but only in arenas where the mirror was placed on the left side. 

The concluding remark would be that the technique used, combining auto-
matic tracking as well as a subset of manual scoring of fish, can be applied for 
large scale individuals’ assessment of behavioural profiles. The results 
showed different behavioural response in the separate aggression groups 
where HA interacted significantly more with the mirror and MA and LA 
groups were more active. We did not find any correlation between aggression 
and boldness nor aggression and activity in this population of sea-ranched 
Baltic salmon parr.  

In Paper II, we wanted to investigate the consistency in behaviour between 
the trials but also within and between the different aggression groups. The 
results showed that activity was the most stable variable between trials, which 
has been confirmed in other fish species such as zebrafish (Baker et al., 2018; 
H. R. Thomson et al., 2020; Tran & Gerlai, 2013), brown trout (Adriaenssens 
& Johnsson, 2013) and for crickets (Vossen et al., 2022). We did not observe 
any correlation between the first and second trial for either boldness or ag-
gression however correlation between activity and boldness and aggression 
was found by (Adriaenssens & Johnsson, 2013) in brown trout. We did not 
observe any correlation between aggression and activity or boldness in Paper 
I in this population of Baltic salmon parr however there was a correlation be-
tween activity and boldness. 

The natural shift in water temperature during trials affected activity signif-
icantly and the activity was the highest around 13 to 5 °C compared to 16° C. 
Change in activity due to change in water temperature has been observed in 
perch as well where they were more active during higher temperature (Naka-
yama et al., 2016). Individual perches were implanted with a transmitter and 
the position of the fish was recorded for one year, temperature shifted from 
1.8 to 23 °C. However, this relates back to the optimal conditions for the indi-
vidual species used which might differ. Nakayama et al. (2016) also observed 
a higher between individual variation as their water temperature increased.  

Aggression was not consistent between the two trials however consistency 
in the behavioural variables was found to differ between the different aggres-
sion groups where LA and ZA were less consistent compared to MA and HA. 
Regarding the proportion of time that each fish displayed a high level of 
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activity, boldness, or aggression over subsequent minutes of each trial there 
was a significant difference between the groups for activity and aggression for 
the first and second trial and there was a significant difference between the 
groups for the second trial with regard to boldness. Methods for quantifying 
repeatability and controlling for confounding factors is always challenging 
however since this population is reared during artificial condition compared 
to wild populations the trials was fairly controlled against confounders (be-
sides water temperature). The differences in behavioural variation expressed 
in the diverse aggression groups for activity, boldness and aggression could 
be linked to their personality. Other studies have found this link with low be-
havioural variability in individuals with extreme behaviour. Natarajan et al. 
(2009) found that aggressive mice did not change their level of aggression 
across social context compared to less aggressive mice that did,  similar results 
has been observed previously by Koolhaas et al. (1987). Similar results was 
found in Jolles et al. (2019) were the duration away from shelter was measured 
repeatedly in wild-caught three spined sticklebacks. Shy fish was found to 
have higher variability in their response compared to bold individuals. These 
above results confirm the hypothesis that individual variation in boldness is 
inversely related to behavioural plasticity however the hypothesis has been 
challenged by other studies where no (Kim, 2016) or even a positive correla-
tion between boldness and plasticity was (Thomson et al., 2012).  

The shift in behavioural profiles between the trials could be related to the 
growth and development of the fish. The fish might have entered different 
developmental trajectories leading to these divergent life histories, i.e. smol-
tification and anadromy or precautious sexual maturation, respectively. How-
ever these salmon parr was 7 months when tested and the salmon population 
in river Dalälven have precious been show to smoltify around 1-2 years (Pe-
tersson et al., 2013). 

In conclusion, our results show that juvenile Baltic salmon classified after 
individual levels of aggressive behaviour also vary in other behavioural traits. 
Behavioural profiles in some cases appear plastic and differences in behav-
ioural traits were not stable between the two trials, the exception being activ-
ity. However, for low aggressive fish activity was more variable between the 
trials than for high aggressive fish, suggesting that low aggressive fish are 
more plastic in their behavioural repertoire than high aggressive fish. Further 
studies are required in order to analyse the variation in extreme behaviour.  

In Paper III, our results clearly show that wild and AB zebrafish differ in 
behaviour already at the larval and early juvenile stage. The most obvious be-
havioural difference was the difference in activity, as shown by differences in 
distance moved and mean velocity, wild larvae being more active. This be-
havioural divergence became evident at 7 dpf. As has been shown previously 
(Colwill & Creton, 2011), distance moved was longer during darkness but 
similar differences between wild and AB larvae were observed both during 
dark and light testing conditions. Adult AB zebrafish has also previously been 
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reported to be bolder compared to wild zebrafish (Mustafa et al., 2019). In 
both wild and AB larvae activity increased with age, but this increase was 
much more pronounced in wild larvae. The results of the current study clearly 
show that wild larvae display considerably larger variance in behaviour than 
AB larvae. It has been concluded from precious studies that not only do labor-
atory stain differ from wild populations, but they also differ from each other 
(Lange et al., 2013; Vignet et al., 2013). Multiple zebrafish strains are used 
today and our knowledge on inter-strain differences is still limited, which 
makes comparisons between studies challenging.  

Significantly higher brain expression of drd2b in wild as compared to AB 
juveniles (30 dpf). The upregulation of drd2b expression that we observed in 
the current study was relatively large and of the same magnitude as the one 
observed in bold adult AB males (Thörnqvist et al., 2019). However, we did 
not find any difference in the expression of drd2a or oprd1b, neither were 
there any difference in the expression of 5ht1aa, galr2a, galr2b or spx1, in the 
brain of wild and AB juveniles (30 dpf). In the study by Thörnqvist et al. 
(2019) the fish classified as bold showed longer distance travelled and higher 
mean velocity than those classified as shy. Therefore, differences in the brain 
expression of drd2b may be more related to activity (Liang et al., 2020). D2 
receptors occur both as pre-synaptic autoreceptors and post-synaptic receptors 
(Schweitzer et al., 2012). Consequently, it is also difficult to speculate on the 
relationship between an upregulation of drd2b and the dopaminergic tone. 

The results from this study show that offspring of wild zebrafish and AB 
clearly differ in behaviour even at the larval and early juvenile stage. The be-
havioural differences is apparent from 12 dpf and becomes more prominent 
with age and size. The wild larvae showed greater behavioural variance which 
also increased with development and age. These behavioural differences could 
potentially be the result of domestication and inbreeding in the AB strain. Lar-
vae of these two strains also differ in brain expression of drd2b receptors, a 
difference that could be related to differences in activity. 

 
Future perspectives 
Due to the complexity and variation in aggressive behaviour, large scale stud-
ies with repeated tests are desired, potentially combined with further genomic 
analyses. A potential topic for further studies would be a time lapsed develop-
mental study, where the individuals are tested throughout the different stages 
into adulthood. This would make it possible to characterize the changes or 
consistency in behavioural profiles during the salmon life cycle. When a stable 
behavioural profile has been distinguished, the epigenetic changes on the be-
havioural extremes would be investigated by DNA methylation sequencing. 
Earlier studies on epigenetic differences between wild and hatchery-reared 
salmon has been hypothesized to lead to higher reproductive success during 
hatchery conditions but shorter survival in the wild among hatchery-reared 
individuals (Le Luyer et al., 2017). This would allow us to reveal the 
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epigenetic relationship between behavioural profiles and isolate potential 
novel epigenetic factors and their possible gene expression outcomes involved 
in aggressiveness and potentially other extreme behaviours. 
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Svensk populärvetenskapligsammanfattning 

