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Abstract 

 

Concerns regarding animal welfare are ultimately predicated on the assumption that 

animals can experience subjective feelings, which are the prerequisite to experiencing 

suffering, pain and pleasure. Assessing the subjective feelings of animals directly, 

however, is difficult and perhaps impossible due to their personal nature. Existing 

approaches in animal welfare research primarily focus on the physiological and 

behavioural components of emotional (affective) states of animals, as indices of the 

subjective feelings of animals, however these have several limitations. For example, 

many of these measures do not give information about emotional valence (whether an 

emotion is positive or negative), but rather emotional intensity, and in many cases 

confounding explanations make it difficult to interpret the data unambiguously.  

Recently, new methods of assessing animal welfare, based on the cognitive aspects of 

emotional states, have provided ways of overcoming the disadvantages of existing 

techniques. In humans, it is well known that cognition and emotion are closely linked 

and reciprocally related. By assessing the cognitive aspects of individuals, such as 

decision-making, attention and memory, we can gain valuable insight into their 

emotional state. These phenomena, known as cognitive biases, are increasingly being 

explored in mammals and birds, but no systematic research has yet been conducted on 

fish. Since very large numbers of fish are used in scientific research, as well as the 

commercial pet trade and fisheries industry, an understanding of their cognition can 

provide useful information for addressing welfare issues for this animal group. In this 

thesis, I investigated three forms of cognitive bias – judgment bias, attention bias, and 

sensitivity to reward shifts – using zebrafish (Danio rerio) as a model species. I aimed 

to determine if these cognitive biases can be detected in zebrafish, and if so, whether 

tests can be designed to make use of these cognitive biases to inform zebrafish welfare. 

Designing appropriate experimental set ups, while taking into account the cognitive 

abilities of zebrafish proved to be challenging. Judgment bias tasks generally require 

extensive pre-conditioning, and I was unable to condition fish to an appropriate level for 

subsequent judgment bias testing. Future experiments would have to refine the 

conditioning process to improve conditioning success. Attention bias, however, required 

no pre-conditioning, and I found that zebrafish to which I had applied a stressor would 

position themselves further away from a potentially threatening stimulus. I believe that 

this approach could potentially be used as a basis for assessing affective states in fish. In 

the sensitivity to reward shift task, I found evidence that the nature of conditioning to 

the task was mediated by habitual behaviour rather than goal-directed behaviour, thus 

affect did not seem to play a major role during that process.  
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The empirical studies described in this thesis were, for the most part, preliminary 

attempts at investigating cognitive bias in a previously unstudied taxonomic group. I 

recommend that considerable further work be conducted on understudied taxa, 

especially for those where large numbers of individuals are subjected to experimental 

research that has the potential to negatively impact their welfare. I am optimistic that 

cognitive biases could eventually become a routine aspect of welfare monitoring for a 

range of species in a variety of animal husbandry settings, given the opportunity of 

funding and further research. 
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Preface 

 

All of the data presented in this thesis were collected by myself, with the exception of 

the scoring of fish behavioural responses from the video recordings during the attention 

bias experiments 1 and 2 (Chapter 3), which were recorded by April Gloury.  

A glossary has been provided at the end of the thesis for specific definitions of certain 

technical terms used in this thesis.  
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Chapter 1: Animal welfare – definitions, 

problems and practical assessment 

 

What is animal welfare? 

In general terms, animal welfare refers to an animal‘s quality of life (Hosey et al., 2009, 

Chapter 7) or physical and psychological state of well-being (Hewson, 2003; Beaver, 

2010). How this translates to what scientific research focuses on, at an operational level, 

however, is often problematic, in particular because it is usually difficult to measure 

physical discomfort or states of psychological distress in animals (Barnett and 

Hemsworth, 1990; Brydges and Braithwaite, 2008). Further, taxonomic variation in the 

capacity for, and degree of, responses makes understanding animal welfare, in a 

comparative sense, highly problematic. In order to design experiments to improve the 

welfare of animals, researchers have to define animal welfare more explicitly and 

objectively. This inevitably involves making a number of assumptions about animal 

welfare, and what have been considered reasonable assumptions have evolved over time, 

and indeed continues to evolve today (e.g. cf. Australian Capital Territory Animal 

Welfare Act, 1992; 2012).  

Because animal welfare is driven not only by science but also by philosophy, many 

people have different emphases in their operational definition of animal welfare. Hosey 

et al. (2009, Chapter 7, page 225) summarise the approaches to considering animal 

welfare into four broad categories – these are: 

1. Via an animal‘s physical condition;  

2. Via an animal‘s mind;  

3. By comparison to an animal in the wild;  

and  

4. Welfare by analogy (comparison to humans or other animals).  

Other studies have summarised animal welfare in similar ways. For example, Fraser et 

al. (1997) identify three main views of animal welfare – that of functioning of the body, 

feelings, and ability to express natural behaviours – these resemble points 1 to 3 above.  

Within this framework, different researchers and philosophers place different emphases 

on each of these respective approaches, therefore it is important to specify our own 

definition of what constitutes animal welfare prior to subsequent discussion. Differences 

in emphases may be caused by many factors such as information available for certain 

species or the cultural understanding of animals‘ needs at a particular period of time; for 

example, in the late 19
th

 and early 20
th

 century, the dominance of the behaviourist 
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school of thought meant that animals were regarded as little more than biological 

automatons (James, 1904; Watson, 1928). The concern for animals then (if any) was 

purely physical in nature; as long as animals had sufficient food, water, and any other 

physical requirements to survive, that was considered appropriate welfare (see Brydges 

and Braithwaite, 2008). Many people today still consider the physical condition of an 

animal, including measures of physiological function, to be an important component of 

animal welfare (Clark et al., 2016), although perhaps for different reasons. Part of the 

reason this view dominates probably relates to the ease by which physical aspects of an 

animal‘s well-being can be monitored and provided for, and therefore there is an 

inherent inclination to believe that such efforts are amongst the most important 

mechanisms for ensuring welfare. Other proponents argue that any significant aspect of 

poor welfare related to the emotional, psychological or natural/behavioural needs of the 

animal will either be closely intertwined with physical indicators of welfare, or at least 

eventually manifest themselves on a physical level, and therefore be reliably detected 

(Kirkden and Pajor, 2006). 

An animal‘s mind, or the emotional well-being of an animal, can also be an important 

consideration for welfare purposes; indeed some consider this to be their highest 

priority (e.g. Fraser et al., 1997; Broom, 1998), or even only priority (e.g. Duncan, 

1996). The term emotion comprises several definitions depending on the field of study 

or its use in lay society, and there is little consensus for a comprehensive definition. 

Here, I am taking the broad definition that emotions are discrete responses to internal or 

external events that are of significance to the individual. These responses are often 

comprised of several components; these include physiological, behavioural, cognitive 

and conscious subjective feelings components. These components can be used to 

elucidate the nature of the underlying emotional response as being positive, negative or 

neutral. 

