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Abstract

Zebrafish are one of the most used animals in scientific research. They are typically housed
in barren conditions that greatly differ from their vegetated and fluctuating wild habitats. This
disconnect has received increasing attention in recent years, particularly concerning the physical
environment and the necessity of environmental enrichment. However, research investigating the
psychological needs of zebrafish—a highly cognizant animal—is in its infancy. One method of
addressing this gap is to investigate the use of cognitive enrichment—that is, providing a captive
animal with appropriate cognitive challenge in effort to improve welfare. Therefore, the aim of this
thesis was to assess the role of allowing laboratory zebrafish to engage in exploration on their
behavioural responses. I provided zebrafish with an opportunity to explore novel tank space by
offering them access to a previously inaccessible portion of their semi-natural home tanks, within
which they had been housed for nine months. I examined their exploratory behaviour (latency and
number of inspections of the novel space), anxiety behaviour (bottom-dwelling) and social
behaviour (agonistic behaviour, cohesion and coordination) on the day before (baseline), the day of,
the day after and two weeks after providing access to the novel area. Zebrafish were found to
quickly move into the new space (on average within 9.7+7.6 seconds; mean*SD) and sustained their
interest on each of the observation days (P<0.003). I found no evidence of bottom-dwelling
(P>0.73), indicating that the exploration opportunity was likely not anxiety-provoking. Further, the
opportunity to explore increased positive affiliative social behaviour: reducing agonistic behaviour
(P=0.02), and increasing both cohesion (P=0.04) and coordination (P=0.04) relative to baseline.
Considering their natural habitats would normally include such information-gain opportunities, 1
suggest the use of barren and stagnant laboratory conditions compromises the behavioural and

psychological needs of zebrafish and reduces welfare. This thesis adds to the growing body of
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literature focusing on the role cognitive stimulation may play in welfare and indicates that zebrafish

are good candidates for further cognitive enrichment research.
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Chapter 1: Introduction’

1.1  Zebrafish in science

In Canada, fish are one of the most used animals in scientific research and, of the fish
species studied, zebrafish (Danio rerio) are one of the most popular (CCAC, 2015). They are used, for
example, in the study of genetics, developmental biology, neurophysiology and biomedicine, and are
common models for investigating complex brain diseases in humans, including autism and other
social disorders (Gerlai, 2012; Spence et al., 2008). Zebrafish have a number of attributes that make
them desirable for use in scientific research, including their robust and social nature, high year-round
reproductivity, fast growth rates, transparent embryos and established genome (Lawrence, 2007;
Spence et al., 2008). Also used in the study of animal pain (Correia et al., 2011), zebrafish have
recently been proposed to replace rodents as the ideal model species to examine pain in vertebrates
(Steenbergen and Bardine, 2014). Given the breadth to which they are used in science, these small
freshwater fish are subjected to a wide range of laboratory conditions and experimental procedures.

There are millions of zebrafish in laboratories worldwide (Reed and Jennings, 2011), yet the
question of their individual welfare is rarely, if ever, asked. Recently, better understanding of the link
between animal welfare and scientific validity has highlighted concerns for the physical environment
and ability to recognize abnormal behaviour in laboratory animals, particularly rodents (Bayne and
Wiirbel, 2014; Garner, 2005; Sherwin, 2004). The knowledge of these concerns for zebrafish is
diminutive in comparison. To improve the welfare of zebrafish used in science, we need to ask the
difficult questions of how to infer and assess their species-specific welfare. Improving our
understanding is an important first step towards enhancing the welfare of the countless individuals

used in research and will also improve the validity of the results obtained from zebrafish studies and

1. A version of Chapter 1 has been submitted for publication: C. Graham, M.A.G. von Keyserlingk, B. Franks. 2017.
Zebrafish welfare: natural history, social motivation and behaviour.



allow for higher relevance for comparisons to other species, including humans (Miller and Gerlai,

2011a).

1.1.1  Current scientific standards

Zebrafish are relatively easy to maintain in simple conditions and can persist in a range of
water quality parameters (Spence et al., 2008). However, the current standard for laboratory housing
for zebrafish typically consists of small, barren and often overstocked tanks (Harper and Lawrence,
2011; Kistler et al., 2011; Matthews et al., 2002; Reed and Jennings, 2011), which is a drastic contrast
from their vegetated and fluctuating natural habitats (Engeszer et al., 2007b; Spence et al., 2000).
Tank wall colour is often transparent, providing no cover, or white, a colour known to elicit anxiety
behaviour in zebrafish, such as freezing or bottom-dwelling (Blaser et al., 2010; Blaser and
Rosemberg, 2012; Serra et al., 1999). These conditions are comparable to the ‘shoebox cage’
commonly used for housing laboratory rodents and appear to be a consequence of economic factors
rather than biological, scientific or animal-based ones (Williams et al., 2009; Wiirbel, 2002).

The majority of zebrafish studies house or test fish within these ‘standard’ tanks; however,
such inadequate conditions may provide an inaccurate representation of what constitutes ‘normal’
baseline behaviour—a discrepancy that reduces scientific validity and justification of the research
(Balcombe, 2006; Garner, 2005; Sherwin, 2004; Wiirbel, 2002). The divergence in conditions has the
potential to induce behavioural abnormalities and frustration from behavioural deprivation and,
ultimately, results in reduced welfare (Dawkins, 1988; Mason and Burn, 2011; Olsson and Dahlborn,

2002).



1.2 Fish welfare

The term welfare is used in science to refer to the state of an animal—a characteristic ¢f the
animal, and not something that is given 7 it (Broom, 1996). Assessing animal welfare is generally
considered through the asking of three questions: (1) is the animal healthy and functioning well?, (2)
is the animal feeling well (e.g., is there freedom from negative emotions and the opportunity to
experience positive emotions)? and, (3) is the animal able to live a reasonably natural life (e.g., able to
perform natural behaviours that they are highly motivated to engage in)? (Fraser et al., 1997).

The study of animal emotions (also called affective states)—used to answer the question of
how an animal is feeling—has received much attention in the last decade (e.g., Paul et al., 2005), and
concern for animal health has long been of interest in the scientific community (Fraser et al., 1997).
The study of natural behaviour, particularly for zebrafish, has received less attention arguably
because it is the least clear academically. Given that little is known about zebrafish behaviour in the
wild, more knowledge is needed to better identify behavioural discrepancies and to promote the
display of natural behaviour in captivity.

The ability to live a reasonably natural life is key to sentient beings that can perceive and be
affected by their surroundings, a group in which fish are arguably included (Broom, 2007). In
general, moral consideration is rarely afforded to fish, as our assessment of welfare depends on our
perception of an animals’ intelligence or sentience (Kirkwood and Hubrecht, 2001). Although the
debate on fish sentience persists (e.g., Rose et al., 2014), evidence in support of fish sentience,
intelligence and the capacity to feel pain is growing (Braithwaite and Boulcott, 2007; Brown, 2015;

Huntingford et al., 2006; Sneddon, 2015, 2006, 2003) and deserves attention.



1.2.1  Cognitive ability, sentience and capacity to feel pain

Sentience is described as having the capacity to feel and involves the awareness and cognitive
ability to do so (Broom, 2014). Many studies have been conducted highlighting the capacity of
zebrafish to learn and testing their cognitive abilities. For example, zebrafish are able to learn to
associate different coloured arms of a T-maze with a food reward, learn to reverse their choice when
the food reward is changed to the opposite colour, and remember the correct colour for at least 24
hours (Colwill et al., 2005). Zebrafish have been shown to learn to use a tunnel maze to access a
group of conspecifics (Goémez-Laplaza and Gerlai, 2010) and learn, in as little as one week, the
correct chamber in a food-rewarded colour chamber choice test (Mueller and Neuhauss, 2012).
Zebrafish are also able to learn a spatial alteration task when a food reward is delivered on
alternating sides of a test tank and recall the pattern after a period of 10 days (Williams et al., 2002).
Further, they can use knowledge socially transmitted from conditioned shoalmates about the
location of a food reward (Zala and Maattanen, 2013) and an escape route (Lindeyer and Reader,
2010). These examples highlight the adept cognitive abilities of zebrafish and thus also underline
their eligibility for welfare consideration (Broom, 2014).

Additional evidence of consciousness that has been described for mammals, birds and
reptiles is the ability to exhibit psychological stress-induced hyperthermia, or emotional fever,
quantified by a temporary rise in body temperature in response to a psychological stressor (Cabanac
et al., 2009). This phenomena is thought to result from psychological processing and assessment of a
stimulus through some level of conscious thought and appraisal (Bouwknecht et al., 2007). The first
evidence that zebrafish are also susceptible to emotional fever was in response to a psychological
stressor where the body temperature of zebrafish increased 2 to 4°C following what was initially

thought to be a biologically harmless confinement period (Rey et al., 2015). Interestingly, in this



study the zebrafish took up to eight hours to return to normal thermal conditions, suggesting
confinement may be a particularly intense stressor for this species.