Inom en och samma art skiljer sig individer ofta åt i både beteende och fysio-
logiska funktioner. Många beteenden som djur uppvisar är korrelerade med 
beteenden från andra kontexter, t.ex. så är individer som lätt söker skydd från 
predatorer ofta också försiktiga mot artfränder. I en hotfull situation väljer 
vissa individer en aktiv strategi, genom att fly, gömma sig eller slåss. Dessa 
väldigt olika beteendemönster återspeglas även i deras fysiologiska funkt-
ioner. En individ som reagerar på hot med aktivt beteende (s.k. ”proaktiv” 
personlighetsprofil) har ofta höga blodkoncentrationer av adrenalin men rela-
tivt låga nivåer av glukokortikoider. Balansen är den motsatta hos de som sva-
rar på hot genom en passiv strategi (s.k. ”reaktiv personlighetsprofil”). Dessa 
två personlighetsprofiler skiljer sig dessutom åt i kognitiva funktioner, hur de 
lär sig och hur föränderliga dom är i sitt beteende. Den proaktiva profilen lär 
sig snabbt beteenderutiner och har svårt att ändra sitt beteende om miljön för-
ändras. Den reaktiva profilen är mer plastiskt i sitt beteende och har lättare att 
anamma små förändringar i sin omgivning. Inom avakulturindustrin så finns 
ett stort intresse att minska aggressivt beteende mellan fiskarna då detta resul-
terar i stress och dålig djurvälfärd.  

I den första studien undersöktes om skillnader i aggressivt beteende hos 
juvenila laxar var kopplade till simaktivitet och skyddssökande beteende. Re-
sultaten visade att aktivitet och skyddssökande beteenden var korrelerade med 
varandra, men att dessa inte hade ett samband med aggressivt beteende som 
fiskarna visade upp mot sin egen spegelbild. Laxar med mellan och låg ag-
gression var mest aktiva, vilket står i viss motsättning till tidigare forskning. 
Vi såg också en viss preferens av att använda det vänstra synfältet när fiskarna 
befann sig nära spegeln. Av alla testade fiskar så var det bara en liten andel 
som klassificerades som högt aggressiva. Våra resultat visar att det är möjligt 
att identifiera och separera eller exkludera dessa hög aggressiva individer i ett 
tidigt skede, vilket kan innebära en förbättring i djurhälsa och -välfärd för de 
andra fiskar i gruppen. 

I den andra studien testades ungefär 200 av de juvenila laxar från första 
studien en andra gång. Resultaten visade att aktivitet (tid spenderad i rörelse) 
är den beteendevariabel som är mest stabil då det fanns en viss korrelation 
mellan försöksomgångarna. Det var även tydligt att de fiskar som var mest 
aktiva var mer rigid i sitt beteende jämfört med de fiskar som var mindre ak-
tiva. Det finns alltså en större beteendevarians (plasticitet) hos dem individer 
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med lägre aggression jämfört med hög aggressiva individer som var mer rigida 
i sitt beteende.  

Den tredje studien analyserades skillnader mellan två zebrafisk linjer, lab-
stammen AB och avkomma till vildfångad fisk, under olika tillväxtfaser. 
Yngel från dessa två linjer uppvisade tydliga skillnader i sitt beteende och 
skillnaden ökade med ökande ålder. Aktiviteten (sim distans) ökade med ål-
dern hos bägge linjerna men snabbar hos den vilda avkomman. Yngel med 
vilda föräldrar simmade också snabbare än AB yngel. Den vilda avkomman 
tillbringade mer tid längs försöksarenans väggar, vilket tolkas som att de var 
mindre riskbenägna. Vild avkomma uppvisade signifikant högre genuttryck i 
hjärnan av en typ av dopamin 2 receptor (drd2b) jämfört med AB larver. Skill-
nader i dopaminsystemet kan vara relaterat till skillnader i risktagande och 
aktivitet. Zebrafiskyngel av vild avkomma visade en större spridning i sitt be-
teende individer emellan, en skillnad som också ökade desto äldre fiskarna 
blev. Skillnader i beteende mellan olika zebrafisklinjer så väl som skillnader 
mellan individer inom samma linje är viktigt och relevant att ha i åtanke när 
man använder zebrafiskar som modelldjur i biomedicinska studier.  

  



39 

Acknowledgements 

This thesis would not have been possible without the encouragement and sup-
port from a lot of amazing people.  

The first great thanks will go to my main supervisor, Svante Winberg, for 
believing in me and accepting me as a PhD student. Thank you, for giving me 
inspiration and courage to explore the scientific realms. Thanks for all the in-
teresting discussion both in big and small scale but always originating from a 
passionate place for fish, fishing, and behaviour. Also sharing a great interest 
for dogs and the good things in life. Thank you for the warmth and familiarity, 
it has been a real treat. 

I am profoundly grateful for my co-supervisor Laura. Words cannot de-
scribe the support and help you have given me throughout the whole PhD but 
particularly as co-supervisor. When I was drowning in statistics you tossed me 
a lifebuoy and helped me to make sense of it all. You taught me a lot about R, 
statistics and behavioural analysis but also reasoning about the bigger picture 
in science/research overall and chitchatting about “small” questions that is life 
and motherhood in general. This thesis would not have been possible without 
your encouragement, commitment, and support. Thank you! 

I also gratefully to you Erika, my co-supervisor. Thanks for the guidance, 
inspiration, and discussions about my work, research and science during feed-
back and journal clubs. Thank you. 

Ett hejdundrande tack till Erik, thank you so much for all the help regard-
ing statistics but also everything regarding fishy discussions. Thank you for 
you humour and encouragement. Thank you for making sense of all the data 
again and again. This thesis would have been impossible without you.  

Thank you, Leif, for being the initial person to give me a chance for this 
PhD. I wish parts of the project would have taken a more genomic path.    

Thank you, PO, for everything you taught and helped me with in the lab. 
Your extreme patience and encouragement at times when nothing made sense 
helped more than you know. Your presence in the lab and at Älvkarleby and 
support as a colleague has been extremely appreciated.  

My dear Oly, I am so grateful for the time we did have together in the lab. 
It sure felt too short. You made the challenges and hard times so much beara-
ble. I wish you all the best on your continued PhD journey but also scientific 
carrier. You will ace it, I am sure! And I promise I haven’t gone far, I´m just 
a phone call away.  



40 

Thank you so much my previous PhD colleague, Arianna. Thank you so 
much for all the help in everything from RNA protocols to discussion the big 
and small things in life.  

Tusen tack Anders för all hjälp med allting tekniskt. Tack vare din hjälp 
så blev allt komplicerat så mycket lättare. Du var alltid bara ett samtal bort. 
Hoppas du njuter av pensionen!  

Stort tack till Berit och övrig admin personal for all hjälp med allting ad-
ministrativt men även härliga samtal.  

A big thank you to UUBF team, Åsa KG, Thomas, Stina och Sara 
A big thank you to the MCB staff; Johan, Gunilla and Teodor. It was for 

a very brief time but thank you so much for your enthusiasm to finalize this 
thesis.  

Ett otroligt stort tack till personalen vid Älvkarleby forskningsstation. Tack 
Yvonne för att du har orkat med alla frågor så väl som hjälpt mig otroligt med 
”mina fiskar” under försöken. Tack även Lena, Maj-Elise, Peter, Jörgen och 
Anders för ett varmt mottagande när jag gjorde mina försök hos er.  

Also a great thanks to former and current fellow PhD colleagues/research-
ers but particularly Nikita, Helen, Haima, Athie, Lieve, Harmen, Marcus, 
Olga, Helen, Freja. Jonas, Anna-Sofia, Fabiana thank you so much for all 
the fikas, talks and discussions over the years.  

To the Neuro PhD committee thank you so much for the ventilation, shared 
frustrations, and comradery. It was a blast arranging the Neuro conference and 
trying to keep the Neuro PhD narrative in focus.   