This view therefore proposes that whether an animal is ultimately in a state of positive 

well-being depends on whether it is experiencing a state of positive emotional well-

being. The opportunity to express behaviours similarly to counterparts in the wild, or be 

free from poor physical health is not of primary concern if it does not impact on the 

emotional well-being of the animal (Duncan, 2002). Therefore, proponents of this view 

would hold that it is entirely possible for a person to be bed-ridden and still be in a high 

state of welfare, as long as the person is happy and doesn‘t mind being bed-ridden. 

While it may still be considered a good idea to help the person recover and walk again, 

that is of little welfare concern so long as the person is not bothered by the condition 

itself. 

For some wild or non-domesticated animal species, information about captive 

husbandry or detailed natural biology may be limited (Hosey et al., 2009). In such 

situations, placing emphasis on allowing animals to mimic time-budgets and 

behavioural repertoires as closely as possible to counterparts in the wild may be the best 
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option available, since an animal‘s physical or emotional needs may be too difficult to 

determine otherwise. In other situations, we may have to approach the issue of animal 

welfare by attempting to relate how an animal might be faring to either human 

situations or other species, closely related to the species of concern, for which more 

information is available (Sandøe and Simonsen, 1992; Sherwin, 2001). Although some 

consider this approach anthropomorphic, the strength of this approach lies in the 

emphasis on adopting a conservative stance when we are unsure if an animal is 

experiencing negative welfare. Much of what goes into animal welfare legislation is 

driven by this welfare-by-analogy principle; for example, although there is still much 

debate regarding whether fish and other invertebrates such as cephalopods and 

crustaceans can experience suffering, these taxonomic groups are covered under the 

animal welfare laws in many countries as a means of giving these animals the benefit of 

the doubt (e.g. United Kingdom Animal Welfare Act, 2006; Singapore Animals and 

Birds Act, 2015). In Australia, the same is true although fish and invertebrates are not 

included in the welfare legislation in every state (cf. Australian Capital Territory Animal 

Welfare Act, 2012; South Australian Animal Welfare Act, 2015). 

At times, discerning what is considered optimal welfare for animals can be difficult. For 

instance, animals may not always want (or know) what will result in the best 

psychological or physical outcome for them in terms of their health and welfare, 

especially within the context of a captive, non-natural environment. Rats, for example, 

may desire a sweet, non-nutritious food supply over a healthier, but blander, one, even 

though this may be detrimental to their health (e.g. Booth et al., 1972). In such a 

scenario, there is a conflict of interest between the welfare approach of caring for the 

physical condition of the animal (overall health) and caring for the mind of the animal 

(feeling of immediate gratification after eating desirable food). In other cases, animals 

may exhibit behaviours, for example related to obtaining a resource, even when 

presented with the desired resource, due to having adapted to the requirements of life in 

the wild. Dawkins (1990) highlights this with an example of a hypothetical migratory 

bird in a captive environment. The species typically migrates to warmer feeding 

grounds in autumn. In captivity, although they may be well cared for and have sufficient 

warmth and food, birds may still display migratory restlessness and experience 

frustration, exhaustion and physical injury while trying to escape captivity. Freeing 

animals from captivity is not necessarily a good solution, for although a species may be 

adapted to living in its natural environment, that environment also imposes stressors 

such as disease, hunger, injury and death (Barnard and Hurst, 1996; Melfi, 2009). This 

illustrates the complicated interplay between the three approaches of physical condition, 

mind and comparison to animals in the wild that animal welfare science must grapple 

with. 

Animal welfare is multifaceted, comprising aspects of all of the approaches described 

above. However, for the purposes of this thesis, I approach the issue of animal welfare 

predominantly focused on the emotional/psychological well-being of an animal, with 
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the caveat that under certain circumstances, factors other than psychological well-being 

should take precedence. For example, emotional welfare may have to be put on hold if 

animals are at risk of serious physical injury. My rationale for this view is primarily due 

to my assumption that subjective feelings exist in many groups of animals, thus these 

subjective feelings would make the most logical framework within which we should 

apply animal welfare practices (further discussed below, but also see Dawkins, 1990). 

Subjective feelings in animals – the basis of animal welfare 

Subjective feelings are the consciously experienced component of emotions 

(Braithwaite et al., 2013), in contrast to other components of emotions such as 

physiological, behavioural or cognitive components (e.g. Ekman, 1984; Scherer, 1984; 

Lerner and Keltner, 2000). For example, accompanying the subjective feeling of 

happiness in a human are smiles and other facial expressions of joy, behaviours 

associated with happiness (jumping, hugging, etc.), as well as physiological changes 

such as increased heart rate and the production of biochemicals such as serotonin and 

glucocorticoids. Subjective feelings are thought to have adaptive value by allowing 

individuals behavioural flexibility and the ability to predict and respond to novel 

situations (Braithwaite et al., 2013). Some even consider subjective feelings to be the 

common currency for decision-making in mammals, allowing the individual to 

determine which physiological needs should be satisfied first (Cabanac, 1992; Spruijt et 

al., 2001; Cabanac, 2008). Thus, given how intrinsic emotions are to our daily function 

as humans, it is reasonable to expect that they will be present in other animals as well. 

Subjective feelings that an animal may experience could be pleasant, unpleasant or 

neutral. The term suffering occurs as a result of an animal experiencing acute or 

prolonged unpleasant feelings (Dawkins, 1990), and contributes to negative or poor 

welfare. Likewise, pleasure occurs as a result of an animal experiencing pleasant 

feelings, and contributes to positive welfare. The capacity for animals to experience 

subjective feelings, such as happiness or anxiety, has been the subject of much ongoing 

debate (e.g. Carruthers, 1989; Macphail, 1998; Panksepp, 2005). By nature, subjective 

feelings are private and only directly accessible by the individual to whom those 

feelings belong (Kirkden and Pajor, 2006). This means that we can only study feelings 

in other individuals indirectly. In humans, language (verbal or otherwise) can be used to 

communicate our feelings to another individual. Although concerns have been raised 

about the validity of verbal reports such as the lack of awareness of actual events and 

the inclusion of post-hoc judgments within reports (e.g. Nisbett and Wilson, 1977; 

Bradburn et al., 1987; Proctor, 2012), this method remains one of the most useful and 

straightforward methods of gaining insight into another person‘s subjective feelings. 

Because this is not possible with animals, many critics in the past have tried to dismiss 

the study of subjective feelings in animals as non-empirical and unscientific (Watson, 

1928; Duncan, 2006). Such notions are still prevalent in some scientific circles today 
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due to the lasting impact of the behaviourist movement (Blumberg and Wasserman, 

1995; Bickle, 2003; Proctor, 2012). 

However, closer scrutiny of human attitudes reveals that we do not act in a manner 

consistent with such beliefs. If we believe that there is no way to conclusively prove 

that animals are nothing more than intricately engineered biological machines, why then 

do we feel inclined to interact with them in a manner suggestive of a fellow sentient 

being (Dawkins, 2008)? Further, if we do think animals should be given the benefit of 

the doubt, in terms of catering for their welfare, then why shouldn‘t science continue to 

investigate the issue of subjective feelings in animals further, as long as due 

acknowledgement of the difficulties of the task is provided? Indeed, it is both 

astounding and paradoxical, given the sheer amount of effort and resources we dedicate 

to the advancement of animal welfare and research, that there is simultaneous reluctance 

of scientists to acknowledge the existence of subjective feelings in animals (Dawkins, 

1990; Jackson, 1990). 