In addition to cognitive abilities and consciousness, there is a growing body of evidence
showing that fish have the capacity to feel pain. Despite some critics (e.g., Rose et al., 2014) arguing
that the absence of a neocortex prevents fish from experiencing pain, it has been established that
fish indeed can perceive pain (i.e., nociception) (reviewed by Sneddon, 2000). Fish have analogous
brain areas that are activated in response to noxious stimuli and whose function is to learn from and
control emotional reactions (reviewed by Broom, 2016); moreover, analgesics reduce the symptoms
and pain-related behaviours (Sneddon, 2003). Available evidence indicates that fish will display
behavioural and physiological responses to pain, such as abnormal behaviour and elevated
ventilation or respiration, will show avoidance behaviour, and will seek relief of pain from analgesics
(Sneddon, 2015). For example, zebrafish injected with acid in their tails as a noxious stimulus display
abnormal tail wafting and avoidance behaviour (Maximino, 2011). Furthermore, when housed in an
environment with the choice of a barren or enriched condition, zebrafish exposed to painful acid
will override their preference for enrichment and self-administer analgesics offered only on the
barren side to ease the painful experience (Sneddon, 2015). Detailed reviews describing pain in fish
(e.g., Braithwaite, 2010; Chandroo et al., 2004; Sneddon, 2015, 2006, 2003) provide robust evidence
that sensory pain is likely to occur in fish, that there is the possibility for psychological suffering, that
behavioural responses are prolonged in relation to stimulus intensity, and that these responses are

not automatic reflexes but are instead the result of conscious experience.

1.2.2  Natural living and welfare
The ability to live a reasonably natural life is a central component to the assessment of

welfare (Fraser et al., 1997). In reference to farm animals, Spinka (2006) suggested that allowing



animals to behave freely in an environment featuring important natural elements will aid in achieving
several welfare goals. First, by allowing animals to behave naturally, they can achieve good biological
functioning and in turn meet the goals of the farmer, such as high production rates—or in the case
of laboratory zebrafish, meet the needs of the scientist by producing reliable and robust data.
Second, the exhibition of natural behaviour patterns is often associated with positive affective states,
namely the capacity to experience positive emotions, an aspect that may directly enhance the
animals’ quality of life. Finally, the ability to engage in natural behaviour arguably allows for a rich
and complex life that could provide long-term benefits, including improved aptitude in coping with
social and physical challenges. From this perspective, natural behaviour is possibly the most essential
component necessary for good welfare to be achieved.

Many research animals are a consequence of generations of captive breeding; thus, the
degree to which ‘naturalness’ is required in their environment is frequently questioned (Newberry,
1995). If the behavioural and physiological needs of domesticated animals are met in captivity, they
can adapt better; but adaptation does not necessarily imply good welfare (Broom, 2014). Even highly
domesticated animals display a preserved behavioural repertoire shaped by their wild ancestors and
will exhibit these behaviours when given the chance (e.g., Stolba and Wood-Gush, 1989), and thus
should be given precautionary consideration (Bekoff, 2007; Sneddon et al., 2014). For example,
small groups of domestic pigs housed in diverse semi-natural habitats exhibited behaviours
described as identical to their native ancestor, the wild boar (Stolba and Wood-Gush, 1989). Further,
when released into the wild, laboratory rats bred for hundreds of generations in captivity
immediately adapted to a natural lifestyle by seeking shelter, food and water, avoiding predators and
establishing social groups (Berdoy, 2002). In addition, recent work has shown that even in captivity,
laboratory rats will readily and frequently burrow in soil substrate when given the opportunity to do

so (Makowska and Weary, 2016). These examples underline the need to fully understand an animal’s
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evolutionary history when considering the design of laboratory housing, as this information will
provide valuable insights regarding features and behaviours that may be critical for good welfare.
Ideally, captive housing designs would allow for the display of normal behaviour (Mayer, 2004), but
first, we must understand what that behaviour looks like under naturalistic conditions.

Natural behaviour is an important indicator for welfare because it can be used to assess
health (e.g., disease, injury) and an animal’s motivation (or preference) for certain resources or
environments (Dawkins, 2004, 2003). It can be used to non-invasively investigate the extent of an
animal’s behavioural repertoire without husbandry or experimental interruptions and will aid in
identifying which elements of the wild habitat might help fulfill an animal’s behavioural needs
(Stolba and Wood-Gush, 1989), thereby, highlighting the animal’s behavioural integrity (Wiirbel,
2009).

To be useful as a baseline for assessing welfare, natural behaviour must be well defined
(Bracke and Hopster, 2006). We must also have a good understanding of what may be required for
the behaviour’s performance (e.g., environmental or spatial needs), consequences of its prohibition
(e.g., welfare or health concerns) and to what extent the environment meets the behavioural needs
(Bracke and Hopster, 20006). Allowing or promoting animals to perform natural behaviour patterns
that are associated with a positive emotional state undoubtedly improves their welfare and aids the
development of skills needed to lead a satisfying life (Spinka, 2006). It also allows for better
identification of discrepancies from normal (i.e., abnormal or stereotypic behaviour), and produces
less variability and more robust and valid data (Garner, 2005; Pagnussat et al., 2013; Sherwin, 2004).

As the environments of wild zebrafish are often vegetated and fluctuate with the monsoon
seasons (Engeszer et al., 2007b), like many animals (Berlyne, 1960), inhabitants can continually
explore and search for information about their surroundings, for example, in efforts to find new

sources of food or mates, conduct patrolling to maintain familiarity, or even to seek out novelty.



Knowledge of what exploration may look like in zebrafish, or of what stimuli they may prefer to
explore, is essentially absent in the scientific literature, especially under natural or semi-natural
conditions. Further, discovering which dimensions of natural living produce the greatest changes in
baseline behaviour can help animal welfare scientists and managers determine which features are

most likely to improve welfare in captive settings (Fraser, 2008; Stolba and Wood-Gush, 1989).

1.3  Zebrafish social behaviour

One characteristic central to zebrafish behaviour is their social conduct. Zebrafish are well
known to aggregate in a process known as shoaling, demonstrated by loose aggregation of a group
of fish, and are also known to school, when a shoal expresses coordinated movement in the form of

synchronized ordered swimming, especially under threat of predation (Delcourt and Poncin, 2012;

Pitcher, 1983).

1.3.1 In nature

In the wild, zebrafish are found in various riverine and stream environments on the Indian
subcontinent across a wide range of temperatures, pH levels, turbidity, levels of water flow and
vegetation cover, as well as in still pools and rice paddies (Engeszer et al., 2007b; Spence et al.,
2000). A recent field study reported that wild zebrafish exhibit a range of natural group sizes with
differing levels of water flow (Suriyampola et al., 2015). In still water, zebrafish were found in
relatively small groups of up to 22 fish. In a slow-flowing river, they were found in even smaller
groups (6 to 7 fish), whereas in a fast-flowing river, they were found in very large groups (up to 300
fish). Thus in the wild, zebrafish aggregate in groups and display a wide range of natural group sizes
that may depend on various environmental parameters (Suriyampola et al., 2015). Other field studies

have documented geographic range, biotic and abiotic habitat features, co-occurring fish species,



diets and growth rates of wild zebrafish (Engeszer et al., 2007b; McClure et al., 2006; Spence et al.,
2007); however, there is limited knowledge of their natural social behaviour. The sparse knowledge
of zebrafish behaviour in the wild—further hindered by the challenges associated with monitoring
behaviour in highly turbid water (Spence et al., 2008; Ward et al., 2007)—prevents our
understanding of their natural behavioural repertoire thereby limiting our use of a valid control for
laboratory investigation (Spence et al., 2008). This lack of knowledge impedes our understanding of
the elements of their environment required for optimal welfare and our ability to recognize
behavioural modification or deprivation in captivity. The limited information regarding the
appropriate natural behavioural baseline is especially concerning given that we house laboratory

zebrafish in environmental and social conditions that drastically contrast with their natural history.

1.3.2  In the laboratory

The social behaviour of captive zebrafish, particularly shoaling, has been investigated in
many laboratory studies. Reflecting its instinctive nature, experimentally inducing shoaling in
zebrafish is relatively simple, for example, by presenting them with conspecifics or even computer
animations (Gerlai, 2014). The defining factor of shoal membership is often measured using the
distance between individuals within a group (i.e., distance between ‘nearest neighbours’) (Clark and
Evans, 1954; Miller and Gerlai, 2011b). In laboratories, zebrafish social behaviour has been found to
range from a shoaling to schooling formation (Miller and Gerlai, 2012) and, interestingly, the group’s
cohesion (i.e., nearest-neighbour distance) seems to oscillate over short periods of time (Miller and
Gerlai, 2008).

Zebrafish have been found to adjust the dimensions of cohesion and group diameter
according to the relative amount of available space in their environment depending on density and

group size (Shelton et al., 2015). For example, by varying the number of individuals in a group and



the size of the testing arena, researchers were able to influence shoal dynamics. Groups of fish in
larger tanks spread out more (had greater distances between nearest neighbours) and larger groups (8
fish versus 4) had greater shoal diameters (Shelton et al., 2015). These two measures of social
behaviour did not respond in the same way to spatial manipulation tests, emphasizing the
importance of addressing not only individual factors (e.g., nearest-neighbour distance) but also
group factors (e.g., shoal diameter) when analyzing complex social dynamics (Shelton et al., 2015).
Similarly, the closely related giant danios (Devario aequipinnatus), when tested against a current, have
been found to adjust their group activity depending on water temperature. When tested at high
temperatures (28°C), giant danios display less cohesion and higher activity compared to low
temperatures (22°C) (Bartolini et al., 2014). This result echoes the finding in wild zebrafish that
water flow affects group dynamics (Suriyampola et al., 2015). These examples illustrate the sensitivity
of the social behaviour of zebrafish and how different social or physical environments can influence
their behavioural conduct.