Thanks to the entire (old) Neuroscience department and all the employees 
that I haven’t mentioned yet. Thank you for all the fikas, julbord, Neurosci-
ence days and everything in between.  

Thank you to all the students over the years. Therese, but also Sultana and 
Sophie.  

A warm and huge thank you to Nellie and Barry where the initial spark for 
a PhD came about. Your passion for science and achievement was contagious 
and I am happy that I was infected. Tack Jonna för all pepptalk, support och 
uppmuntran när livet körde ihop sig.  

Stort tack till min underbara familj som alltid finns där och stöttar och upp-
muntrar, pappa Gunnar och syskon med familj; Alexandra, Ola, Philip, Lo-
visa, Carl, Ullis, Elsa, Tage, Joachim och Lane. Utan en stark sammanhåll-
ning så hade jag inte orkat göra denna resa. Tack för all stöttning som har tagit 
mig genom livet.  

Mamma, jag önskar så att du hade kunnat vara här. ❤ Jag är här tack vare 
dig.  

Fredrik, tack för ditt ändlösa stöd och uppmuntran. Tack för att du får mig 
att tro på mig själv igen och igen och igen. Du är mitt kompass i en konstant 
utmanande och härlig värld. Tack för att du vill dela den med mig.   



41 

Alice❤ och Nina ❤, mammas älsklingar. Tack för att ni har fått mig inse 
vad som är viktigt i livet. Ni har format mig till den jag är och jag kommer 
alltid vara oändligt tacksam för att just ni är mina döttrar. Tack för er vill-
korslösa kärlek och uppmuntran.  

Last but not the least I feel a deep gratitude and responsibility for all the 
fish that I used for my research. Salmon in particular is a fascinating species 
and persistence is something I really hope to take with me from their life his-
tory. And I also wish for them to reclaim some of their natural habitat which 
we humans have destroyed for the purpose of human interests. 

  



42 

References 

 
Adriaenssens, B., & Johnsson, J. I. (2013). Natural selection, plasticity and the emer-

gence of a behavioural syndrome in the wild. Ecology Letters, 16(1), 47–55. 
https://doi.org/10.1111/ele.12011 

Agnvall, B., Katajamaa, R., Altimiras, J., & Jensen, P. (2015). Is domestication driven 
by reduced fear of humans? Boldness, metabolism and serotonin levels in di-
vergently selected red junglefowl (Gallus gallus). Biology Letters, 11(9), 
20150509. https://doi.org/10.1098/rsbl.2015.0509 

Ahmad, F., & Richardson, M. K. (2013). Exploratory behaviour in the open field test 
adapted for larval zebrafish: Impact of environmental complexity. Behavioural 
Processes, 92, 88–98. https://doi.org/10.1016/j.beproc.2012.10.014 

Airhart, M. J., Lee, D. H., Wilson, T. D., Miller, B. E., Miller, M. N., & Skalko, R. G. 
(2007). Movement disorders and neurochemical changes in zebrafish larvae 
after bath exposure to fluoxetine (PROZAC). Neurotoxicology and Teratology, 
29(6), 652–664. 

Ali, S., Champagne, D. L., Spaink, H. P., & Richardson, M. K. (2011). Zebrafish 
embryos and larvae: A new generation of disease models and drug screens. 
Birth Defects Research Part C: Embryo Today: Reviews, 93(2), 115–133. 
https://doi.org/10.1002/bdrc.20206 

Antunes, M., & Biala, G. (2012). The novel object recognition memory: Neurobiol-
ogy, test procedure, and its modifications. Cognitive Processing, 13(2), 93–
110. https://doi.org/10.1007/s10339-011-0430-z 

Ariyomo, T. O., & Watt, P. J. (2013). Aggression and sex differences in lateralization 
in the zebrafish. Animal Behaviour, 86(3), 617–622. 
 https://doi.org/10.1016/j.anbehav.2013.06.019 

Asche, F., Roll, K. H., Sandvold, H. N., Sørvig, A., & Zhang, D. (2013). Salmon 
Aquaculture: Larger Companies and Increased Production. Aquaculture Eco-
nomics & Management, 17(3), 322–339.  
https://doi.org/10.1080/13657305.2013.812156 

Audira, G., Siregar, P., Strungaru, S.-A., Huang, J.-C., & Hsiao, C.-D. (2020). Which 
Zebrafish Strains Are More Suitable to Perform Behavioral Studies? A Com-
prehensive Comparison by Phenomic Approach. Biology, 9(8), Article 8. 
https://doi.org/10.3390/biology9080200 

Aulich, D. (1976). Escape versus exploratory activity: An interpretation of rats’ be-
haviour in the open field and a light-dark preference test. Behavioural Pro-
cesses, 1(2), 153–164. https://doi.org/10.1016/0376-6357(76)90035-8 

Axling, J., Vossen, L., Peterson, E., & Winberg, S. (2022). On the relationship be-
tween boldness, activity, and aggression: Insights from a large-scale study in 
Baltic salmon (Salmo salar L). In Review. 

Backström, T., & Winberg, S. (2017). Serotonin Coordinates Responses to Social 
Stress—What We Can Learn from Fish. Frontiers in Neuroscience, 11. 
https://www.frontiersin.org/article/10.3389/fnins.2017.00595 



43 

Baker, M. R., Goodman, A. C., Santo, J. B., & Wong, R. Y. (2018). Repeatability and 
reliability of exploratory behavior in proactive and reactive zebrafish, Danio 
rerio. Scientific Reports, 8(1), Article 1. https://doi.org/10.1038/s41598-018-
30630-3 

Balzarini, V., Taborsky, M., Wanner, S., Koch, F., & Frommen, J. G. (2014). Mirror, 
mirror on the wall: The predictive value of mirror tests for measuring aggres-
sion in fish. Behavioral Ecology and Sociobiology, 68(5), 871–878. 
https://doi.org/10.1007/s00265-014-1698-7 

Barreto, M. O., Rey Planellas, S., Yang, Y., Phillips, C., & Descovich, K. (2022). 
Emerging indicators of fish welfare in aquaculture. Reviews in Aquaculture, 
14(1), 343–361. https://doi.org/10.1111/raq.12601 

Beacham, T. D., & Murray, C. B. (1990). Temperature, Egg Size, and Development 
of Embryos and Alevins of Five Species of Pacific Salmon: A Comparative 
Analysis. Transactions of the American Fisheries Society, 119(6), 927–945. 
https://doi.org/10.1577/1548-8659(1990)119<0927:TESADO>2.3.CO;2 

Bell, A. M., Hankison, S. J., & Laskowski, K. L. (2009). The repeatability of behav-
iour: A meta-analysis. Animal Behaviour, 77(4), 771–783.  
https://doi.org/10.1016/j.anbehav.2008.12.022 

Bell, A. M., Henderson, L., & Huntingford, F. A. (2010). Behavioral and respiratory 
responses to stressors in multiple populations of three-spined sticklebacks that 
differ in predation pressure. Journal of Comparative Physiology B, 180(2), 
211–220. https://doi.org/10.1007/s00360-009-0395-8 

Bell, A. M., & Sih, A. (2007). Exposure to predation generates personality in 
threespined sticklebacks (Gasterosteus aculeatus). Ecology Letters, 10(9), 
828–834. https://doi.org/10.1111/j.1461-0248.2007.01081.x 

Bell, A. M., & Stamps, J. A. (2004). Development of behavioural differences between 
individuals and populations of sticklebacks, Gasterosteus aculeatus. Animal 
Behaviour, 68(6), 1339–1348. https://doi.org/10.1016/j.anbehav.2004.05.007 

Belton, B., Bush, S. R., & Little, D. C. (2018). Not just for the wealthy: Rethinking 
farmed fish consumption in the Global South. Global Food Security, 16, 85–
92. https://doi.org/10.1016/j.gfs.2017.10.005 

Berejikian, B. A., Mathews, S. B., & Quinn, T. P. (1996). Effects of hatchery and wild 
ancestry and rearing environments on the development of agonistic behavior 
in steelhead trout (Oncorhynchus mykiss) fry. Canadian Journal of Fisheries 
and Aquatic Sciences, 53(9), 2004–2014. 