In reality most people, either consciously or subconsciously, agree with the notion that 

at least some animal groups are capable of experiencing subjective feelings (Webster, 

2006). This is also reflected in animal welfare codes around the world (e.g. United 

Kingdom Animal Welfare Act, 2006; Australian Capital Territory Animal Welfare Act, 

2012; Singapore Animals and Birds Act, 2015). For example, the Australian Federal 

Government‘s strategy for animal welfare covers “the care, uses and direct and indirect 

impacts of human activity on all sentient species of animals in Australia”, where 

sentience is defined as having “the capacity to have feelings and to experience suffering 

and pleasure” and ―a level of conscious awareness” (Australian Government, 2008). I, 

and many others, believe that almost all concerns regarding animal welfare are 

ultimately based on this assumption - that animals can experience the subjective 

feelings component of emotional states, which is the prerequisite to experiencing 

suffering, pain and pleasure (Dawkins, 1990; Veissier et al., 2009). Assessing 

subjective feelings in animals is therefore a central tenet of animal welfare science.  

Because the term ‗emotional state‘ often carries with it additional connotations or 

interpretations associated with the lay use of the term in humans (for example, the term 

is often associated with conscious thought, which may or may not be present in 

animals), I will henceforth refer to emotional states as affective states.  

Proxies of subjective feelings in animals and their limitations 

How then should we assess the subjective feelings of animals? Because subjective 

feelings are inherently personal in nature, and we lack a means of unambiguous 

communication with animals, it is not possible to directly investigate subjective feelings 

in animals. However, subjective feelings only comprise one component of affective 

states; other (i.e. physiological, behavioural and/or cognitive) components of affective 

states are more amenable to scientific testing and can therefore serve as proxy measures 
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of the subjective feelings of an animal, with the assumptions being that subjective 

feelings exist in these animals and that these responses are similar to those in humans 

(Paul et al., 2005). On a broader level, affective states can be characterised based on 

their valence (whether the state is positive or negative in nature) and arousal (the 

intensity of the state) (e.g. Panksepp, 2005), and affective valence itself can be 

operationally investigated by defining a positive valence as the result of something an 

animal is willing to work for (i.e. an incentive or reward), and negative valence as the 

result of something an animal wants to avoid (i.e. a punishment) (Rolls, 2006). 

Traditionally, most animal welfare assessment techniques have been based on assessing 

behavioural and physiological indicators of affective state. These include various 

analyses of hormones that are indicators of stress, such as blood glucocorticoid 

concentrations (e.g. Widmaier et al., 1994; Wingfield et al., 1994; Gregory and Schmid, 

2001; Mathies et al., 2001), faecal glucocorticoid metabolites (e.g. Berkeley et al., 

1997; Dehnhard et al., 2003; Turner Jr. et al., 2003), in addition to other indicators such 

as blood leucocyte profiles (e.g. Bennett and Gaudio Neville, 1975; Anderson et al., 

1999; Reidarson and McBain, 1999; Kranendonk et al., 2005). Behavioural states are 

also commonly used, including observational studies that assess spontaneous 

behaviours such as approach/avoidance behaviour (Doyle et al., 2011a), distress 

vocalizations (e.g. Weary and Fraser, 1997; Panksepp and Burgdorf, 2003; Manteuffel 

et al., 2004) and stereotypies (e.g. Wiepkema et al., 1983; Ewbank, 1985; Barnett and 

Hemsworth, 1990). Further, behavioural tests such as open field tests, elevated ‗plus‘ 

mazes, social interaction tests (e.g. File, 1996; Ramos and Mormède, 1998; Landgraf 

and Wigger, 2002), preference tests (e.g. Kennedy and Baldwin, 1972; Ferrell, 1984; 

Danbury et al., 2000) and strength of motivation tests (e.g. Mason et al., 2001; Seaman 

et al., 2008) are also used (see Barnett and Hemsworth, 1990; Brydges and Braithwaite, 

2008 for reviews). 

While many of these physiological and behavioural techniques have been extensively 

developed and offer a large amount of information, they also have various limitations 

(Barnett and Hemsworth, 1990; Doyle et al., 2011a). For example, one of the most 

commonly used methods to assess stress responses in animals involves various types of 

blood glucocorticoid assays. However, blood glucocorticoid assay results are often 

confounded by the sampling procedure because the animal must first be captured before 

a blood sample can be taken (Hamilton and Weeks Jr., 1985; Le Maho et al., 1992; 

Cook et al., 2000), and blood has to be taken within minutes of approaching an animal 

before glucocorticoid levels begin to rise due to stress related to the trapping attempt 

(Broom and Johnson, 1993; Romero and Romero, 2002; Handasyde et al., 2003; 

Romero and Reed, 2005). Further, blood glucocorticoids are known to be secreted in 

pulses (Engler et al., 1989; Monfort et al., 1993; Windle et al., 1998; Harper and 

Austad, 2000) that may also be irregular or episodic in nature (Ladewig and Smidt, 

1989). Other factors, such as genetics (e.g. Hewson, 2003), diurnal patterns (e.g. Barnett 

et al., 1981; Becker et al., 1985), seasonal patterns (e.g. Dawson and Howe, 1983; 
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Wingfield et al., 1994; Raminelli et al., 2001; Romero, 2002; Handasyde et al., 2003; 

Hufschmid et al., 2013), and reproductive status (Wingfield et al., 1994; Whittier et al., 

1997), also influence glucocorticoids, making it difficult to interpret results without a 

substantial set of data points (Millspaugh and Washburn, 2004). A review by Rushen 

(1991) on the use of plasma corticosteroid concentrations as an indicator of poor 

welfare in farm animals found that there were mixed results. For example, in laying 

hens housed in battery cages compared to larger pens, plasma corticosteroid 

concentrations in different studies were found to be either elevated (Gibson et al., 1986), 

depressed (Koelkebeck et al., 1987), the same (Craig et al., 1986), or either depressed 

or the same depending on handling (Mench et al., 1986). Furthermore, in some studies, 

no changes in plasma corticosterone levels were detected, despite obvious effects on life 

history traits such as fecundity (egg production) and mortality (Koelkebeck and Cain, 

1984; Craig and Craig, 1985; Mench et al., 1986; Cunningham et al., 1987). 

Apart from these logistical and sampling issues, physiological and behavioural 

measures also present fundamental, underlying problems with interpretation (Archer, 

1973; Rodgers, 1997; Doyle et al., 2011a). For example, physiological indicators such 

as glucocorticoid concentrations may increase due to the presence of a predator 

(affectively negative), sexual arousal (affectively positive) or increased locomotor 

activity (affectively neutral) (Evtikhin et al., 1997). Activity during open field tests 

could also be attributed to exploration (affectively positive) or escape behaviour 

(affectively negative) (Archer, 1973; Doyle et al., 2011a). Many of these measures are 

also designed to identify negative affect, but lack the ability to identify positive affect, 

which is an equally important aspect of animal welfare to consider. Further, these are 

difficult to apply across species or taxonomic groups since many of these indicators are 

species specific (Mendl et al., 2009). Given these limitations, there is clearly a need for 

better indicators of animal affect, acknowledging the variation across major taxonomic 

groups, to use as a basis for delivering good animal welfare outcomes. 