Behavioural preference can be assessed by offering an animal a choice of, for example,
resources or environments and examining the amount of time spent near or within their choice
(Fraser and Nicol, 2011). There have been several studies exploring the shoaling preferences of
zebrafish for certain visual characteristics when fish are given a choice of options. Experimentally,
zebrafish have shown preference, for example, for fish with similar pigment types or for
pigmentation similar to those of the fish with which they were raised, such as striped wild-type
versus genetically modified stripeless strains of either live or computer-animated shoals (Engeszer et
al., 2007a, 2004; Rosenthal and Ryan, 2005). These findings make sense according to theoretical
models of the value of shoals: researchers have argued that the reason that shoaling fish in the wild
tend to adopt groups of similar visual characteristics is that groups of similar individuals appear

more cohesive and can thus confuse potential predators (Landeau and Terborgh, 1986). Zebrafish
10



have also shown preference for larger group sizes (Pritchard et al., 2001) and for well-fed groups
(Krause et al., 1999). Further, males prefer female groups over male groups, but show no preference
when given the choice of mixed sex groups; females show no preference for sex, but for the larger
group of their experimental choices (Ruhl and McRobert, 2005).

Taken together, this evidence suggests that zebrafish can decipher and actively choose
between subtle (e.g., nutritional state) or explicit (e.g., pigment pattern) differences in conspecifics
and that we have some knowledge of group preferences shown by zebrafish in the laboratory.
However, there is considerable diversity in their social preferences and induction of shoaling
behaviour. Most concerning is that these studies were primarily conducted in standard barren
laboratory tanks or tested fish in social isolation, with the exception of a few that used gravel
substrate as an enrichment feature. Thus, while these studies provide evidence that zebrafish are
very social and environmentally responsive animals, there is risk that the findings arising from
experiments that use zebrafish housed in barren conditions are unreproducible and unreliable, due
to, for example, animals demonstrating more variable behaviour or heightened anxiety (Kistler et al.,
2011; Richter et al., 2009; Sherwin, 2004). These issues highlight the need for research under more
naturalistic conditions that include features of the physically and cognitively stimulating

environments of wild zebrafish.

1.4 Exploration

Though difficult to define precisely, in its broadest sense, exploratory behaviour refers to any
activity that involves the gathering of information about the environment (Mills et al., 2010). A
number of classic distinctions of types of exploratory behaviour were made popular in the mid-
1900s by Betlyne (1960) and are still used today. Obtaining information about conventional

resources, such as food or nesting sites, is characterized as extrinsic (external) exploration, while
11



intrinsic (internal) exploration is directed at stimuli that may seemingly have no biological
significance, such as investigating a novel object (Archer and Birke, 1983; Berlyne, 1960). There is
also distinction between specific exploration, that is behaviour directed at an explicit stimulus object
or event, and diversive exploration, when behaviour is directed at obtaining stimulus change and
information from any environmental source (Betlyne, 1960; Hughes, 1997). The motivation for
specific exploration has been linked to curiosity, whereas diversive exploration has been linked to
boredom due to a general lack of stimulation (Mills et al., 2010).

Berlyne (1960) also distinguished between categories of behavioural response to exploration.
These include orienting responses (in which the animal changes posture or other sense state; e.g.,
turning to gaze), locomotor exploration (in which the animal adjusts its body positioning), and
investigatory responses (in which the animal manipulates or alters the stimulus). Stimulus intensity,
novelty, surprise, complexity, incongruity and conflict all play a role in determining the response of
the animal and, ultimately, the motivation for exploration (Berlyne, 1960). In addition to Berlyne’s
renowned work, there have been other influential reviews of exploratory behaviour (e.g., Archer and
Birke, 1983; Fowler, 1965; Russell, 1983) as well as of the use of cognitive stimulation to activate the
exploratory response of captive animals (e.g., Meehan and Mench, 2007). Exploration is a driving
principle for many other behaviours necessary for survival, such as food acquisition and
reproduction (Fowler, 1965), is a foundation of intelligent behaviour (Barnett and Cowan, 1976),
and has been found, in and of itself, to be rewarding for animals (e.g, Franks et al., 2013; Wood-
Gush and Vestergaard, 1989). Still, how exploration might influence welfare—for example, is the
motivation to explore driven by curiosity or boredom?—is an important question to ask, especially

for animals in captivity (Wood-Gush and Vestergaard, 1989).
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141  Cognitive enrichment

Providing animals in captivity with opportunities for cognitive stimulation or engagement
with the environment allows control over behavioural outcomes and promotes successful coping of
environmental demands (Broom, 2014; Franks and Higgins, 2012; Meehan and Mench, 2007). In
order to be an effective enriching experience for the animals, cognitive stimulation or challenge must
match the skills of the animal in question (Franks and Higgins, 2012; Meehan and Mench, 2007)—
too low challenge can lead to boredom or anhedonia (Fureix and Meagher, 2015; Meagher and
Mason, 2012), while too high challenge can lead to frustration or even learned helplessness (Maier
and Seligman, 1976). An early investigation into the use of cognitive stimulation as enrichment
examined responses of rhesus macaques provided with a complex puzzle apparatus and found that
they actively engaged with the puzzle (Harlow, 1950). However, over time the macaques became
satiated to the challenge and their interest waned. Therefore, tasks that require ongoing learning and
that vary in the degree of challenge are required to minimize habituation, maintain the animals’
interest and achieve enduring welfare benefits; but implementation of these types of tasks may also
pose difficulties for animal managers and caretakers (Manteuffel et al., 2009; Meehan and Mench,
2007). Other examples of successful cognitive enrichment include learning of auditory cues to
complete feeding challenges (e.g., pigs: Puppe et al., 2007; Zebunke et al., 2013) and positive
reinforcement training (e.g., marine mammals: Clark, 2013). Additionally, environmental variation
early in life has been shown to promote greater cognitive ability later in life. For example, cichlid fish
that were offered a varied food ration as juveniles outperformed those fish that were kept on a
constant diet when tested in a learning task as adults, one year later (Kotrschal and Taborsky, 2010).

The use of cognitive enrichment has been shown to enhance the welfare of captive animals,
including positive emotional states from the process of learning (i.e., pleasure) and greater cognitive

abilities allowing easier or faster adaptability or superior coping skills (Boissy et al., 2007; Meehan
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and Mench, 2007). The opposite is also true: an environment that provides unsatisfactory
stimulation has been shown to have a number of repercussions for welfare across species, such as
behavioural pathologies, increased sensitivity to stress, impaired brain function, lethargy, restriction
of normal behavioural repertoire, increased aggression and decreased growth rates or immunity
(Dawkins, 1988; Hughes and Duncan, 1988; Kistler et al., 2011; Lawrence, 2007; Olsson et al., 2011;
Reinhardt, 2004; Salvanes et al., 2007).

As the behaviour of zebrafish has been found to be influenced by their environment
(Basquill and Grant, 1998; Spence et al., 2008) and because they have high cognitive function,
zebrafish may be good candidates for research investigating the benefits of cognitive stimulation as a
form of enrichment. Zebrafish have also been shown to have neophilic tendencies, i.e., love of
novelty (Lucon-Xiccato and Dadda, 2014), and therefore may benefit from being offered something
new to investigate. Having the opportunity to explore may have potential as a form of cognitive
enrichment. Furthermore, this type of enrichment has been considered by researchers to be a
fundamental motivation in healthy animals given that animals will work for the chance to explore
(Franks et al., 2013; Franks and Higgins, 2012). Developing and improving our understanding of
beneficial environmental conditions and psychological challenges for zebrafish will aid in
discovering behaviours they may be motivated to perform and, ultimately, in achieving good welfare

n captivity.

1.5 Divergence of environments

In effort to mitigate some of the negative effects of living in an under-stimulating
environment, barren housing conditions can be enhanced by the introduction of structural
modifications, often referred to as environmental enrichment (e.g., Williams et al., 2009). For

zebrafish, common types of environmental features used as enrichment include substrate (e.g.,
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gravel, sand), plants (e.g., artificial, live) or other features (e.g., pipes, caves) that can be used for
hiding (Williams et al., 2009). Currently much of the enrichment work focuses on aspects that
provide a more stimulating environment (Weed and Raber, 2005). For example, giving captive
animals some control over their environment, such as by providing hiding places to avoid aggressive
conflicts, is suggested to be beneficial to their welfare (Matthews et al., 2002; Naslund and Johnsson,
2014; Olsson and Dahlborn, 2002; Reed and Jennings, 2011). Though the term ‘enrichment’ is
intended to mean an improvement, it should be used with care. In some cases, it may be
synonymous with simply an increase in complexity rather than a biologically relevant improvement
in the well-being of the animal (Newberry, 1995; Wilkes et al., 2012). Further, it has been argued by
some that ‘enrichment,” as the term is commonly used, is misleading and creates the impression that
the environment already meets basic behavioural needs. To be considered beneficial as a means to
improve welfare, enrichment features must be above and beyond meeting basic needs and should
promote positive states (Duncan and Olsson, 2001; Leach et al., 2000). Understanding what aspects
of the environment are important to the animal or what features would be found in their natural
habitat is key to implementing suitable and beneficial improvements (Nislund and Johnsson, 2014).
Several experiments have investigated zebrafish preference for certain environmental features and
have reported a wide array of behavioural responses, including reductions in behaviours such as
aggression, food monopolization and anxiety-like behaviours, i.e., darting or escape behaviour or
reduced exploration (Basquill and Grant, 1998; Collymore et al., 2015; Hamilton and Dill, 2002;
Keck et al., 2015), reduced stereotypic behaviour (Kistler et al., 2011), and increases in fecundity
(Carfagnini et al., 2009) when zebrafish are housed within enriched compared to barren

environments.
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1.5.1  Zebrafish preference

When given the choice between barren or enriched conditions, zebrafish show a strong
preference for (i.e., spend more time in) environments furnished with plants, clay pots and substrate,
over the barren option (Kistler et al., 2011; Schroeder et al., 2014). Further, when given the choice
of a range of enrichment features, groups of zebrafish consistently prefer enrichment over a barren
choice. Groups of both females and males have been shown to prefer floating plants over barren
conditions and females also show preference for submerged plants (Schroeder et al., 2014). When
given the choice of substrate (sand or gravel) over barren conditions, groups of zebrafish repeatedly
prefer the substrate, but also prefer gravel over sand.