Berlinghieri, F., Panizzon, P., Penry-Williams, I. L., & Brown, C. (2021). Laterality 
and fish welfare—A review. Applied Animal Behaviour Science, 236, 105239. 
https://doi.org/10.1016/j.applanim.2021.105239 

Biro, P., & Stamps, J. (2008). Are animal personality traits linked to life-history 
productivity? Trends in Ecology & Evolution, 23, 361–368.  
https://doi.org/10.1016/j.tree.2008.04.003 

Boissy, A. (1995). Fear and Fearfulness in Animals. The Quarterly Review of Biology, 
70(2), 165–191. https://doi.org/10.1086/418981 

Bordeleau, X., Pardo, S. A., Chaput, G., April, J., Dempson, B., Robertson, M., Levy, 
A., Jones, R., Hutchings, J. A., Whoriskey, F. G., & Crossin, G. T. (2020). 
Spatio-temporal trends in the importance of iteroparity across Atlantic salmon 
populations of the northwest Atlantic. ICES Journal of Marine Science, 77(1), 
326–344. https://doi.org/10.1093/icesjms/fsz188 

Bossert, W. H., & Wilson, E. O. (1963). The analysis of olfactory communication 
among animals. Journal of Theoretical Biology, 5(3), 443–469.  
https://doi.org/10.1016/0022-5193(63)90089-4 



44 

Brelin, D. (2008). Stress Coping Strategies in Brown Trout (Salmo Trutta): Ecologi-
cal Significance and Effects of Sea-Ranching.  
http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-8591 

Brelin, D., Petersson, E., Dannewitz, J., Dahl, J., & Winberg, S. (2008). Frequency 
distribution of coping strategies in four populations of brown trout (Salmo 
trutta). Hormones and Behavior, 53(4), 546–556.  
https://doi.org/10.1016/j.yhbeh.2007.12.011 

Brown, G. E., & Godin, J.-G. J. (1999). Who dares, learns: Chemical inspection be-
haviour and acquired predator recognition in a characin fish. Animal Behav-
iour, 57(2), 475–481. https://doi.org/10.1006/anbe.1998.1017 

Cabib, S., & Puglisi-Allegra, S. (2012). The mesoaccumbens dopamine in coping with 
stress. Neuroscience and Biobehavioral Reviews, 36(1), 79–89. 
https://doi.org/10.1016/j.neubiorev.2011.04.012 

Campler, M., Jöngren, M., & Jensen, P. (2009). Fearfulness in red junglefowl and 
domesticated White Leghorn chickens. Behavioural Processes, 81(1), 39–43. 
https://doi.org/10.1016/j.beproc.2008.12.018 

Chandroo, K. P., Duncan, I. J. H., & Moccia, R. D. (2004). Can fish suffer?: Perspec-
tives on sentience, pain, fear and stress. Applied Animal Behaviour Science, 
86(3), 225–250. https://doi.org/10.1016/j.applanim.2004.02.004 

Choi, T.-Y., Choi, T.-I., Lee, Y.-R., Choe, S.-K., & Kim, C.-H. (2021). Zebrafish as 
an animal model for biomedical research. Experimental & Molecular Medi-
cine, 53(3), 310–317. https://doi.org/10.1038/s12276-021-00571-5 

Cloninger, C. R. (2009). Evolution of Human Brain Functions: The Functional Struc-
ture of Human Consciousness. Australian & New Zealand Journal of Psychi-
atry, 43(11), 994–1006. https://doi.org/10.3109/00048670903270506 

Colwill, R. M., & Creton, R. (2011). Imaging escape and avoidance behavior in 
zebrafish larvae. Reviews in the Neurosciences, 22(1), 63–73.  
https://doi.org/10.1515/RNS.2011.008 

Conrad, J. L., Weinersmith, K. L., Brodin, T., Saltz, J. B., & Sih, A. (2011). Behav-
ioural syndromes in fishes: A review with implications for ecology and fisher-
ies management. Journal of Fish Biology, 78(2), 395–435. 
https://doi.org/10.1111/j.1095-8649.2010.02874.x 

Cutts, C. J., Metcalfe, N. B., & Taylor, A. C. (1998). Aggression and growth depres-
sion in juvenile Atlantic salmon: The consequences of individual variation in 
standard metabolic rate. Journal of Fish Biology, 52(5), 1026–1037. 

Cutts, C. J., Metcalfe, N. B., & Taylor, A. C. (2002). Fish may fight rather than feed 
in a novel environment: Metabolic rate and feeding motivation in juvenile At-
lantic salmon. Journal of Fish Biology, 61(6), 1540–1548.  
https://doi.org/10.1111/j.1095-8649.2002.tb02496.x 

Dahlbom, S. J., Backström, T., Lundstedt-Enkel, K., & Winberg, S. (2012). Aggres-
sion and monoamines: Effects of sex and social rank in zebrafish (Danio rerio). 
Behavioural Brain Research, 228(2), 333–338.  
https://doi.org/10.1016/j.bbr.2011.12.011 

Damsgård, B., & Huntingford, F. (2012). Fighting and Aggression. In Aquaculture 
and Behavior (pp. 248–285). John Wiley & Sons, Ltd.  
https://doi.org/10.1002/9781444354614.ch9 

Daniel, D. K., & Bhat, A. (2020). Bolder and Brighter? Exploring Correlations Be-
tween Personality and Cognitive Abilities Among Individuals Within a Popu-
lation of Wild Zebrafish, Danio rerio. Frontiers in Behavioral Neuroscience, 
14. https://www.frontiersin.org/article/10.3389/fnbeh.2020.00138 
  



45 

Dawkins, M. (2004). Using behaviour to assess animal welfare. Animal Welfare, 13. 
Dawkins, M. S. (2006). A user’s guide to animal welfare science. Trends in Ecology 

& Evolution, 21(2), 77–82. https://doi.org/10.1016/j.tree.2005.10.017 
D’Eath, R. B. (2002). Individual aggressiveness measured in a resident-intruder test 

predicts the persistence of aggressive behaviour and weight gain of young pigs 
after mixing. Applied Animal Behaviour Science, 77(4), 267–283. 
https://doi.org/10.1016/S0168-1591(02)00077-1 

Debat, V., & David, P. (2001). Mapping phenotypes: Canalization, plasticity and de-
velopmental stability. Trends in Ecology & Evolution, 16(10), 555–561. 

Dingemanse, N. J., Kazem, A. J. N., Réale, D., & Wright, J. (2010). Behavioural re-
action norms: Animal personality meets individual plasticity. Trends in Ecol-
ogy & Evolution, 25(2), 81–89. https://doi.org/10.1016/j.tree.2009.07.013 

Dingemanse, N. J., Wright, J., Kazem, A. J. N., Thomas, D. K., Hickling, R., & 
Dawnay, N. (2007). Behavioural Syndromes Differ Predictably between 12 
Populations of Three-Spined Stickleback. Journal of Animal Ecology, 76(6), 
1128–1138. 