Assessing affective states via cognition – cognitive bias 

One recent advance in animal welfare science makes use of the cognitive component of 

affective states to assess animal welfare, by measuring affect-induced cognitive biases, 

or more simply, cognitive bias (Harding et al., 2004). Cognitive bias refers to any 

systematic deviation from the norm or rational cognitive processing. These can be 

caused by many factors; however for the purposes of my thesis, I am concerned only 

with affect-induced cognitive biases, which is the influence of affect on various aspects 

of cognition, including attention (attention bias), memory (memory bias) and decision-

making (judgment bias), based on research in human psychology (Doyle et al., 2011a).  

Cognitive bias methods offer a number of advantages over existing techniques of 

animal welfare assessment. In contrast to many existing physiological assessment 

techniques that primarily evaluate affective intensity (how aroused is the animal), the 
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cognitive bias approach focuses on assessing affective valence (whether the affective 

state is positive or negative). This is of great importance because it can provide 

objective, useful results that are not subject to the difficulties in interpretation 

commonly faced by other techniques. Further, this approach has the ability to measure 

both positive and negative affective states, as long as these states can be properly 

induced through appropriate experimental design. This is a valuable addition to the very 

few indicators of positive affect in animals currently available, most of which have not 

been developed sufficiently to reliably perform their role (Boissy et al., 2007). Thirdly, 

cognitive biases can be based on an a priori predictive framework, which hypothesises 

how an animal‘s affective state will influence the cognitive aspect in question before 

experiments are conducted (Mendl et al., 2010b). This has cross-species relevance 

because it potentially allows the method to be more easily generalized across taxonomic 

groups, unlike many other species-specific indicators (notably most behavioural 

indicators) (Mendl et al., 2010b), although experimental protocols suited to individual 

species may still be required. 

Although cognitive bias techniques have shown promise in several mammalian and 

some bird species, there are still major taxonomic groups, such as reptiles, amphibians 

and fishes, in which cognitive bias has not yet been studied, or data available are so 

limited that no clear conclusions can be drawn. In this thesis, I explore the potential for 

cognitive bias techniques to be used in fish, using zebrafish as a model species. 

Consciousness and comparative welfare - should the welfare of fish be considered? 

Thus far, most of this introduction has cited examples of studies on mammals. The 

welfare requirements of fish as a taxonomic group, on the other hand, are the topic of 

much ongoing debate (e.g. Allen, 2013; Braithwaite et al., 2013; Rose et al., 2014). 

Some authors argue that in mammals, the capacity for higher cognitive function, which 

is thought to include the phenomenon of consciousness (and by extension, consciously-

mediated experiences such as subjective feelings and pain), resides within the region of 

the brain known as the prefrontal cortex (reviewed in Rose, 2002). This region of the 

brain is exclusive to mammals (Broom and Zanella, 2004; Broom, 2007), thus one 

might postulate that non-mammalian species, lacking the prefrontal cortex, would not 

be able to experience consciousness (e.g. Bermond, 1997; 2001; Rose, 2002). This view 

has been criticised as being unnecessarily mammal-centric (Allen, 2013), and much 

evidence does indicate that birds (e.g. Lefebvre, 2004; Jarvis et al., 2005; Mikolasch et 

al., 2011; Clayton and Emery, 2015) and fish (e.g. Bshary et al., 2006; Dadda et al., 

2009; Oates et al., 2010), for example, are capable of flexible behaviours associated 

with higher cognitive function, and that these are mediated by the nidopallium 

caudolaterale in birds (Güntürkün, 2005; Güntürkün and Bugnyar, 2016) and parts of 

the telencephalon, such as the lateral and dorsal pallium, in fish (Broglio et al., 2005; 

Salas et al., 2006; Ito and Yamamoto, 2009; Vargas et al., 2009; Broglio et al., 2010; 
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Durán et al., 2010), thought to be analogous in function to the prefrontal cortex in 

mammals. 

Some authors argue that while fish are capable of nociception, which is an unconscious 

reaction to a noxious stimulus that may be triggered to prevent future or further injury, 

there is insufficient evidence to show that fish can also experience pain, which is a 

conscious subjective experience often, but not always, associated with noxious stimuli 

(e.g. Arlinghaus et al., 2007; Cabanac et al., 2009; Rose et al., 2014). Rose et al. (2014) 

liken the difference between nociception and pain with stimulated photoreceptors and 

consciously experienced vision. Although photoreceptors in our eyes may be activated 

by light signals, the visual information may be processed unconsciously and does not 

necessarily result in us being consciously aware of what we are seeing. Likewise, visual 

images can be generated within the brain in the absence of photoreceptor activation, for 

example, during a dreaming or hallucinatory state. The primary reason for this argument 

is the behavioural effects of nociception are very difficult to differentiate from 

conscious pain, and many experiments claiming to have demonstrated pain in fish have 

not adequately made this distinction (e.g. Sneddon et al., 2003; Nordgreen et al., 2009; 

Chervova and Lapshin, 2011). Further, several experiments have shown that complex 

behaviours, typically associated with a conscious emotional reaction such as pain, still 

occur after ablating the cortical region of the individual (e.g. Woods, 1964; Rose and 

Flynn, 1993; Berridge and Winkielman, 2003). Examples of such behaviours in rats 

include reacting strongly to the insertion of a feeding tube by struggling, vocalising and 

pushing at it with the forepaws, as well as reacting to an injection by vocalising, biting 

the experimenter‘s hand and licking the injection site (Woods, 1964; Rose and Flynn, 

1993; Berridge and Winkielman, 2003) . If we were to accept the assumption that 

conscious behaviour originated solely within the prefrontal cortex, then such behaviours 

presenting in decorticate animals, although seemingly conscious, should be considered 

unconscious behaviours (Rose et al., 2014). Based on such a premise, these behaviours 

are not valid for distinguishing between nociception and pain. 

Other authors have approached this issue from a different perspective, by suggesting 

that no assumptions can be made about whether conscious affect can only be 

experienced in specific parts of the brain. Taking this view, one of the key requirements 

for an individual to experience subjective feelings (or at least, to allow us to infer it) 

would then be a sufficiently developed cognitive system, such that the individual is able 

to respond to stimuli beyond a fundamental (and inflexible) stimulus-response sequence. 

In that regard, many studies provide supporting evidence that fish display behavioural 

responses consistent with higher cognitive function, and could therefore be cognitively 

aware. For example, groupers (Plectropomus pessuliferus) and moray eels 

(Gymnothorax javanicus) were documented to engage in cooperative hunting (Bshary et 

al., 2006), and mosquitofish (Gambusia holbrooki) were shown to be able to estimate 

individual numbers in a group (Dadda et al., 2009). Atlantic cod (Gadus morhua) were 

successfully conditioned under a trace conditioning paradigm, where the food reward 
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was delayed for up to 2 minutes after the conditioned stimulus was shown (Nilsson et 

al., 2008). This presumably required individuals to anticipate the coming reward, which 

suggested active conscious thought. Archerfish (Toxotes jaculatrix) were able to engage 

in social learning; by watching conspecifics hit moving targets with jets of water, 

individuals were able to perform the same action without practice (Schuster et al., 2006). 