When testing in pairs, however, social status has been reported to play a role in individual
preference: dominant fish have been shown to patrol enrichment and restrict subordinates to the
barren side of the test tank regardless of subordinate choice, a finding that highlights the importance
of considering the effect of social situation (Schroeder et al., 2014). Interestingly, zebrafish prefer
images of gravel placed underneath the transparent tank bottoms and occupy the image space
almost as much as they do when actual substrate is present, a finding that arguably improves welfare
within the captive housing environment (Schroeder et al., 2014).

It has also been suggested that tank wall colour affects behaviour. Zebrafish have been
shown to prefer dark environments and, when confined to a white tank, display anxiety-like
behaviours, such as freezing or bottom-dwelling (Blaser et al., 2010; Blaser and Rosemberg, 2012;
Serra et al,, 1999). Similarly, Coho salmon (Oncorhynchus kisutch), a popular aquaculture species, have
been found to prefer and show markedly reduced aggression in darker tanks compared to lighter-
coloured tanks, including the industry-standard light blue (Gaffney et al., 2016). Most experiments

exploring zebrafish behaviour use white walls to enhance video tracking of the location and
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movement of individuals (e.g., Miller and Getlai, 2012), but using environments that are aversive to
zebrafish could have a confounding impact on scientific results.

Additional benefits of housing or rearing zebrafish in enriched environments include, for
example, greater brain cell proliferation (von Krogh et al., 2010) and faster learning of a food
location (Spence et al., 2011) than their barren-kept counterparts, suggesting environment plays an
important role in cognitive and emotional processes—from development through adulthood—and
potentially improves welfare. These benefits, together with zebrafish preference for enrichment and
reduced agonistic behaviour within enriched environments, provide evidence to support the use of
environmental enrichment in captivity. Unfortunately, despite a substantial body of research
supporting this evidence, current laboratory zebrafish housing trends have failed to take this into

consideration.

1.5.2  Impact on zebrafish welfare

A first step toward improving the welfare of zebrafish is gaining better knowledge of their
behaviour in natural and semi-natural environments. Such information would help us develop a
more accurate baseline for the types of behaviour that are characteristic of zebrafish, inform future
investigations into how motivated zebrafish are to perform these behaviours, and inspire tests
assessing the potential emotional and biological costs associated with housing this popular research
animal in environments that restrict or alter their behavioural repertoire. Furthermore,
understanding what proportion of a captive animal’s behavioural repertoire should be considered
normal versus abnormal is an important indicator for assessing welfare (Bracke and Hopster, 2006;
Spinka, 2006). Finally, accurate knowledge of natural behaviour can help ensure that laboratory
animals are generating valid and robust scientific data (Balcombe, 2006; Garner, 2005; Sherwin,

2004).
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There are some established behavioural indicators that are used to assess fish welfare,
including changes in foraging, aggressive or shoaling behaviour, or the presence of abnormal
behaviour, such as waving (similar to pacing observed in some zoo animals) (Huntingford and
Kadri, 2014; Martins et al., 2012). Spatial distribution is another measure that provides a valuable
non-invasive method to reveal how animals respond to each other and their environment (Dawkins,
2004). Knowledge of an animal’s natural behaviour allows for easier identification of reduced
behavioural repertoire or behavioural deprivation (Dawkins, 1988).

In addition to the physical environment, psychological experiences can play an important
role in welfare on both ends of the spectrum—by promoting positive emotional states with
sufficient cognitive stimulation, or by inducing negative emotional states from a lack of stimulation.
Appropriate levels of cognitive challenge promote a greater behavioural range and allow animals to
arguably have more control over their environment, but it also requires knowledge of an animal’s

natural behaviour and cognitive skills (Meehan and Mench, 2007).

1.6  Thesis objectives

Knowledge of zebrafish behaviour within wild or naturalistic environments is limited. The
overall aim of this thesis project was to describe the behaviour of small groups of zebrafish living in
large semi-natural conditions, furnished with a sloped gravel substrate, rocks and artificial plants that
provided hiding and open spaces to mimic their wild habitats.

Cognitive stimulation as a form of enrichment is suggested to promote a greater range of
behaviours and, ultimately, enhance welfare (Meehan and Mench, 2007). Therefore, the specific aim
of this thesis was to describe the relative changes in zebrafish behaviour following an opportunity to
explore, by providing access to a novel space within their home tanks, as a form of cognitive

enrichment. This thesis strives to add to the evidence in support of providing more naturalistic
18



environmental conditions and psychological experiences to improve the welfare of laboratory

zebrafish.
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Chapter 2: Free-choice exploration in laboratory zebrafish®
2.1 Introduction

Cognitive stimulation has been shown to be rewarding (e.g., Wood-Gush and Vestergaard,
1989) and capable of eliciting positive emotions in several species (e.g., Ernst et al., 2005; Franks et
al., 2013). All natural environments are subject to at least some degree of change over time; ongoing
exploration of habitats provides animals benefits in terms of maintaining familiarity (Russell, 1983;
Wood-Gush and Vestergaard, 1991) and provides information essential for survival (Berlyne, 1960;
Russell, 1983). Also, an animal’s tendency to explore and sustain curiosity about their environment is
a driving principle for many other behaviours necessary for survival, such as food acquisition and
reproduction (Fowler, 1965), and is a foundation of intelligent behaviour (Barnett and Cowan,
1976). Thus, how exploration opportunities (or the lack thereof) might influence an animal’s quality
of life is an important question to ask when assessing the welfare of animals in captivity (Wood-
Gush and Vestergaard, 1989).

There is evidence that under-stimulating captive environments have the potential to induce
boredom or anhedonia thereby compromising welfare (Fureix and Meagher, 2015; Meagher and
Mason, 2012). In many captive habitats, for example intensive confinement systems for farm
animals or barren laboratory environments for research animals, an animal is often denied cognitive
stimulation which can increase aggression towards conspecifics resulting in damage or injury, or
induce mental states that are indicative of frustration or aversion (Wood-Gush and Vestergaard,
1989). In these types of situations animal welfare is clearly compromised but little is known
regarding the implications of depriving animals of the opportunity to explore.

Zebrafish (Danio rerio) are native to the Ganges and Brahmaputra river basins in habitats that
fluctuate drastically with the seasons and provide many opportunities for exploration (Engeszer et

al., 2007b; Spence et al., 20006). Zebrafish are now one of the most widely used animal research
20
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models worldwide (Spence et al., 2008), in part because of their high cognitive function (e.g.,
Williams et al., 2002) and sensitivity to environmental manipulations (e.g., Basquill and Grant, 1998).
In stark contrast to their natural habitats, laboratory zebrafish are commonly housed in barren or
stagnant conditions, with little change in their environment or opportunity to explore new stimuli
(Kistler et al., 2011). While the effects of barren environments on animal welfare have previously
been described for some domesticated terrestrial animals (e.g., Mellor, 2016; Olsson et al., 2003;
Reinhardt, 2004; Wiirbel, 2001), little is known regarding the motivation of zebrafish to interact
with, and respond to, cognitive stimulation opportunities as a form of enrichment and the potential
effects on their welfare.

Neophilia, the love of novelty, has been suggested to provoke quick entry and repeated visits
when an animal is given access to a new place or stimulus (Barnett and Cowan, 1976). Zebrafish
have been found to have strong neophilic tendencies in novel situations (Lucon-Xiccato and Dadda,
2014) and, together with their high cognitive capacity, may be particularly susceptible to the negative
effects of living in barren conditions. They therefore may benefit greatly from cognitive stimulation
in their captive environments, such as having the opportunity to explore.

Responses to novel tank or open field tests are often used to assess neophilia in zebrafish.
Both of these tests are forms of forced exploration in which the animal is involuntarily exposed to
the novel stimuli. In contrast, free-choice exploration allows an animal to freely choose between
exploring stimuli differing in degrees of temporal and/or spatial novelty and is often conducted in
home, or at least familiar, environments. Free-choice tests are deemed superior to forced tests for
assessing behavioural responses and are considered powerful methods to analyze exploratory
behaviour (Barnett and Cowan, 1976; Hughes, 1997).

Our aim was to broaden our understanding of the potential role that cognitive enrichment

may play in zebrafish welfare. To do so we used zebrafish housed in large semi-natural
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environments and monitored their behaviour after they were allowed to freely explore an additional
novel space in their tanks.

We hypothesized that if the exploration opportunity provided a form of cognitive
enrichment for the zebrafish, we would observe quick and sustained interest in the novel space, little
or no signs of anxiety, and increased affiliative behaviour (i.e., low agonistic behaviour and high
group cohesion and coordination). Alternatively, the exploration opportunity could have little
apparent effect on the fish (e.g., low interest in the novel space and/or no change to social
behaviour) or even a negative effect (e.g., avoidance of the novel space and increased anxiety
behaviour), which would indicate that zebrafish are unlikely to benefit from being provided novel

space as a form of cognitive enrichment.