Elwood, R. W., Stoilova, V., McDonnell, A., Earley, R. L., & Arnott, G. (2014). Do 
mirrors reflect reality in agonistic encounters? A test of mutual cooperation in 
displays. Animal Behaviour, 97, 63–67. https://doi.org/10.1016/j.anbe-
hav.2014.07.028 

FAO. (2020). The State of World Fisheries and Aquaculture 2020: Sustainability in 
action. FAO. https://doi.org/10.4060/ca9229en 

Fenderson, O. C., Everhart, W. H., & Muth, K. M. (1968). Comparative Agonistic 
and Feeding Behavior of Hatchery-Reared and Wild Salmon in Aquaria. Jour-
nal of the Fisheries Board of Canada. https://doi.org/10.1139/f68-001 

Fleming, I. (1996). Reproductive strategies of Atlantic salmon: Ecology and evolu-
tion. Reviews in Fish Biology and Fisheries, 6(4), 379–416. 
https://doi.org/10.1007/BF00164323 

Friard, O., & Gamba, M. (2016). BORIS: A free, versatile open-source event-logging 
software for video/audio coding and live observations. Methods in Ecology and 
Evolution, 7(11), 1325–1330. https://doi.org/10.1111/2041-210X.12584 

Garlock, T., Asche, F., Anderson, J., Bjørndal, T., Kumar, G., Lorenzen, K., Ropicki, 
A., Smith, M. D., & Tveterås, R. (2020). A Global Blue Revolution: Aquacul-
ture Growth Across Regions, Species, and Countries. Reviews in Fisheries Sci-
ence & Aquaculture, 28(1), 107–116.  
https://doi.org/10.1080/23308249.2019.1678111 

Gorissen, M., Manuel, R., Pelgrim, T. N. M., Mes, W., Wolf, M. J. S. de, Zethof, J., 
Flik, G., & Bos, R. van den. (2015). Differences in inhibitory avoidance, cor-
tisol and brain gene expression in TL and AB zebrafish. Genes, Brain and Be-
havior, 14(5), 428–438. https://doi.org/10.1111/gbb.12220 

Gosling. (2001). From mice to men: What can we learn about personality from animal 
research? - PsycNET.  
https://psycnet.apa.org/doiLanding?doi=10.1037%2F0033-2909.127.1.45 

Graham, C., von Keyserlingk, M. A. G., & Franks, B. (2018). Zebrafish welfare: Nat-
ural history, social motivation and behaviour. Applied Animal Behaviour Sci-
ence, 200, 13–22. https://doi.org/10.1016/j.applanim.2017.11.005 

Hall, C., & Ballachey, E. L. (1932). A study of the rat’s behavior in a field. A contri-
bution to 720 method in comparative psychology. 6, 6–12. 

Hansen, L. P., & Quinn, T. P. (1998). The marine phase of the Atlantic salmon (Salmo 
salar) life cycle, with comparisons to Pacific salmon. Canadian Journal of 
Fisheries and Aquatic Sciences, 55(S1), 104–118. 



46 

Hill, A. J., Teraoka, H., Heideman, W., & Peterson, R. E. (2005). Zebrafish as a model 
vertebrate for investigating chemical toxicity. Toxicological Sciences: An Of-
ficial Journal of the Society of Toxicology, 86(1), 6–19.  
https://doi.org/10.1093/toxsci/kfi110 

Höjesjö, J., Johnsson, J., & Bohlin, T. (2004). Habitat complexity reduces the growth 
of aggressive and dominant brown trout (Salmo trutta) relative to subordinates. 
Behavioral Ecology and Sociobiology, 56(3), 286–289.  
https://doi.org/10.1007/s00265-004-0784-7 

Holtby, L. B., Swain, D. P., & Allan, G. M. (1993). Mirror-Elicited Agonistic Behav-
iour and Body Morphology as Predictors of Dominance Status in Juvenile 
Coho Salmon (Oncorhynchus kisutch). Canadian Journal of Fisheries and 
Aquatic Sciences. https://doi.org/10.1139/f93-078 

Hubley, P. B., Amiro, P. G., Gibson, A. J. F., Lacroix, G. L., & Redden, A. M. (2008). 
Survival and behaviour of migrating Atlantic salmon (Salmo salar L.) kelts in 
river, estuarine, and coastal habitat. ICES Journal of Marine Science, 65(9), 
1626–1634. https://doi.org/10.1093/icesjms/fsn129 

Huntingford, F. A. (1976). The relationship between anti-predator behaviour and ag-
gression among conspecifics in the three-spined stickleback, Gasterosteus 
Aculeatus. Animal Behaviour, 24(2), 245–260. https://doi.org/10.1016/S0003-
3472(76)80034-6 

Huntingford, F. A., Adams, C., Braithwaite, V. A., Kadri, S., Pottinger, T. G., Sandøe, 
P., & Turnbull, J. F. (2006). Current issues in fish welfare. Journal of Fish 
Biology, 68(2), 332–372. https://doi.org/10.1111/j.0022-1112.2006.001046.x 

Huntingford, F. A., Metcalfe, N. B., Thorpe, J. E., Graham, W. D., & Adams, C. E. 
(1990). Social dominance and body size in Atlantic salmon parr, Salmo solar 
L. Journal of Fish Biology, 36(6), 877–881. https://doi.org/10.1111/j.1095-
8649.1990.tb05635.x 

Ioannidis, J. P. A. (2005). Why Most Published Research Findings Are False. PLOS 
Medicine, 2(8), e124. https://doi.org/10.1371/journal.pmed.0020124 

Irons, T. D., MacPhail, R. C., Hunter, D. L., & Padilla, S. (2010). Acute neuroactive 
drug exposures alter locomotor activity in larval zebrafish. Neurotoxicology 
and Teratology, 32(1), 84–90. https://doi.org/10.1016/j.ntt.2009.04.066 

Johansson, B. G., & Jones, T. M. (2007). The role of chemical communication in mate 
choice. Biological Reviews, 82(2), 265–289. https://doi.org/10.1111/j.1469-
185X.2007.00009.x 

Johansson, L.-H., Timmerhaus, G., Afanasyev, S., Jørgensen, S. M., & Krasnov, A. 
(2016). Smoltification and seawater transfer of Atlantic salmon (Salmo salar 
L.) is associated with systemic repression of the immune transcriptome. Fish 
& Shellfish Immunology, 58, 33–41. https://doi.org/10.1016/j.fsi.2016.09.026 

Johnsson, J. I., & Näslund, J. (2018). Studying behavioural variation in salmonids 
from an ecological perspective: Observations questions methodological con-
siderations. Reviews in Fish Biology and Fisheries, 28(4), 795–823. 
https://doi.org/10.1007/s11160-018-9532-3 

Johnsson, J. I., Parkkonen, J., & Förlin, L. (2003). Reduced territorial defence in rain-
bow trout fry exposed to a paper mill effluent: Using the mirror image stimu-
lation test as a behavioural bioassay. Journal of Fish Biology, 62(4), 959–964. 
https://doi.org/10.1046/j.1095-8649.2003.00076.x 

Jolles, J. W., Briggs, H. D., Araya-Ajoy, Y. G., & Boogert, N. J. (2019). Personality, 
plasticity and predictability in sticklebacks: Bold fish are less plastic and more 
predictable than shy fish. Animal Behaviour, 154, 193–202.  
https://doi.org/10.1016/j.anbehav.2019.06.022 



47 

Kalueff, A. V., Stewart, A. M., & Gerlai, R. (2014). Zebrafish as an emerging model 
for studying complex brain disorders. Trends in Pharmacological Sciences, 
35(2), 63–75. https://doi.org/10.1016/j.tips.2013.12.002 

Keenleyside, M. H. A., & Yamamoto, F. T. (1962). Territorial Behaviour of Juvenile 
Atlantic Salmon (Salmo salar L.). Behaviour, 19(1/2), 139–169. 