A learning response such as this is an example of ‗one-trial‘ learning and seemed to also 

involve the recognition of others and self. Cleaner wrasses (Labroides bicolor) were 

argued to be more likely to take a bite out of one-time clients compared to regular 

clients (Oates et al., 2010), and showed some capacity to respond appropriately when 

trained with a difficult reversed reward contingency paradigm (Danisman et al., 2010). 

This involved allowing fish to choose between two rewards of different values; however, 

fish were rewarded with the choice that they did not pick. Thus, fish had to learn to pick 

the lower-value reward in order to obtain the higher-value reward. In this study, only 1 

out of 8 fish tested managed to meet the training criterion, although that is nevertheless 

an impressive result for a conditioning paradigm that even primates found difficult to 

solve (Braithwaite et al., 2013).  

Other authors argue that the idea of affective states requiring sufficient cognitive 

complexity or cortical structures is unjustified (e.g. Panksepp, 2005; Merker, 2007). 

These authors argue that there are different levels of consciousness, and any form of 

consciousness can induce the experience of affective states, even if such states are not 

consciously experienced in the metacognitive sense that we traditionally associate with 

humans. For example, Panksepp (2005) suggests that there are three levels of 

consciousness: primary-process consciousness reflects raw sensory and perceptual 

feelings as well as internal affective/motivational experiences (“this hurts”); secondary 

consciousness refers to the capacity to have thoughts about experiences, such as how 

external events relate to internal events (“that thing is hurting me”); and tertiary 

consciousness refers to thoughts about thoughts, awareness of awareness, or 

metacognition (“perhaps that thing is hurting me because…”). Tertiary consciousness 

may be beyond the physiological capacity of many animals, but primary consciousness 

could well be a widespread phenomenon, and there is evidence to suggest that primary 

consciousness is rooted in subcortical structures of the brain that are common to many 

animal groups (Panksepp, 2000; Liotti and Panksepp, 2004; Panksepp, 2004). In fact, 

this has also been used as the basis for an argument of consciousness in invertebrates 

(Barron and Klein, 2016). Further, in humans, affective state is not influenced by 

conscious experience alone; subliminal or unconscious information has also been shown 

to affect individuals‘ affective state, both consciously (Murphy and Zajonc, 1993) and  

‗unconsciously‘ (see Berridge and Winkielman, 2003), thus it is possible that 

consciousness is not even a requirement for experiencing affective states. Therefore, the 

implications for welfare in fish are considerably different depending on which of the 

preceding viewpoints one adopts. 



  

 

 11 

Although the existence of consciousness and affective states in animals, including fish, 

can be informed by scientific research, the issue is ultimately an argument between 

‗guilty until proven innocent‘ and ‗innocent until proven guilty‘ approaches to welfare. 

These are arguments based on philosophical views, not scientific arguments that are 

amenable to objective consensus, and are not widely enough acknowledged as such, 

even though the personal philosophical views of scientists are a great impetus to 

scientific advancement. On that note, I suggest that as animal welfare scientists we are 

often concerned with practical rather than theoretical ethics, and many, including myself, 

do not consider it reasonable to delay providing husbandry and management measures 

that might improve welfare for a particular species until its welfare requirements have 

been thoroughly investigated. As Allen (2013) advises, theoretical philosophers and 

scientists can afford to be more cautious in their interpretations of fish cognition, but 

need to recognise the limits of empirical testing, since the vast majority of fish species 

are unlikely to ever be empirically accessible. It is imperative here that all parties 

recognise the assumptions involved in their interpretations, so that their conclusions are 

not overdrawn.  

In this light, I take the philosophical view that fish appear to demonstrate the 

physiological and behavioural capacity for at least primary-process consciousness, and 

are therefore deserving of welfare concern, while acknowledging that the existence of 

subjective feelings in fish is nevertheless an inherent assumption for the purposes of my 

subsequent chapters. 

Relevance of ‘fish’ as a taxonomic group 

One other point that is often not acknowledged in discussion around various topics on 

animal welfare is the large structural and ecological variation that exists within the 

taxonomic group we commonly refer to as ‗fish‘. Similar to other animal groups, fish 

species vary considerably in terms of ecological pressures, life history and brain 

anatomy. Even within species, population or strain, sex, life history stage, as well as 

individual personality, can also dramatically alter responses between individuals (see 

review in Braithwaite et al., 2013). Therefore, fish as a diverse taxonomic group are 

likely to also vary considerably in terms of their sentience and thus their welfare 

requirements. Other taxonomic groups, in particular mammals, are known to display 

large variations in cognitive abilities that show correlations with life histories. Groups 

such as mammals are also far better studied, so our understanding of what are 

considered appropriate assumptions are generally more informed compared to fish. In 

contrast, only a handful of fish species have been the target of systematic scientific 

investigation, so there is often great difficulty in extrapolating conclusions about 

welfare from a chosen model species to the entire taxonomic group. Nevertheless, given 

the constraints of research we may often have to use model species that are feasible for 

research purposes to guide our approach to welfare management in other species. 
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However, we should be cautious about making extravagant claims based on the results 

from individual species. 

Investigating cognitive biases in zebrafish 

For this thesis, I investigated three categories of cognitive bias, specifically, judgment 

bias, attention bias and sensitivity to reward shifts. Judgment bias is the tendency to 

expect positive or negative outcomes in response to affectively ambiguous stimuli; in 

other words, individuals in a positive affective state tend to be more optimistic, while 

individuals in a negative affective state tend to be more pessimistic; and is the most 

commonly investigated cognitive bias in animal welfare studies. Attention bias refers to 

the tendency to attend to different stimuli based on the individual‘s affective state; 

individuals in a positive affective state tend to pay greater attention to positive stimuli 

and less attention to negative stimuli, and vice versa for individuals in a negative 

affective state. Lastly, sensitivity to reward shifts refers to the degree of change in 

performance to a conditioned task when the reward for the task is altered, based on the 

individual‘s affective state; individuals in a positive affective state tend to decrease in 

performance to a conditioned task less when the reward is decreased compared to 

individuals in a negative affective state, and vice versa.   

These cognitive biases are investigated in the following chapters using zebrafish, Danio 

rerio, as a model fish species. Zebrafish are extensively used as a model organism in 

developmental genetics, neurophysiology and biomedicine (Vascotto et al., 1997; 

Grunwald and Eisen, 2002; Rubenstein, 2003; Amsterdam and Hopkins, 2006). With 

regard to cognition, the neurophysiology of zebrafish is well documented using a 

variety of behavioural, genetic and immunohistochemical techniques (Vargas et al., 

2011). There are a considerable number of behavioural studies on zebrafish learning and 

cognition (e.g. Williams et al., 2002; Bilotta et al., 2005; Colwill et al., 2005); for 

example, Williams et al. (2002) trained individuals to swim from one side of a divided 

aquarium to another in an alternate fashion in order to obtain food rewards, and fish 

were able to recall the task after a ten day hiatus. In another study, zebrafish learned to 

swim into one of three compartments that contained a white light predicting the reward 

(Bilotta et al., 2005). However, the study also reported high variability in the rate of 

learning between individuals. The majority of studies on fish learning thus far involved 

more fundamental operant conditioning paradigms; some of the learning tasks required 

for cognitive bias testing require more complex conditioning protocols, such as the 

conditional discrimination paradigm used in some judgment bias studies (see Chapter 2). 