2.2 Materials and methods
2.21 Animals and housing

Wild-type adult zebrafish were obtained from a local pet store (Aquariums West, Vancouver
BC) in August 2014 and were estimated to be three to four months of age. Fish were housed for
approximately nine months in groups of 10 within large glass tanks (110 L; 91 x 30.5 x 40.5 cm)
(n=0) filled with conditioned water maintained at 26—28°C. Tanks were furnished with a sloped
gravel substrate, rocks and five artificial plants placed to create a structurally enriched environment
(Fig. 1). Slopes were offset across tanks to reduce any side bias. Opaque black plastic covered the
back and side-walls of the tank to prevent visible interaction with other tanks and to minimize
noticeable movements and activity within the laboratory. A black opaque divider was installed in the
tanks during initial set up (before the fish were introduced), prohibiting entrance to 10 cm of tank
space on the far side of the deep end of the tanks. The bottom half of the divider had a rectangular

hole cut out (approximately 25 x 20 cm) that was covered until the time of removal for this
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experiment (‘divider removal’). Security cameras (Swann NVR8-7200; resolution: 1000 TVL/1080p),
fastened to the front of each tank located approximately 1 m from the glass, continuously recorded
fish behaviour.

Room and tank lighting were set on a gradual 121.:12D schedule to simulate sunrise and
sunset (i.e., room lights came on half an hour before tank lights and turned off half an hour after
tank lights). Fish were fed a diet of flake food (Nutrafin Max Tropical Fish Flakes, Hagen, Canada)
in the mornings and thawed frozen blood worms (Hikari Bio-Pure, USA) in the afternoons; both
meals were delivered through a standard feeding ring in the shallow end of the tanks. Every week,
tank water was changed 15-20% and water testing was done two days after water changes for pH,
ammonia, nitrate, nitrite, carbonate hardness, general hardness and dissolved oxygen, to maintain
water quality. All experimental and husbandry procedures were approved by the University of

British Columbia’s Animal Care Committee (protocol A14-0119).

2.2.2 Experimental procedure

On the morning of 1 June 2015, the piece covering the hole of the black opaque dividers
was removed from each tank (see Section 2.2.1), providing access to an additional 10 cm of novel
space located at one end of the tank (Fig. 1). All data collection took place from video footage from
each tank. Video files were transferred to a hard drive and viewed using VLC media player (version

2.2.2 for Mac).

2.2.3 Data collection of behavioural measures
To assess free-choice exploratory behaviour we evaluated the latency to enter the novel
space and the number of inspections into the novel space, as well as the number of fish engaged in

bottom-dwelling (a proxy for anxiety) and social behaviours, including agonistic behaviour, group
23



cohesion and coordination. High group cohesion and low agonistic behaviour can be indicative of
affiliative or socio-positive behaviour and may play a major role in achieving positive emotional
states (Boissy et al., 2007). However, directly measuring positive emotion also requires some insight
of perceived threat by the animal—incorporating a measure of anxiety aids in the interpretation of
the connection between social behaviour and positive emotional state (Boissy et al., 2007).

Four days of video were selected for behavioural analysis: the day before (baseline), the day
of, the day after, and two weeks after the divider removal.

Exploratory behaviour was measured using latency to begin exploring and number of
inspections of the novel area. Latency was measured as the time (seconds) it took the first fish to
approach and inspect the novel area immediately after the removal of the divider. An inspection was
counted when a fish swam into and/or faced or came into contact with the novel area and explicitly
inspected or entered through the divider opening itself. A fish was required to leave and return to
the divider entrance to count as a separate inspection. Sustained inspection (i.e., when a fish
remained in the novel area for an extended period of time) counted as one inspection when the fish
first entered the novel area and would only count as a second inspection if the fish left and returned.
Given that the divider was still in place during baseline observations, an inspection was counted
when a fish touched the divider with its head. Inspections were scored in 30-second bins for one
hour from the time immediately after removal of the dividers.

Anxiety was measured using bottom-dwelling (i.e., the number of fish in the bottom portion
of the tank) based on the spatial location of the fish. A grid system was used to split the tank into
three vertical areas—surface, middle and gravel—and two horizontal areas—deep end and shallow
end (Fig. 1) and fish were counted in each area. Spatial locations were recorded every two minutes

for one hour from the time immediately after removal of the dividers.
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To assess social behaviour, we measured agonistic behaviour, cohesion and coordination.

Agonistic behaviour was scored as either 0 for no agonistic act observed or 1 for any agonistic act

observed. An agonistic act consisted of a chase or charge by an aggressor and a retreat by an

opponent, or a lateral display in which two zebrafish swim parallel to each other in opposite

directions and circle with their dorsal fins raised and caudal fins extended. Cohesion and

coordination were scored on Likert scales from O to 4 (see Table 1 for description of scores). Video

footage was viewed from the exact time the dividers were removed until 18:00 h when the tank

lights were turned off. Social behaviours were scored every two minutes for a total of three seconds:

the video was paused at each of the three seconds and each behaviour was scored. The final score

was an average of each of the three second scores and rounded to the nearest full number.

Table 1. Description of scores for the social behaviours of cohesion and coordination of zebrafish
housed in groups of 10 in large (110 L) semi-natural tanks.

Behaviour Score Criteria Description
Cohesion (i.e. the 0 6 cohesion fish are scattered throughout the tank for the
proximity of the cones entire coding period
individuals in the 1 1 hesi fish are scattered throughout the tank for most of
group) oW cohiesion the coding period
. fish are occasionally cohesive (within 4 BLs* of
2 moderate cohesion
each other)
. . majority of fish are cohesive often throughout the
3 high cohesion coding period (up to 2 BLs*)
. majority of fish are in a very tight group for most
4 extreme cohesion (>50%) of the coding period (less than 2 BLs*)
Coordination (i.c. L fish are pointing in different directions for the
) 0 no coordination . . .
the alignment of entire coding period
the individuals in fish are pointing in different directions for most
the group on the 1 low coordination of the coding period with some brief periods of
same horizontal coordination/synchrony
plane) 2 moderate coordination  some fish are occasionally coordinated
3 high coordination majority of ﬁ.sh are very coordinated .Wlth ea;h
other for periods throughout the coding period
4 extreme coordination majority of fish are highly coordinated for long

*BLs = body lengths (1 BL = approximately 3 cm)

periods throughout the entire coding period
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2.2.4  Statistical analysis

The tank was defined as the observational unit in all analyses. To evaluate exploratory
behaviour, latency to approach the novel space was measured in seconds. The numbers of
inspections were aggregated and averaged to create one score (i.e., average number of inspections)
for each day for each tank (24 data points total). Average inspections were analyzed using a linear
mixed model with a random effect to control for the repeated measures of the tanks.

To analyze anxiety behaviour from spatial location data, horizontal areas (deep end and
shallow end) were added together to create three variables of vertical space: bottom, middle and top.
Counts were aggregated and averaged to create one score (i.e., average number of fish) in each area
for each tank (24 data points total). We again used a linear mixed model with tank as a random
effect to analyze average spatial location.

To analyze the social behaviours of agonistic behaviour, cohesion and coordination, the two-
minute scan samples were aggregated into 10-minute bins, thus an aggregated data point consisted
of the average of five scan samples. For example, data from 12:00 to 12:10 h:m had five original
scores and, once aggregated, had one average score for the 10-minute period. We modeled each
aggregated behaviour variable with a linear mixed model with tank and day as nested random effects
and time of day and experimental day as fixed effects and used the Satterthwaite method to
approximate the degrees of freedom.

Inter-observer reliability to confirm adequate behaviour scoring was conducted with an
external observer (ICC=0.83 for agonistic behaviour and coordination, and 0.85 for cohesion). All
statistical analyses were conducted in RStudio (Version 0.99.484 — © 2009-2015 RStudio, Inc.; R
Core Team, R Foundation for Statistical Computing, Vienna, Austria). The following R packages
were used: /wed (Bates et al., 2015), luerTest (Kuznetsova et al., 2015), ggplor2 (Wickham, 2009), doBy

(Hojsgaard and Halekoh, 2010), gridExtra (Auguie, 2015), and #dyverse (Wickham, 2017).
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2.3 Results

Exploratory behaviour was measured using latency to start exploring and the number of
inspections of the novel space in the hour after the removal of the divider. The latencies to start
exploring the novel space ranged from zero to 19 seconds across tanks (9.7£7.6 seconds;
meantSD). Relative to baseline, the number of inspections of the novel space increased on the day
of (#(15)=3.47; p=0.003) and day after (#(15)=>5.38; p<0.0001) and continued to increase up to two
weeks after the removal of dividers (A15)=7.62; p<0.0001) (Fig. 2a).

Anxiety behaviour was measured based on the fishes’ spatial locations using the number of
fish in the bottom portion of the tank and was not different from baseline on any day examined (day
of: /(15)=0.35; p=0.73; day after: (15)=0.08; p=0.94; two weeks after: #(15)=0.15; p=0.88).

The opportunity to explore the novel space after the removal of dividers increased the
affiliative behaviour of zebrafish. Agonistic behaviour was lower on the day of divider removal
(#(14.6)=2.58; p<0.02; Fig. 2b) and the day after (#15.7)=2.49; p<0.02), but returned to baseline
levels by two weeks later (114.7)=0.41; p>0.69). Cohesion was higher on the day of the removal of
dividers (#14.8)=2.29; p<0.04; Fig. 2¢c) and returned to baseline by the day after (#15)=1.31; p>0.21;
two weeks later: /14.9)=0.70; p>0.49). Coordination tended to be higher on the day of divider
removal (#14.8)=2.05; p<0.006; Fig. 2d), was higher on the day after (#(15)=2.20; p<0.04), but

returned to baseline by two weeks later (#14.8)=1.45; p>0.17).