Kim, D.-K., Yun, S., Son, G. H., Hwang, J.-I., Park, C. R., Kim, J. I., Kim, K., Vaudry, 
H., & Seong, J. Y. (2014). Coevolution of the spexin/galanin/kisspeptin fam-
ily: Spexin activates galanin receptor type II and III. Endocrinology, 155(5), 
1864–1873. https://doi.org/10.1210/en.2013-2106 

Kim, S.-Y. (2016). Fixed behavioural plasticity in response to predation risk in the 
three-spined stickleback. Animal Behaviour, 112, 147–152. 
 https://doi.org/10.1016/j.anbehav.2015.12.004 

Klemetsen, A., Amundsen, P.-A., Dempson, J. B., Jonsson, B., Jonsson, N., O’Con-
nell, M. F., & Mortensen, E. (2003). Atlantic salmon Salmo salar L., brown 
trout Salmo trutta L. and Arctic charr Salvelinus alpinus (L.): A review of as-
pects of their life histories. Ecology of Freshwater Fish, 12(1), 1–59. 
https://doi.org/10.1034/j.1600-0633.2003.00010.x 

Kolb, B., & Gibb, R. (2014). Searching for the principles of brain plasticity and be-
havior. Cortex, 58, 251–260. 

Koolhaas, J. M., Benus, R. F., & Oortmerssen, G. a. V. (1987). Individual Differences 
in Behavioural Reaction To a Changing Environment in Mice and Rats. 
Behaviour, 100(1–4), 105–121. https://doi.org/10.1163/156853987X00099 

Koolhaas, J. M., Korte, S. M., De Boer, S. F., Van Der Vegt, B. J., Van Reenen, C. 
G., Hopster, H., De Jong, I. C., Ruis, M. A. W., & Blokhuis, H. J. (1999). 
Coping styles in animals: Current status in behavior and stress-physiology. 
Neuroscience & Biobehavioral Reviews, 23(7), 925–935.  
https://doi.org/10.1016/S0149-7634(99)00026-3 

Lange, M., Neuzeret, F., Fabreges, B., Froc, C., Bedu, S., Bally-Cuif, L., & Norton, 
W. H. J. (2013). Inter-individual and inter-strain variations in zebrafish loco-
motor ontogeny. PloS One, 8(8), e70172. https://doi.org/10.1371/jour-
nal.pone.0070172 

Lara, R. A., & Vasconcelos, R. O. (2019). Characterization of the Natural Soundscape 
of Zebrafish and Comparison with the Captive Noise Conditions. Zebrafish, 
16(2), 152–164. https://doi.org/10.1089/zeb.2018.1654 

Le Luyer, J., Laporte, M., Beacham, T. D., Kaukinen, K. H., Withler, R. E., Leong, J. 
S., Rondeau, E. B., Koop, B. F., & Bernatchez, L. (2017). Parallel epigenetic 
modifications induced by hatchery rearing in a Pacific salmon. Proceedings of 
the National Academy of Sciences, 114(49), 12964–12969.  
https://doi.org/10.1073/pnas.1711229114 

LeDoux, J. E. (1995). Emotion: Clues from the brain. Annual Review of Psychology, 
46(1), 209–235. 

Lee, C. J., Paull, G. C., & Tyler, C. R. (n.d.). Improving zebrafish laboratory welfare 
and scientific research through understanding their natural history. Biological 
Reviews, n/a(n/a). https://doi.org/10.1111/brv.12831 

Levitt, M. (2013). Perceptions of nature, nurture and behaviour. Life Sciences, Society 
and Policy, 9(1), 13. https://doi.org/10.1186/2195-7819-9-13 

Liang, X., Zhao, Y., Liu, W., Li, Z., Souders, C. L., & Martyniuk, C. J. (2020). Bu-
tylated hydroxytoluene induces hyperactivity and alters dopamine-related gene 
expression in larval zebrafish (Danio rerio). Environmental Pollution (Bark-
ing, Essex: 1987), 257, 113624. https://doi.org/10.1016/j.envpol.2019.113624 
  



48 

Lim, C. H., Lee, M. Y. M., Soga, T., & Parhar, I. (2019). Evolution of Structural and 
Functional Diversity of Spexin in Mammalian and Non-mammalian Vertebrate 
Species. Frontiers in Endocrinology, 10. https://www.frontiersin.org/ar-
ticle/10.3389/fendo.2019.00379 

Lim, C. H., Soga, T., Levavi-Sivan, B., & Parhar, I. S. (2020). Chronic Social Defeat 
Stress Up-Regulates Spexin in the Brain of Nile Tilapia (Oreochromis nilot-
icus). Scientific Reports, 10(1), 7666. https://doi.org/10.1038/s41598-020-
64639-4 

MacLean, A., Metcalfe, N. B., & Mitchell, D. (2000). Alternative competitive strate-
gies in juvenile Atlantic salmon (Salmo salar): Evidence from fin damage. Aq-
uaculture, 184(3), 291–302. https://doi.org/10.1016/S0044-8486(99)00333-6 

MacPhail, R. C., Brooks, J., Hunter, D. L., Padnos, B., Irons, T. D., & Padilla, S. 
(2009). Locomotion in larval zebrafish: Influence of time of day, lighting and 
ethanol. Neurotoxicology, 30(1), 52–58. 
 https://doi.org/10.1016/j.neuro.2008.09.011 

Marschall, E. A., Quinn, T. P., Roff, D. A., Hutchings, J. A., Metcalfe, N. B., Bakke, 
T. A., Saunders, R. L., & Poff, N. L. (1998). A framework for understanding 
Atlantic salmon (Salmo salar) life history. Canadian Journal of Fisheries and 
Aquatic Sciences, 55(S1), 48–58. 

Mathot, K. J., Wright, J., Kempenaers, B., & Dingemanse, N. J. (2012). Adaptive 
strategies for managing uncertainty may explain personality-related differ-
ences in behavioural plasticity. Oikos, 121(7), 1009–1020. 

McCormick, S. D., Shrimpton, J. M., Moriyama, S., & Björnsson, B. T. (2007). Dif-
ferential hormonal responses of Atlantic salmon parr and smolt to increased 
daylength: A possible developmental basis for smolting. Aquaculture, 273(2), 
337–344. https://doi.org/10.1016/j.aquaculture.2007.10.015 

Mellor, D. J., Beausoleil, N. J., Littlewood, K. E., McLean, A. N., McGreevy, P. D., 
Jones, B., & Wilkins, C. (2020). The 2020 Five Domains Model: Including 
Human–Animal Interactions in Assessments of Animal Welfare. Animals, 
10(10), Article 10. https://doi.org/10.3390/ani10101870 

Metcalfe, N. B. (1986). Intraspecific variation in competitive ability and food intake 
in salmonids: Consequences for energy budgets and growth rates. Journal of 
Fish Biology, 28(5), 525–531.  
https://doi.org/10.1111/j.1095-8649.1986.tb05190.x 

Mustafa, A., Roman, E., & Winberg, S. (2019). Boldness in Male and Female 
Zebrafish (Danio rerio) Is Dependent on Strain and Test. Frontiers in Behav-
ioral Neuroscience, 13.  
https://www.frontiersin.org/article/10.3389/fnbeh.2019.00248 

Nagel, R. (2002). DarT: The embryo test with the Zebrafish Danio rerio--a general 
model in ecotoxicology and toxicology. ALTEX, 19 Suppl 1, 38–48. 

Nakayama, S., Laskowski, K. L., Klefoth, T., & Arlinghaus, R. (2016). Between- and 
within-individual variation in activity increases with water temperature in wild 
perch. Behavioral Ecology, 27(6), 1676–1683. https://doi.org/10.1093/be-
heco/arw090 

Näslund, J., & Johnsson, J. I. (2016). State-dependent behavior and alternative behav-
ioral strategies in brown trout (Salmo trutta L.) fry. Behavioral Ecology and 
Sociobiology, 70(12), 2111–2125. https://doi.org/10.1007/s00265-016-2215-y 

Natarajan, D., De Vries, H., Saaltink, D.-J., de Boer, S. F., & Koolhaas, J. M. (2009). 
Delineation of violence from functional aggression in mice: An ethological 
approach. Behavior Genetics, 39(1), 73–90. 
  