Therefore, the implementation of cognitive bias testing on zebrafish will prove to be 

interesting challenges for our understanding of zebrafish cognitive capacities. 

The potential impact of this research is considerable; millions of fish are used in 

scientific research globally, and a significant proportion of these are thought to be 

zebrafish (Reed and Jennings, 2010). Thus, there are important welfare implications for 
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developing welfare assessment techniques for zebrafish, and further benefits for 

extrapolating this research to other fish species. 
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Chapter 2: Do zebrafish exhibit 

judgment bias? 

 

Introduction 

One of the main limitations of current research in animal welfare science is determining 

whether an observed physiological or behavioural response is indicative of a positive or 

negative affective state, an attribute otherwise known as affective valence. While 

affective intensity, i.e. how strong an emotion is, can be estimated using both 

physiological (e.g. indicators of hypothalamic-pituitary adrenal (HPA) and sympathetic-

adrenomedullary (SAM) activity) and behavioural (e.g. pacing behaviour or 

vocalisations, such as a dog barking) indices, the valence of the emotion, i.e. whether it 

is positive or negative, is often decided by the observer on a subjective basis (Watson et 

al., 1988; Russell, 2003; Paul et al., 2005). For example, physiological indicators such 

as HPA and SAM activity can increase in response to positive stimuli (defined here as 

something an animal is willing to work for, and which presumably generates a positive 

affective state, such as interaction with a sexual partner), as well as negative stimuli 

(defined here as something an animal will learn to avoid, and which presumably 

generates a negative affective state, such as the presence of a predator) (Rushen, 1986; 

Baldock et al., 1988; Rushen, 1991; Marchant et al., 1995). Likewise, a behavioural 

response such as pacing may be indicative of a positive, anticipatory response to food 

(e.g. Keen et al., 2014), or a negative response resulting from lack of stimulation 

(Mason and Latham, 2004).  

A promising method of identifying affective valence is to use measures of cognitive 

bias. Among several types of cognitive biases identified, one type, known as judgment 

bias, has received the most attention in animal studies thus far, to the extent that the 

terms ‗judgment bias‘ and ‗cognitive bias‘ are often used interchangeably. Judgment 

bias can be defined as the tendency of an individual to anticipate either positive or 

negative outcomes in response to affectively ambiguous stimuli (Mendl et al., 2009). In 

human studies, this refers to the well-documented phenomenon that individuals in a 

positive affective state (e.g. happy, relaxed) tend to interpret ambiguous situations as 

being more positive compared to individuals in a negative affective state (e.g. sad, 

depressed, anxious). Take the example of a person walking down a dimly-lit alley. 

Suppose this person saw a shadow approaching – a person in a negative affective state 

would more likely assume that the shadow represented someone or something intending 

to harm them (termed negative or pessimistic judgment bias), while a person in a 

positive affective state would more likely treat the shadow as neutral, or something 
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positive such as another friendly person (termed optimistic or positive judgment bias). 

Therefore, operationally speaking, this can be thought of as being ‗optimistic‘ or 

‗pessimistic‘, although these terms do not necessarily imply the conscious subjective 

experience that one may associate with lay use (Mendl et al., 2009). Judgment bias has 

frequently been a reliable indicator of affective valence in humans (e.g. Eysenck et al., 

1991; Wright and Bower, 1992; MacLeod and Byrne, 1996; Nygren et al., 1996; see 

also reviews by Paul et al., 2005; and Mendl et al., 2009). If we assume that animals are 

also capable of experiencing affective states comparable to humans, detecting judgment 

bias could similarly be used as a reliable indicator of affective valence in animals. 

The first and seminal paper published on judgment bias in animals was by Harding et al. 

(2004). They trained rats to push a lever when presented with a tone of a particular 

frequency, in order to obtain a food reward, and to avoid pushing the lever when 

presented with a tone of a different frequency to avoid a burst of white noise. Rats were 

then tested by occasionally introducing them to three unreinforced, ambiguous tones of 

intermediate frequency to those that they were conditioned to. Rats housed in 

unpredictable conditions, designed to induce a mild stress/depression-like state (Willner, 

1997; Porsolt, 2000; Zurita et al., 2000), pushed levers in response to the intermediate 

tones significantly less often, and took longer to do so, compared to rats that were 

housed in predictable housing conditions. Since that ground-breaking study, judgment 

bias has been demonstrated in several mammal and bird species, as well as in two 

invertebrate bee species, though there have also been several studies that have reported 

negative or unexpected results (Table 2.1). The studies demonstrating judgment bias 

have linked a wide range of behavioural and physiological parameters to judgment bias 

(Table 2.1). For example, Rygula et al. (2012) trained rats in operant Skinner boxes to 

press one lever in response to an audio tone in order to receive a food reward, and press 

a second lever in response to a different audio tone in order to avoid punishment by an 

electric foot shock. They then demonstrated that when rats were subjected to playful 

handling, or tickling, they would emit ultrasonic vocalisations thought to reflect a 

positive affective state analogous to laughter in humans (Panksepp and Burgdorf, 2003), 

and when presented with an ambiguous intermediate audio tone, these individuals more 

frequently interpreted this tone as predicting a food reward instead of the punishment, 

indicating a positive judgment bias.  

In another study, Gordon and Rogers (2015) reported that in common marmosets, 

individuals have hand preferences for tasks, such as picking up items, that are 

established early on in life and remain unchanged thereafter. Individuals were trained to 

associate a food bowl with a lid of one colour (white or black) as predicting a food 

reward, while a lid of the opposite colour predicted no reward. The study found that 

left-handed individuals were more pessimistic than right-handed ones when presented 

with lids of intermediate (grey) colours (they were less likely to inspect these bowls), 

and this was correlated with a general increased incidence of aggression experienced by 

left-handed individuals from the rest of the colony. This finding was also particularly  
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Table 2.1 Summary of a selection of published studies on judgment bias across different animal taxa. 

Class / species Publication 

Predicted 

judgment bias 

demonstrated 

Comments 

 

Mammals 
   

Brown rat, Rattus 

norvegicus 

(subset of studies listed) 

Harding et al. (2004)

  

Yes  

Burman et al. 

(2008b) 

Yes  

Burman et al. (2009) Yes  

Enkel et al. (2010) Yes  

Brydges et al. (2011) Yes  

Rygula et al. (2012) Yes  

Papciak et al. (2013) Yes  

Kregiel et al. (2016) Yes  

House mouse, Mus 

musculus 

Kloke et al. (2014) Inconclusive Difference in latency to 

approach ambiguous stimulus 

may have been due to treatment-

induced differences in 

exploratory drive 

Novak et al. (2015) Inconclusive Behavioural inflexibility was a 

potential confounding factor 

Rhesus macaque, Macaca 

mulatta 

Bethell et al. (2012a) Yes  

Tufted capuchin, Cebus 

apella 

Pomerantz et al. 