2.4 Discussion

Advances in animal welfare science have shown that, in many species, the quality of life led
by an animal is influenced by the level of cognitive stimulation in the environment (Meehan and
Mench, 2007). Within captive enrichment programs, the provision of exploration opportunities has

been deemed an important, and even necessary, feature to be beneficial for improving welfare
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(Meehan and Mench, 2007). Exploration may promote positive emotions because (i) most animals
are motivated to perform such behaviour (i.e., it fills a behavioural need) and, (ii) the gathering of
information allows control over coping with challenges and, in and of itself, appears to be
reinforcing (Barnett and Cowan, 1976; Boissy et al., 2007; Franks et al., 2013). One essential
component for cognitive enrichment to be effective is that the problems presented to an animal do
not exceed its skills and resources (Boissy et al., 2007; Meehan and Mench, 2007).

In the present study, zebrafish were quick to move into the new area after the removal of a
divider and this interest was sustained, and actually increased, over the days observed. Moreover, the
fish did not express any anxious behaviour but did engage in higher levels of affiliative behaviour:
decreased agonistic behaviour and increased group cohesion and coordination. Collectively these
findings provide evidence suggesting the opportunity to explore may have induced a positive
emotional state in the fish (Boissy et al., 2007).

Zebrafish are known to exhibit anxiety- or fear-like behavioural responses after exposure to
novelty, such as when placed in a novel tank (e.g., Blaser et al., 2010; Egan et al., 2009; Maximino et
al., 2010). A common measure of anxiety is spatial location within the tank: swimming lower in the
vertical water column (nearer to the bottom) is suggested to indicate a more anxious or stressed fish,
whereas swimming higher in the water column (nearer to the surface) suggests a less anxious fish
(Cachat et al., 2009). Our study is the first to examine zebrafish behaviour in their home tanks when
provided access to a previously unexplored 10 cm of tank space. Given that we observed no change
in bottom-dwelling behaviour combined with the short latencies to enter the novel area, our findings
suggest the fish did not experience any anxiety in relation to the novel stimulus.

Zebrafish are also well known to be gregarious and spend much of their time in social
groups called shoals, both in the wild and in captivity (Miller and Gerlai, 2012; Spence et al., 2008;

Suriyampola et al., 2015). Shoaling behaviour is often quantified using group cohesion (distance
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between nearest neighbours) and swimming coordination (polarization) (Clark and Evans, 1954;
Miller and Gerlai, 2012, 2011b). Zebrafish also exhibit agonistic behaviour, such as lateral displays,
chasing and charging, especially around times of breeding (Schneider, 2011; Suriyampola et al., 2015;
Way et al., 2015). Our finding that the provision of additional space increased group cohesion is
interesting given it contradicts previous work. Researchers compared the nearest-neighbour
distances of groups of zebrafish within larger and smaller tanks and found that groups of fish in the
larger tanks spread out more, resulting in lower group cohesion, compared to fish in the smaller
tanks (Shelton et al., 2015). The fact that cohesion zucreased (i.e., the fish were closer together) in our
study after the provision of the additional space within the home tank therefore points toward a
cognitive (information gain) rather than a physical (more space) mechanism.

Many researchers have investigated shoaling behaviour in zebrafish and, collectively, these
studies suggest this behaviour is largely in response to threatening situations, such as when evading a
predator (Pitcher, 1986; Pitcher and Parrish, 1993). Further, it has been suggested that increased
levels of distress (e.g., from greater perceived threat) lead individuals to examine their relative
position and orientation within a group at a greater rate and thus induce greater degrees of
synchronization in the group’s coordination (Bode et al., 2010). However, our finding of increased
cohesion and coordination in the absence of perceived threat suggests that distress may not be the
only driver of group dynamics. Considering the highly social nature of zebrafish—they live in groups
(Engeszer et al., 2007b; Suriyampola et al., 2015), readily perform shoaling or schooling behaviour
(Spence et al., 2008), transmit information socially (Lindeyer and Reader, 2010), and are influenced
by social cues from conspecifics (Hall and Suboski, 1995; Speedie and Gerlai, 2008)—it could be
argued that their social dynamics are sensitive to environmental context, whether negative (e.g.,

threat) or positive (e.g., foraging). As such, it is possible that zebrafish may also shoal or school
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when exploring, and there is reason to consider these behaviours under different, possibly positive,
contexts, such as information gathering (Franks and Higgins, 2012).

It follows that situations where zebrafish are denied the opportunity to explore may
negatively influence their social conduct. The typical laboratory housing for zebrafish consists of
small and barren tanks that greatly contrast their wild habitats and likely impact the behaviours of
the fish within them (Kistler et al., 2011). Without opportunities to explore, the behaviour exhibited
by standard-housed laboratory zebrafish or those tested in barren experimental tanks may represent
inaccurate baselines of ‘normal’ behaviour (Sherwin, 2004). Thus, we strongly suggest that the range
of situations that influence social dynamics also be extended to include positively or ambiguously
valenced situations, such as information gathering.

In the wild, many animals have numerous free-choice options to explore and employ agency
over their environment. Depriving an animal of the opportunity to exhibit control ultimately denies
them a source of naturally sustained positive experience, which can cause an underdeveloped ability
to cope with environmental or social changes, and may result in reduced health (reviewed by Spinka
and Wemelsfelder, 2011). If having the opportunity to explore is a behavioural need that may
influence emotional state—that is, a behaviour an animal is highly motivated to perform—then
denying animals this opportunity can result in reduced welfare (Bracke and Hopster, 2006; Spinka,
2006; Wood-Gush and Vestergaard, 1989).

The standard laboratory environment has been shown to be associated with behavioural
abnormalities (e.g., Balcombe, 2010; Kistler et al., 2011; Olsson and Dahlborn, 2002) which have
been shown to produce variable or unreliable scientific results (Balcombe, 2006; Garner, 2005;
Sherwin, 2004). It has frequently been suggested that psychological, physiological and behavioural
well-being develops from the ability to successfully cope with life’s problems, not from the complete

absence of challenge (Broom, 2014; Franks and Higgins, 2012; McMillan, 2004; Meehan and Mench,
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2007). Natural behaviour can be promoted by a deeper understanding of the features of the natural
environment that are likely to meet the animal’s needs (Spinka, 20006; Wiirbel, 2002, 2001).
Considering their wild habitats would normally include many such information-gain opportunities,
our findings suggest that high agonistic behaviour and low group cohesion and coordination—
behaviours typical within standard laboratory housing—may be signs of abnormal behaviour in
captive zebrafish.

The relationship between environment, cognition and welfare is interconnected: the
environment influences cognitive capacity which in turn affects the ability to effectively cope, and
ultimately reflects emotional state, thus influencing their quality of life (Ebbesson and Braithwaite,
2012). Emotions can also influence cognition by affecting the value attached to a behavioural
outcome by an animal; for example, frustration from behavioural deprivation may cause an animal
to be less sensitive to small or subtle environmental changes (Braithwaite et al., 2011). Our findings
suggest not only is a more natural physical environment important for animal welfare, but the
provision of natural psychological experiences—such as the opportunity to explore—may also be
required to achieve a reasonably good life for captive animals.

As a first step in addressing the role cognitive enrichment may play in laboratory zebrafish
welfare, we examined the fishes’ response to the opportunity to explore a novel space and found
evidence that they responded to the cognitive stimulation and that they had a sustained interest in
this exploration opportunity. The provision of environmental enrichment has previously been
suggested to have numerous benefits in many species of fish (e.g., Kotrschal and Taborsky, 2010;
Salvanes et al., 2013; Strand et al., 2010). Examining the motivation of zebrafish (i.e., how hard they
would work) to freely explore within their environment would shed further light on the welfare
implications of cognitive stimulation as a form of enrichment for laboratory zebrafish and provides

a promising area of future research. For instance, the motivation of goldfish to access a tank space
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with real or artificial plants was recently tested using increasingly stronger water currents; goldfish
indeed will work for this opportunity (Sullivan et al., 2016). This or similar types of experimental
paradigms (e.g., training fish to swim through a ring: Hogan, 1967) could be applied in future studies
to test the motivation of zebrafish to access novel space or other opportunities for exploration or
information gain.

A limitation of the current study was our confined scoring period. Given the comprehensive
scoring methods, we only looked at one hour of video for exploratory and anxiety behaviour on
each of the observational days. Additional video observations would have also allowed us to
determine any pattern to the fish using the novel space, for instance if they refrained from the novel
space at certain times of the day. Another potential limitation was the challenges associated with
video recording fish in water which may have resulted in missing of counts for spatial location due
to, for example, hiding behind a plant during the scoring period. Further, our measure of
exploration (i.e., the number of inspections) may have underestimated actual exploration, as we did
not score for duration of the fishes’ investigation of the novel space. Additionally, the greater
number of inspections observed on the day examined two weeks later may not have actually been
indicative of greater exploration, but simply a change in how the fish interacted with the space—for
example, on the first day, fish may have entered and stayed in the novel area, spending more time
exploring, whereas by two weeks later, fish may have been simply entering and leaving continually,
hence the greater number of inspections scored. Future research could, for example, utilize
sophisticated tracking software to ensure all fish within a tank are recorded, as well as consider
additional measures of exploration, such as duration. Such data would provide better interpretation
of the effects of exploration opportunities. The fact that fish were not individually identified can also

be viewed as a limitation. Software that allows for the tracking of individuals could provide even

32



further insight of the influence on complex social dynamics (currently available only for
unobstructed video (e.g., Pérez-Escudero et al., 2014), that is, without plants or obstructed views).