49 

Oswald, M. E., Drew, R. E., Racine, M., Murdoch, G. K., & Robison, B. D. (2012). 
Is Behavioral Variation along the Bold-Shy Continuum Associated with Vari-
ation in the Stress Axis in Zebrafish? Physiological and Biochemical Zoology, 
85(6), 718–728. https://doi.org/10.1086/668203 

Øverli, Ø., Harris, C. A., & Winberg, S. (1999). Short-term effects of fights for social 
dominance and the establishment of dominant-subordinate relationships on 
brain monoamines and cortisol in rainbow trout. Brain, Behavior and Evolu-
tion, 54(5), 263–275. https://doi.org/10.1159/000006627 

Padilla, S., Hunter, D. L., Padnos, B., Frady, S., & MacPhail, R. C. (2011). Assessing 
locomotor activity in larval zebrafish: Influence of extrinsic and intrinsic vari-
ables. Neurotoxicology and Teratology, 33(6), 624–630.  
https://doi.org/10.1016/j.ntt.2011.08.005 

Pannia, E., Tran, S., Rampersad, M., & Gerlai, R. (2014). Acute ethanol exposure 
induces behavioural differences in two zebrafish (Danio rerio) strains: A time 
course analysis. Behavioural Brain Research, 259, 174–185.  
https://doi.org/10.1016/j.bbr.2013.11.006 

Parng, C., Roy, N. M., Ton, C., Lin, Y., & McGrath, P. (2007). Neurotoxicity assess-
ment using zebrafish. Journal of Pharmacological and Toxicological Methods, 
55(1), 103–112. https://doi.org/10.1016/j.vascn.2006.04.004 

Paul, E. S., Harding, E. J., & Mendl, M. (2005). Measuring emotional processes in 
animals: The utility of a cognitive approach. Neuroscience & Biobehavioral 
Reviews, 29(3), 469–491. https://doi.org/10.1016/j.neubiorev.2005.01.002 

Petersson, E., Karlsson, L., Ragnarsson, B., Bryntesson, M., Berglund, A., Stridsman, 
S., & Jonsson, S. (2013). Fin erosion and injuries in relation to adult recapture 
rates in cultured smolts of Atlantic salmon and brown trout. Canadian Journal 
of Fisheries and Aquatic Sciences, 70, 915–921. https://doi.org/10.1139/cjfas-
2012-0247 

Piersma, T., & Drent, J. (2003). Phenotypic flexibility and the evolution of organismal 
design. Trends in Ecology & Evolution, 18(5), 228–233. 

Price, E. O. (1999). Behavioral development in animals undergoing domestication. 
Applied Animal Behaviour Science, 65(3), 245–271.  
https://doi.org/10.1016/S0168-1591(99)00087-8 

Pye, J. D., & Langbauer, W. R. (1998). Ultrasound and Infrasound. In S. L. Hopp, M. 
J. Owren, & C. S. Evans (Eds.), Animal Acoustic Communication: Sound Anal-
ysis and Research Methods (pp. 221–250). Springer.  
https://doi.org/10.1007/978-3-642-76220-8_7 

Réale, D., Reader, S. M., Sol, D., McDougall, P. T., & Dingemanse, N. J. (2007). 
Integrating animal temperament within ecology and evolution. Biological Re-
views, 82(2), 291–318. https://doi.org/10.1111/j.1469-185X.2007.00010.x 

Rector, M. E., Weitzman, J., Filgueira, R., & Grant, J. (2022). Environmental indica-
tors in salmon aquaculture research: A systematic review. Reviews in Aquacul-
ture, 14(1), 156–177. https://doi.org/10.1111/raq.12590 

Reddon, A., & Balshine, S. (2010). Lateralization in response to social stimuli in a 
cooperatively breeding cichlid fish. Behavioural Processes, 85, 68–71. 
https://doi.org/10.1016/j.beproc.2010.06.008 

Rose, J. D. (2002). The Neurobehavioral Nature of Fishes and the Question of Aware-
ness and Pain. Reviews in Fisheries Science, 10(1), 1–38.  
https://doi.org/10.1080/20026491051668 

Salonen, A., & Peuhkuri, N. (2006). The effect of captive breeding on aggressive be-
haviour of European grayling, Thymallus thymallus, in different contexts. An-
imal Behaviour, 72(4), 819–825.  
https://doi.org/10.1016/j.anbehav.2005.12.012 



50 

Schnörr, S. J., Steenbergen, P. J., Richardson, M. K., & Champagne, D. L. (2012). 
Measuring thigmotaxis in larval zebrafish. Behavioural Brain Research, 
228(2), 367–374. https://doi.org/10.1016/j.bbr.2011.12.016 

Schweitzer, J., Lohr, H., Filippi, A., & Driever, W. (2012). Dopaminergic and nora-
drenergic circuit development in zebrafish. Developmental Neurobiology, 
72(3), 256–268. https://doi.org/10.1002/dneu.20911 

Séguret, A., Collignon, B., & Halloy, J. (2016). Strain differences in the collective 
behaviour of zebrafish (Danio rerio) in heterogeneous environment. Royal So-
ciety Open Science, 3(10), 160451. https://doi.org/10.1098/rsos.160451 

Serra, E. L., Medalha, C. C., & Mattioli, R. (1999). Natural preference of zebrafish 
(Danio rerio) for a dark environment. Brazilian Journal of Medical and Bio-
logical Research, 32, 1551–1553. https://doi.org/10.1590/S0100-
879X1999001200016 

Sih, A., Bell, A., & Johnson, J. C. (2004). Behavioral syndromes: An ecological and 
evolutionary overview. Trends in Ecology & Evolution, 19(7), 372–378. 
https://doi.org/10.1016/j.tree.2004.04.009 

Sloan Wilson, D., Clark, A. B., Coleman, K., & Dearstyne, T. (1994). Shyness and 
boldness in humans and other animals. Trends in Ecology & Evolution, 9(11), 
442–446. https://doi.org/10.1016/0169-5347(94)90134-1 

Sneddon, L. U., Braithwaite, V. A., & Gentle, M. J. (2003a). Do fishes have nocicep-
tors? Evidence for the evolution of a vertebrate sensory system. Proceedings 
of the Royal Society of London. Series B: Biological Sciences, 270(1520), 
1115–1121. https://doi.org/10.1098/rspb.2003.2349 

Sneddon, L. U., Braithwaite, V. A., & Gentle, M. J. (2003b). Novel object test: Ex-
amining nociception and fear in the rainbow trout. The Journal of Pain, 4(8), 
431–440. https://doi.org/10.1067/S1526-5900(03)00717-X 

Spence, R., Gerlach, G., Lawrence, C., & Smith, C. (2008). The behaviour and ecol-
ogy of the zebrafish, Danio rerio. Biological Reviews of the Cambridge Philo-
sophical Society, 83(1), 13–34.  
https://doi.org/10.1111/j.1469-185X.2007.00030.x 

Stamps, J. A. (2016). Individual differences in behavioural plasticities. Biological Re-
views, 91(2), 534–567. https://doi.org/10.1111/brv.12186 

Steenbergen, P. J., Richardson, M. K., & Champagne, D. L. (2011). Patterns of avoid-
ance behaviours in the light/dark preference test in young juvenile zebrafish: 
A pharmacological study. Behavioural Brain Research, 222(1), 15–25. 
https://doi.org/10.1016/j.bbr.2011.03.025 

Sundin, J., Morgan, R., Finnøen, M. H., Dey, A., Sarkar, K., & Jutfelt, F. (2019). On 
the Observation of Wild Zebrafish (Danio rerio) in India. Zebrafish, 16(6), 
546–553. https://doi.org/10.1089/zeb.2019.1778 