(2012) 

Yes  

Common marmoset, 

Callithrix jacchus 

Gordon and Rogers 

(2015) 

Yes  

Domestic dog, Canis 

familiaris 

Mendl et al. (2010a) Yes  

Burman et al. (2011) No, opposite Pessimistic bias following 

positive treatment 

Müller et al. (2012) No  

Kis et al. (2015) Yes  

Sheep, Ovis aries Doyle et al. (2010a) No, opposite Optimistic bias following 

negative treatment 

Doyle et al. (2011a) Yes  

Doyle et al. (2011b) Inconclusive Difference in tendency to 

approach ambiguous stimulus 

may have been due to learning 

effects 

Sanger et al. (2011) No, opposite Optimistic bias following 

negative treatment 

Destrez et al. (2012) Yes  

Domestic goat, Capra 

hircus 

Briefer and 

McElligott (2013) 

Yes  

Domestic pig, Sus 

domesticus 

Douglas et al. (2012) Yes  

Horse, Equus ferus Löckener et al. 

(2016) 

Yes  

Cattle, Bos taurus Neave et al. (2013) Yes  

Grizzly bear, Ursus arctos Keen et al. (2014) No Pacing in bears associated with 

optimistic response bias 
 

Birds 
   

European starling, Sturnus Bateson and Yes  
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vulgaris Matheson (2007) 

Matheson et al. 

(2008) 

Yes  

Brilot et al. (2009) No  

Brilot et al. (2010) Yes  

Chicken, Gallus gallus Salmeto et al. (2011) Yes  

Wichman et al. 

(2012) 

No  

 

Insects 
   

European honey bee, Apis 

mellifera 

Bateson et al. (2011) Yes  

Bumblebee, Bombus 

terrestris 

Perry et al. (2016) Yes  

 

interesting because it provided substantiation for the valence specific lateralisation 

hypothesis, which posits that right hemisphere dominance in the brain (signalled by left-

handedness) is correlated with a more negative affective state (Killgore and Yurgelun-

Todd, 2007). To date, no published research has investigated whether judgment bias 

occurs in fish (Table 2.1), despite increasing numbers of fish involved in scientific 

research, as well as the commercial pet trade and fisheries industry (Huntingford et al., 

2006; Saxby et al., 2010). Validating whether judgment bias occurs in fish, and if so, 

whether it can be used to determine their affective state, and hence welfare, therefore 

has the potential to positively impact the welfare of millions of fish in captivity. 

In order to perform a judgment bias experiment on a new species, a number of criteria 

must be satisfied. Firstly, individuals need to be trained to perform an operant action 

that can be used as a clear indication of choice (in other words, the species should be 

amenable to operant conditioning); secondly, we should be able to identify some form 

of preference, food or otherwise, that can be used to set up a differential reward system; 

and lastly, individuals should be able to learn to distinguish between two different 

stimuli and perform different actions in response to these, otherwise known as 

conditional discrimination. Previous studies on fish have demonstrated that they are 

amenable to operant conditioning, using a variety of operant actions such as pushing 

through a weighted door (Galhardo et al., 2011), seizing a bead (Evtikhin et al., 1997) 

or hitting a target with a jet of water (in the case of archerfish, Newport et al., 2014); 

display preferences and distinguish between stimuli, but previous studies have only 

demonstrated simple discrimination tasks, not conditional discrimination tasks.  

In my study, I used zebrafish as a model species. This species was chosen because it is 

one of the most frequently used fish for captive studies (Reed and Jennings, 2010). 

There is also considerable evidence that zebrafish are capable of distinguishing between 

different colour stimuli during experiments involving learning (e.g. Colwill et al., 2005; 

Thornberry et al., 2008), in addition to studies involving a single colour stimulus for 

visual discrimination learning tasks (e.g. Williams et al., 2002; Cofiel et al., 2010; Sison 

and Gerlai, 2010). These generic colours (for example, red, blue, green or purple) have 



   

 

 19 

also been successfully used in zebrafish discrimination studies in the past (Williams et 

al., 2002; Sison and Gerlai, 2010). Zebrafish vision is tetrachromatic, containing a 

fourth, ultraviolet-sensitive cone type (Chhetri et al., 2014). The cones and rods in 

zebrafish eyes also occur in different concentrations compared to humans (Punzo et al., 

2009; Gestri et al., 2012) and have different peak sensitivities (Bowmaker and Dartnall, 

1980; Fleisch and Neuhauss, 2006). These differences, however, do not appear to affect 

the conclusions drawn from behavioural experiments and have allowed zebrafish to 

become a very useful model species for vision research in humans (Gestri et al., 2012). 

Judgment bias tasks for animals can be classified into two broad categories: go/no-go 

tasks, whereby an animal has to decide whether or not to perform a particular action 

based on which of the (usually two) stimuli are provided (e.g. Bateson and Matheson, 

2007; Burman et al., 2008b; Bethell et al., 2012a); and go/go tasks, whereby an animal 

has to perform one of (usually) two different actions, based on the stimulus provided 

(e.g. Matheson et al., 2008; Brydges et al., 2011). As an example, the study by Rygula 

et al. (2012) described above is an example of a go/go task; individuals have two levers 

and must decide on which one to press based on the stimulus provided. If this study 

were conducted as a go/no-go experiment, only one lever would be available to press, 

and the decision would become whether or not to press it. 

It is generally easier to train animals to perform go/no-go tasks, as they only have to 

learn one response. However, additional disincentives (for example, positive 

punishment) are generally required to prevent the animal from ignoring the negative 

stimulus and completing the task during every trial in the hope of obtaining a reward 

(Doyle et al., 2010a). For example, without a disincentive, a rat may only learn that 

whenever an audio tone was played, pressing a lever would occasionally be rewarded 

with food, when the aim of the task might have been to only press the lever in response 

to a particular audio tone. The strength of the disincentive also needs to be balanced 

with the rewards offered so that these do not cause the animal to stop responding to the 

task altogether (Rabasa et al., 2011; Svendsen et al., 2012); this balance may therefore 

be difficult to achieve. Further, go/no-go tasks have a potential confound associated 

with lack of interest or satiation, because animals that stop performing the ‗go‘ response 

could be doing so because they are satiated (e.g. with food rewards), or have lost 

interest in the task altogether (Mendl et al., 2009; Doyle et al., 2010b; Keen et al., 

2014). 

Go/go tasks overcome these disadvantages because the animal is trained to perform a 

(similar) action during every trial (e.g. left or right lever press), with the stimuli 

differentiating which action to perform. This allows us to discern when satiation or loss 

of interest is occurring, because in these instances the animal would either not perform 

the action at all, or perform less quickly than usual. However go/go tasks present more 

difficulties for training, because animals have to associate each of two actions with a 
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different stimulus, and may have to learn to perform an action in order to avoid 

punishment. 