Future research could also implement a standard control treatment, such as a tank of similar
size (including the extra space) but furnished in the standard barren condition. Such a treatment
would allow disentangling of the effect of having more space per se on the behaviour of the zebrafish
from behaviours in direct response to being provided cognitive enrichment in the form of additional
novel space. Nevertheless, monitoring behaviour in a semi-natural environment allows for
observation of a behavioural richness that may not be possible with strict experimental manipulation
(Martin and Bateson, 2007) and arguably facilitates external validity and relevance to the natural
world (Altmann, 1974). We strongly encourage future research to expand on our findings to further
elucidate the potential benefits of providing cognitive enrichment on the behaviour and welfare of
laboratory zebrafish.

In summary, we found that zebrafish readily engage in free-choice exploration and that such
opportunities do not induce anxiety behaviour in semi-natural environments. Moreover, these
opportunities increased positive affiliative behaviour: reducing agonistic behaviour and increasing
group cohesion and coordination. These findings suggest that having the opportunity to explore
within semi-natural home environments promotes a positive emotional state and thereby improves
welfare (Boissy et al., 2007). This study adds to the growing body of literature on the role cognitive
stimulation plays in welfare and indicates that zebrafish are good candidates for further cognitive

enrichment research.
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40.5cm

Figure 1. Layout of tank environment. A semi-natural habitat was created by including artificial plants,
allowing hiding and open spaces, sloped gravel substrate and rocks. The cover over the divider opening, on
the far side of the deep end (far left above), was removed to allow an opportunity to explore novel space.
Lines are the grid system used for measuring anxiety, using three vertical areas—surface, middle and gravel—
and two horizontal areas—deep end and shallow end—fish were counted in each area. The number of fish
in the lower sections (gravel) was used to identify bottom-dwelling, a common measure used to assess anxiety.
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Figure 2. Exploration and social behaviours of zebrafish following the removal of a divider allowing the
opportunity to explore additional novel space in their semi-natural home tank environments. Shade of data point
colours represents the time of observation relative to the divider removal: datker means immediately after divider removal,
lighter means later in the scoring period.

a. Exploration of the novel area measured using the number of inspections. Each day examined had a greater number
of inspections (day of: #(15)=3.47; p=0.003; day after: #15)=5.38; p<<0.0001; day two weeks later: #15)=7.62; p<0.0001)
compared to baseline. Errors bars represent 95% confidence. (¥ p<0.05; n=0)

b. Agonistic behaviour was scoted by presence/no presence of an agonistic act (i.e., charge, chase, lateral display).
Agonistic behaviour was reduced on the day of and day after the divider removal (#14.6)=2.58; p=0.02 and #15.7)=2.49;
$=0.02, respectively), but returned to baseline by the day examined two weeks later (/14.7)=0.41; p=0.69). Errors bars
represent 95% confidence. (* p<0.05; n=0)

c. Cohesion was scored on a Likert scale from 0 to 4 (0 meaning fish were spread throughout the tank, 4 meaning fish
were very cohesive; see Table 1). Cohesion was greater on the day of divider removal (#(14.8)=2.29; p=0.04) but returned
to baseline by the day after (#15)=1.31; p=0.21; two weeks later: #(14.9)=0.70; p=0.49). Errors bars represent 95%
confidence. (* p<0.05; n=0)

d. Coordination was scored on a Likert scale from 0 to 4 (0 meaning no coordination and the fish were swimming in
different directions, 4 meaning the fish were very coordinated, see Table 1). Coordination tended to be greater on the day
of divider removal (#14.8)=2.05; p=0.06) and was greater on the day after (#15)=2.20; p=0.04), however returned to baseline
by the day examined two weeks later ({14.8)=1.45; p=0.17). Errors bars represent 95% confidence.

(+ 0.05>p<0.01; * p<0.05; n=0)
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Chapter 3: Conclusion

3.1 Thesis findings

The specific aim of this thesis was to analyze the behavioural responses of zebrafish offered
an opportunity to explore additional novel space within their semi-natural home tank environments
as a form of cognitive enrichment. The results described in this thesis provide evidence that
zebrafish are good candidates for cognitive enrichment research: as the fish readily explored the
novel space, did not exhibit anxiety behaviour following the novelty, and their social dynamics were
altered in what can be viewed in a positive way (i.e., reduced agonistic behaviour and increased
cohesion and coordination).

Zebrafish in the current study were quick to move into the new area following the provision
of the opportunity to explore. Most interesting was that this exploration was sustained on each of
the observation days after the divider was removed. Moreover, the number of inspections was three
times greater after two weeks than on the day the dividers were removed. This finding is in contrast
to other research that has shown zebrafish quickly habituate to various novel stimuli (Wong et al.,
2010). The higher group cohesion observed after the additional space was offered also contrasts the
results of previous work that reported that groups of zebrafish in a larger arena were found to
spread out more than groups in a smaller arena (Shelton et al., 2015; see also Introduction Section
1.3.2), suggesting a different mechanism was at play, such as a cognitive (information gain) rather
than a physical (more space) mechanism.

The findings from this thesis suggest the social behaviour of zebrafish is affected by
positively or ambiguously valenced situations, such as information-seeking, and not only negatively
valenced threat responses, such as predator evasion, as commonly reported in the literature (Pitcher,

19806; Pitcher and Parrish, 1993). These results suggest that there is need to broaden our approach to
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studying the social dynamics of zebrafish, particulatly for situations that may influence their welfare.
High agonistic behaviour and low cohesion and coordination are common in laboratory zebrafish
maintained in ‘standard’ housing, often due to overcrowding, but the results in this study suggest
that they may actually be indicative of abnormal behaviour.

Free-choice exploration allows animals to employ agency over their environment (Spinka
and Wemelsfelder, 2011) and is frequently available to many wild animals, including zebrafish.
Having the freedom to choose between investigating the novel space, and staying in or returning to
a familiar part of the tank, likely eased any potential anxiety responses that may have been present
when the additional space was made available (Wood-Gush et al., 1990). Incorporating opportunities
for free-choice exploration in laboratory zebrafish environments may induce a more naturally
representative behavioural repertoire which may in turn impact the emotional state of the fish, and
may ultimately enhance their ability to live a reasonably natural life in captivity (Boissy et al., 2007;
Ebbesson and Braithwaite, 2012; Fraser et al., 1997).

In summary, the conclusions from this thesis indicate that opportunities to explore in semi-
naturalistic housing may provide positive effects for zebrafish welfare by (1) reducing agonistic
behaviour that can lead to physiological or health issues, (2) promoting positive emotional states
with increased affiliative behaviour and, (3) allowing the performance of important natural

behaviours.

3.2 Implications for fish welfare

Housing for laboratory zebrafish is typically designed to maintain hygiene and physical
health and to standardize behaviour between experimental groups, resulting in small, barren and
unchanging environmental conditions (Kistler et al., 2011; Olsson and Dahlborn, 2002; Reinhardt,

2004). In contrast, the natural habitats of zebrafish are vegetated and fluctuate with monsoon
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seasons, thus providing many opportunities to explore (Engeszer et al., 2007b; Spence et al., 20006).
This thesis provides evidence that exploration may be particularly important for captive zebrafish
and suggests, because the opportunity to explore is rarely, if ever, provided in laboratories, standard
barren environments could be denying them an important behavioural need.

The three concepts of animal welfare—natural living, biological health and emotional
state—are fundamentally interconnected (Fraser et al., 1997); an effect on one can have effects on
the others. Having the opportunity to explore may bring a feeling of pleasure or satisfaction
indicative of positive emotional state and improve biological functioning by reducing agonistic
behaviour towards conspecifics (Boissy et al., 2007; Fraser et al., 1997). The inability to express
species-specific natural behaviours may affect biological functioning, potentially causing increased
agonistic behaviour or affect the emotional state, by causing frustration, boredom or anxiety
(Dawkins, 1988). An animal’s emotional state can influence behaviour, for example, by inducing
abnormal stereotypies, and health by negatively affecting the immune system (Boissy et al., 2007).
Further, poor health can elicit sickness behaviour, for example, by causing lethargy (Hart, 1988), and
affects emotional state by eliciting fear, distress or impaired threat perception (Cockram and
Hughes, 2011). Therefore, addressing these concepts in a unified approach is crucial for
understanding an animal’s welfare. As reviewed previously (see Section 1.2.2), gaining a better
understanding of the natural behaviour of zebrafish will greatly aid in our ability to decipher
behavioural divergences due to inadequate housing conditions or the inhibition of motivated
behaviours.