Suriyampola, P. S., Shelton, D. S., Shukla, R., Roy, T., Bhat, A., & Martins, E. P. 
(2016). Zebrafish Social Behavior in the Wild. Zebrafish, 13(1), 1–8. 
https://doi.org/10.1089/zeb.2015.1159 

Suurväli, J., Whiteley, A. R., Zheng, Y., Gharbi, K., Leptin, M., & Wiehe, T. (2020). 
The Laboratory Domestication of Zebrafish: From Diverse Populations to In-
bred Substrains. Molecular Biology and Evolution, 37(4), 1056–1069. 
https://doi.org/10.1093/molbev/msz289 

Swain, D. P., & Holtby, L. B. (1989). Differences in Morphology and Behavior be-
tween Juvenile Coho Salmon (Oncorhynchus kisutch) Rearing in a Lake and 
in its Tributary Stream. Canadian Journal of Fisheries and Aquatic Sciences, 
46(8), 1406–1414. https://doi.org/10.1139/f89-180 
  



51 

Taylor, E. B., & Larkin, P. A. (1986). Current Response and Agonistic Behavior in 
Newly Emerged Fry of Chinook Salmon, Oncorhynchus tshawytscha, from 
Ocean- and Stream- Type Populations. Canadian Journal of Fisheries and 
Aquatic Sciences. https://doi.org/10.1139/f86-067 

Tegelenbosch, R. A. J., Noldus, L. P. J. J., Richardson, M. K., & Ahmad, F. (2012). 
Zebrafish embryos and larvae in behavioural assays. Behaviour, 149(10–12), 
1241–1281. https://doi.org/10.1163/1568539X-00003020 

Thomson, H. R., Lamb, S. D., Besson, A. A., & Johnson, S. L. (2020). Long-term repeat-
ability of behaviours in zebrafish (Danio rerio). Ethology, 126(8), 803–811. 

Thomson, J. S., Watts, P. C., Pottinger, T. G., & Sneddon, L. U. (2012). Plasticity of 
boldness in rainbow trout, Oncorhynchus mykiss: Do hunger and predation 
influence risk-taking behaviour? Hormones and Behavior, 61(5), 750–757. 

Thörnqvist, P.-O., Höglund, E., & Winberg, S. (2015). Natural selection constrains 
personality and brain gene expression differences in Atlantic salmon (Salmo 
salar). Journal of Experimental Biology, 218(7), 1077–1083.  
https://doi.org/10.1242/jeb.114314 

Thörnqvist, P.-O., McCarrick, S., Ericsson, M., Roman, E., & Winberg, S. (2019). 
Bold zebrafish (Danio rerio) express higher levels of delta opioid and dopa-
mine D2 receptors in the brain compared to shy fish. Behavioural Brain Re-
search, 359, 927–934. https://doi.org/10.1016/j.bbr.2018.06.017 

Tran, S., & Gerlai, R. (2013). Individual differences in activity levels in zebrafish 
(Danio rerio). Behavioural Brain Research, 257, 224–229.  
https://doi.org/10.1016/j.bbr.2013.09.040 

van den Bos, R., Mes, W., Galligani, P., Heil, A., Zethof, J., Flik, G., & Gorissen, M. 
(2017). Further characterisation of differences between TL and AB zebrafish 
(Danio rerio): Gene expression, physiology and behaviour at day 5 of the larval 
stage. PLoS ONE, 12(4). https://doi.org/10.1371/journal.pone.0175420 

Varga, Z. K., Zsigmond, Á., Pejtsik, D., Varga, M., Demeter, K., Mikics, É., Haller, 
J., & Aliczki, M. (2018). The swimming plus-maze test: A novel high-through-
put model for assessment of anxiety-related behaviour in larval and juvenile 
zebrafish (Danio rerio). Scientific Reports, 8(1), Article 1.  
https://doi.org/10.1038/s41598-018-34989-1 

Vignet, C., Bégout, M.-L., Péan, S., Lyphout, L., Leguay, D., & Cousin, X. (2013). 
Systematic screening of behavioral responses in two zebrafish strains. 
Zebrafish, 10(3), 365–375. https://doi.org/10.1089/zeb.2013.0871 

Volgin, A. D., Yakovlev, O. A., Demin, K. A., Abreu, M. S. de, Alekseeva, P. A., 
Friend, A. J., Lakstygal, A. M., Amstislavskaya, T. G., Bao, W., Song, C., & 
Kalueff, A. V. (2019). Zebrafish models for personalized psychiatry: Insights 
from individual, strain and sex differences, and modeling gene x environment 
interactions. Journal of Neuroscience Research, 97(4), 402–413.  
https://doi.org/10.1002/jnr.24337 

Vossen, L. E., Brunberg, R., Rådén, P., Winberg, S., & Roman, E. (2022). The 
zebrafish Multivariate Concentric Square Field: A Standardized Test for Be-
havioral Profiling of Zebrafish (Danio rerio). Frontiers in Behavioral Neuro-
science, 16, 744533–744533. 

Vossen, L. E., Červenỳ, D., Sarma, O. S., Thörnqvist, P.-O., Jutfelt, F., Fick, J., Bro-
din, T., & Winberg, S. (2020). Low concentrations of the benzodiazepine drug 
oxazepam induce anxiolytic effects in wild-caught but not in laboratory 
zebrafish. Science of the Total Environment, 703, 134701. 
  



52 

Vossen, L. E., Nilsson, E., Jansson, A., & Roman, E. (2022). Open field behavior in 
the house cricket (Acheta domesticus): Effect of illumination, sex differences 
and individual consistency. Journal of Insects as Food and Feed, 1–8. 
https://doi.org/10.3920/JIFF2022.0063 

Wang, X., Zhang, J.-B., He, K.-J., Wang, F., & Liu, C.-F. (2021). Advances of 
Zebrafish in Neurodegenerative Disease: From Models to Drug Discovery. 
Frontiers in Pharmacology, 12. https://www.frontiersin.org/arti-
cle/10.3389/fphar.2021.713963 

Warren, E. W., & Callaghan, S. (1975). Individual differences in response to an open 
field test by the guppy—Poecilia reticulata (Peters). Journal of Fish Biology, 
7(1), 105–113. https://doi.org/10.1111/j.1095-8649.1975.tb04580.x 

Webster, M. M., Ward, A. J. W., & Hart, P. J. B. (2007). Boldness Is Influenced by 
Social Context in Threespine Sticklebacks (Gasterosteus aculeatus). Behav-
iour, 144(3), 351–371. 

Wendelaar Bonga, S. E. (1997). The stress response in fish. Physiological Reviews, 
77(3), 591–625. 

Winberg, S., Nilsson, G. E., & Olsén, K. H. (1991). Social rank and brain levels of 
monoamines and monoamine metabolites in Arctic charr, Salvelinus alpinus 
(L.). Journal of Comparative Physiology A, 168(2).  
https://doi.org/10.1007/BF00218416 

 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1878

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-486719

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2022


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Animal personalities
	Behavioural plasticity
	Behavioural and neuroendocrine mechanisms behind bold and shy fish
	Atlantic salmon (Salmo salar)
	Atlantic salmon life cycle
	Aggressive behaviour in Atlantic salmon
	Applying knowledge of behavioural profiles to aquaculture

	Zebrafish (Danio rerio)
	Zebrafish as a model species
	Wild versus laboratory environment
	Laboratory strains
	Behavioural differences between laboratory strains
	Behaviour of zebrafish larvae


	Objectives
	Material and Methods
	Animal breeding and maintenance
	Ethical approval
	Baltic salmon
	Zebrafish

	Behavioural tests
	Combined OF and MIS
	The OF test for larval zebrafish

	Video tracking and behavioural analysis
	Brain sampling and qPCR
	Statistical analyses

	Results
	Discussion and conclusion
	Svensk populärvetenskapligsammanfattning
	Acknowledgements
	References