As suggested from the work described in this thesis, the use of cognitive enrichment may aid
in promoting good welfare for zebrafish by meeting psychological needs, allowing the performance
of motivated and complex behaviours, and improving the ability to cope with environmental

challenge (Meehan and Mench, 2007).
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3.3 Implications for the quality of science

Studies using zebrafish housed in ‘standard’ conditions arguably may compromise the
validity of scientific results, as has been shown in other species (rodents: Bayne and Wiirbel, 2014;
Garner, 2005; Sherwin, 2004). It is assumed that animals housed in barren conditions are ‘normal’,
such as having normal sensory development, physiology and behaviour, and that any responses
dependent on these aspects are also normal (Sherwin, 2004). However, discrepancies from normal
due to being housed in inadequate environments (e.g., frustration, heightened sensitivity, boredom,
etc.) may instead lead animals to generate abnormal responses that are not experimentally
reproducible (Sherwin, 2004). The barren housing used to standardize behaviour may in fact be
leading to idiosyncrasies, both within and across laboratory facilities or even within a single study,
and may produce more variable, less reliable results. A recent proof of principle based on data from
a multi-laboratory study investigating differences across mouse strains suggests that standardization
actually causes—rather than remedies—poor reproducibility (Richter et al., 2009). Consequently,
reduced normality of the animals being studied also reduces the accuracy of translating animal
results to human mechanisms for which many animal models, including zebrafish, are used to
investigate (such as the processes for biogenetics or disease).

Environmental enrichment is suggested to improve scientific results by reducing the number
of abnormal behaviours expressed by animals and responses affecting experimental outcomes
(Garner, 2005). The effects of cognitive enrichment are less understood, especially in zebrafish, but
it is suggested that introducing appropriate cognitive challenge may prove to be an effective tool in
managing some stereotypies by improving the cognitive involvement of the environment and
preventing a shift toward processes that promote abnormal behaviour (Meehan and Mench, 2007).
The behaviour observed in this study may be more representative of the natural behavioural

repertoire of zebrafish (compared to behaviour observed from barren-housed fish) and these
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findings improve our understanding of what zebrafish behaviour may look like in more naturalistic
environments. In and of itself, this provides invaluable benefits to science by providing a more
accurate behavioural baseline and allowing for clearer identification of behavioural discrepancies

from unsatisfactory laboratory environments.

3.4 Limitations

A limitation of this thesis study was the confined period of behavioural scoring. Given the
comprehensive scoring methods, only one hour of video was viewed for exploratory and anxiety
behaviour on each of the observational days. Additional video observations may have indicated any
patterns to the fish using the novel space, for instance if they refrained from the novel space at
certain times of the day. Another limitation was the challenge associated with video recording fish in
water. Visibility was limited which may have resulted in missing of counts for fishes’ spatial location
due to, for example, hiding behind a plant during the scoring period. Utilizing sophisticated tracking
software, ideally that can identify individuals, could reveal deeper insight into effects of exploration
on complex social behaviour. Further, the measure of exploration used (i.e., the number of
inspections) may have underestimated actual exploration, as I did not measure duration of
investigation of the novel space. However, even with the limited measure of number of inspections,
I found clear evidence that zebrafish were interested and engaged when provided with a novel space.
Measuring the duration of their exploration could provide stronger evidence of their motivation to
explore.

The measure of bottom-dwelling used for anxiety is well established for zebrafish in a novel
tank test (Champagne et al., 2010; Egan et al., 2009). However, I did not remove fish from their
home tank or place them into a novel arena, thus the extra space provided may have been

insufficient to induce novelty that elicits an anxiety response. Another measure used to quantify
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anxiety in zebrafish (as well as rodents) is thigmotaxis, when the animal remains along the edges and
avoids the middle of its environment (Champagne et al., 2010). Other measures of anxiety include
freezing, jumping and erratic movement, though their efficacy is not as well established as bottom-
dwelling and thigmotaxis (Egan et al., 2009). Potentially even more problematic is that the display of
these behaviours could also represent something other than anxiety, for example anticipation before
feeding. The use of a single measure of anxiety may be viewed as a limiting factor and thus I strongly
encourage future studies to include additional measures of anxiety-related behaviours.

In contrast, benefits of this work include that it was conducted in home tank environments
and that it offered a free-choice opportunity to explore (versus forced exploration). These aspects
likely reduced many potential confounds associated with, for example, stress from handling and

transport and anxiety responses from being placed in a new environment or being forced to explore.

3.5 Future research

The work described in this thesis provides a starting point for investigating the effects of
cognitive enrichment and the implications for welfare of zebrafish living in semi-natural laboratory
environments. Because field studies of zebrafish are difficult, semi-naturalistic conditions may offer
the next best thing for quantitative (and qualitative) research of the natural behaviour of zebrafish.

Most interesting to me from this project was the clear exploratory response of the zebrafish
and their sustained interest on all of the testing days investigated after the fish were provided access
to the novel space. To further quantify the importance of providing access to a novel space as a
proxy for cognitive stimulation opportunities for laboratory zebrafish, future studies could apply
measures of motivation, that is making the fish work for access to such an opportunity (Fraser and
Nicol, 2011; Jensen and Pedersen, 2008). There has been some research into measuring motivation

in fish and the techniques used may or may not be suitable for zebrafish.
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The motivation of Mozambique tilapia (Oreochromis mossambicus) to access food, a social
partner and additional space has been tested using a push-door mechanism. Tilapia were found to be
motivated at increasing costs (i.e., more weight on the push-door) to access both food and a social
partner (they were less inclined to work for additional space), thus the use of the push-door was
successful at measuring motivation in this species (Galhardo et al., 2011). At nearly 10 times the size
of zebrafish, tilapia have strong snouts that enable them to push a door; however, this mechanism is
likely unfit for the much smaller zebrafish. More recently, the motivation of goldfish (Carassius
anratus) to access real or artificial plants was tested using increasingly strong water currents. Goldfish
showed robust motivation to access vegetation with increasing currents and did not discriminate
between real or artificial plants (Sullivan et al., 2016). It is not presently known if zebrafish would
respond to water currents in the same way; however, in the wild they have been shown to occupy
regions of both still water and differing water flows (Engeszer et al., 2007b; Suriyampola et al.,
2015), thus it is possible this mechanism may be useful for experimentally measuring the motivation
of zebrafish to access opportunities to explore.

As alluded to above, a limitation of this work is that I only measured one type of exploration
opportunity (novel space). Future studies could implement different types of cognitive stimulation,
for example, dynamic novel objects, or offer multiple choices of exploration opportunities to gain
insight into the types of features zebrafish prefer to explore. Also, having the ability to manipulate or
induce an exploration opportunity (i.e., diversive exploration) may produce different results than
having the chance to explore a particular stimulus (i.e., specific exploration, such as that within this
thesis) (Hughes, 1997). Having been linked to boredom (Mills et al., 2010), the novelty of diversive
exploration is less rewarding when an animal is previously deprived (Berlyne et al., 1966). However,
having the chance to manipulate a feature within their environment (or self-induce a learning

experience; similar to a rodent learning to press a bar for rewards, e.g., Berlyne et al., 1966) may be
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something zebrafish are motivated to engage in. This could be especially likely for zebrafish kept in
barren conditions where stimulation is generally low, but stimuli may need to be introduced subtly
so as to not overwhelm the fish or cause overstimulation to the point of avoidance (Hughes, 1997).

To further examine the theory that exploration leads to positive emotional state, judgement
bias tests may be of use (i.e., judgements about the reward value of ambiguous cues) (Harding et al.,
2004; Paul et al., 2005). To my knowledge no judgement bias test has been conducted in fish
(Bethell, 2015). Such a test would require training fish to respond to both a positive and a negative
stimulus, and then assessing their response to an ambiguous stimulus. Latency or changes in
response times to cues could act as measures for assessing emotional state; however, cues (e.g.,
visual, auditory) as well as behavioural responses (e.g., aggression, redirected activities, stereotypies)
of zebrafish would require validation for their appropriate use as a test of judgement bias (Bethell,
2015).

The issue of practical implementation of appropriate challenge or exploration opportunities
into laboratories, especially those favouring ‘standard’ conditions, also requires future investigation.
One suggestion is incorporating challenge into the feeding regime (e.g., alternating food locations, a
task zebrafish have been shown to successfully learn; Williams et al., 2002). Another suggestion is
manipulating or changing the environment following water changes or tank cleaning as part of
regular laboratory husbandry. Again, it is important that the challenge does not exceed the abilities
of the fish (Meehan and Mench, 2007); nevertheless, simple alterations may provide sufficient
challenge or variation to engage the fishes’ interest and improve their welfare in captivity.

The moral consideration for the welfare of zebrafish is far behind that for other laboratory
species (e.g., rodents). A driving factor for welfare consideration is our perception of the cognitive
abilities and intelligence or sentience of an animal (Broom, 2007; Brown, 2015). Better

understanding of the behavioural and cognitive extent of zebrafish and their response to cognitive
43



stimulation would promote greater consideration for their welfare. Future studies that broaden the
exposure of the cognitive abilities of zebrafish may help diminish these perceptions and promote

increased consideration for their welfare in laboratories.

3.6 Final conclusions

Based on this project and the literature reviewed in this thesis, I encourage laboratories
researching zebrafish to consider the psychological, behavioural and emotional needs of the fish. A
shift in the way we think about the animals we use can profoundly affect their welfare, the quality of
the research and, ultimately, the advancement of science. Observing zebrafish display their natural
behavioural repertoire could in turn influence the researchers’ perception of the intelligence and
complexity of a zebrafish—that they deserve individual consideration. More accurate representation
of natural behaviour will also improve scientific quality by producing more reliable data, a crucial
aspect to appropriate translation to humans and the advancement of research using zebrafish as
models.

Opverall, this thesis provides evidence that zebrafish are good candidates for future research
on the role cognitive enrichment may play in welfare, and adds to the growing body of literature

focusing on the improvement of the welfare of laboratory zebrafish.
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