I therefore sought to determine whether zebrafish: 

1. Could learn, and reliably perform, a simple operant action (in this case, tapping 

the tip of a pipette) for a food reward, which would act as a clear sign of choice 

(essential for both categories of tasks); 

2. Had a distinct preference for one food reward (of higher value) over another (of 

lower value) as this was essential to proceed with go/go tasks;  

and 

3. Could learn to distinguish between two different visual stimuli and perform the 

appropriate actions in response to these (essential for both categories of tasks). 

And, if the above were successful, I aimed to determine if zebrafish displayed positive 

or negative judgment bias when exposed to different (for example, stressful versus 

stable) environmental conditions. 
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Materials and methods 

Animals, housing and husbandry 

In total, I used 40 naïve, wild type Tübingen (TU) strain zebrafish obtained from the 

Australian Regenerative Medicine Institute (ARMI) Monash University, Melbourne, 

Australia. Only male fish were used as the experiments required an extended period of 

time in individual tank compartments and lack of access to males can cause female fish 

to become egg bound (Spence et al., 2008). Fish were obtained at five months of age 

and experiments were conducted over the following 12 months. 

Fish were housed in the School of BioSciences Animal House Facility at The University 

of Melbourne, Australia, Parkville campus. On arrival, they were acclimatised to their 

new environment for three days in a communal glass tank (25L, 480mm length by 

250mm width by 240mm height) (Figure 2.1). Each individual was then transferred into 

its own tank compartment (henceforth referred to as its home tank), constructed by 

dividing a 25L tank in half using a plastic mesh partition. Each individual was therefore 

afforded vision of and limited interaction with at least one other individual through the 

plastic mesh. Every pair of home tanks (i.e. one 25L tank) contained a biological sponge 

filter, an air bubbler, a water heater, and two sections of PVC pipe to serve as hides (one 

in each home tank). Deionised water supplemented with 0.625 gm/L of water 

conditioning salts (Aquasonic Tropical water conditioner) to raise General Hardness to 

75-150 ppm and adjusted to a pH of 7-8 was used in all home and training/experimental 

tanks. All tanks were maintained at 26-28°C on a 14:10h day/night light cycle. Fish 

were fed two types of food of different nutritional value: spirulina-enhanced brine 

shrimp (Hikari Bio-Pure Spirulina Brine Shrimp – the higher-value food reward: natural 

food high in fatty acids, lipids and natural algae, henceforth referred to as shrimp) and 

generic flake food (Nutrafin Max Tropical Fish Flakes – the lower value food reward: 

artificial food containing cereals and animal derivatives, henceforth referred to as flake), 

no less than once every two days, typically five times a week. Food was either sprinkled 

onto the surface of the water (henceforth referred to as ‗routine feeding‘); or delivered 

via multi-pipettes (Eppendorf Multipette 4780, 10µL dose) dipped into the water 

(henceforth referred to as ‗train-feeding‘). In the pipettes, shrimp and flake food 

appeared different in colour to the human eye (see Figure 2.1). 

Training to perform an operant action 

I first trained fish to perform a simple operant action for a food reward, which would act 

as a clear sign of choice in subsequent tasks. This training occurred entirely within their 

home tanks. Positions on where the two pipettes were placed for delivery of food 

rewards were marked onto the tank (Figure 2.1). 

Each home tank was pseudo-randomly allocated a feeding station for each food reward 

(e.g. left = brine shrimp or flake, right = the remaining option), such that half of the 
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home tanks had brine shrimp rewarded on the left side, and half on the right side. This 

allocation also ensured combinations were counterbalanced between pairs of home 

tanks, in case activity by a fish in the adjacent compartment altered the behaviour of the 

testing fish. This designation was fixed for each fish for the duration of the experiments, 

thus allowing fish to associate a particular side of their home tank with a particular food 

reward. 

From the time they were introduced to their home tank, fish were train-fed with both 

brine shrimp and flake. Most, if not all feeding sessions during this period were also 

train-feeding sessions. During train-feeding sessions, both pipettes, containing their 

respective food rewards, were placed in their designated positions. Whenever an 

individual approached one of the pipettes, I would manually deliver a dose of food from 

that pipette. As fish learned that food was being delivered via the pipettes, they would 

voluntarily tap the pipette tips with their mouths during scheduled feeding in an attempt 

to obtain more food. The translucent nature of the pipette tips, which meant that food 

was visible, naturally triggered this behaviour. This behaviour was positively reinforced 

by rewarding them with one dose (10µL) of food from the pipette that they had tapped 

each time such behaviour was displayed. Each dose represented 10% of a fish‘s total 

daily feed. Although one dose of reward was usually given for each tap, this was not 

always applied to the flake reward because fish tapping the flake pipette had a tendency 

to tap the tip but not consume the reward that was administered. If this happened 

multiple times it had the potential to foul the water quickly. Thus, discretion was 

applied such that the flake reward was administered once per tap only if it was evident 

that the fish was consuming the food, but had to be reduced to once every second tap, or 

stopped completely if the fish was not actually consuming the food. This was unlikely 

to have affected the fish‘s perceived value of the flake reward, since there was already 

plenty of the reward available for consumption. This problem did not occur for the brine 

shrimp reward, as fish almost always consumed the reward immediately. After 8-10 

doses of reward, fish generally stopped tapping the pipette tips, suggesting satiation, 

although they sometimes still hovered around the pipettes. The feeding session for that 

individual was then ended, pipettes were removed from the tank and training proceeded 

with the next fish.  

During days where time constraints prohibited train-feeding all fish, they were instead 

fed routinely as they would during routine husbandry. During routine feeding, 

respective food rewards were still delivered on the same designated side of their home 

tank as during training sessions, but without the use of pipettes. 

Fish were considered trained to this operant task when they displayed this tapping 

behaviour within five seconds of the fish coming into view of the pipettes over three 

consecutive train-feeding days. 
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Figure 2.1 (a) Photo; and (b) Diagram of the front view of one home tank (half of 

one 25L tank) used for training fish to perform a simple operant action. During 

feeding, flake and shrimp food pipettes were situated in the middle of 20mm wide 

designated areas on the top left and right of the tank. The designation was fixed 

for each home tank; in this example, the pipette filled with brown coloured flake 

was always on the left and the pipette filled with green coloured shrimp was 

always on the right. Other markings on the front face of the tank in the photo 

were not of relevance to this experiment.  
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Food preference trials 

Food preference trials were then conducted to determine whether zebrafish had a 

significant preference for one of the two food rewards offered. Trials commenced 

within two days of the completion of the training regime described above using 28 fish. 

All fish were trialled five times, over a 16-day period, once each on days 1, 2, 3, 8 and 

16. The interval between trial days was lengthened after trial 3 to reduce the likelihood 

that extinction of the tapping behaviour would occur, as tapping was not rewarded for 

the duration of the trials. 

Each trial consisted of a two-minute period during which the two food pipettes, filled 

with their respective food rewards, were placed at their respective positions within each 

home tank, but with no rewards administered. Fish were thus able to see and almost 

certainly smell and taste the food but were not able to consume it. The fish‘s behaviour 

during each trial was video recorded from the front of the home tank (a view identical to 

Figure 2.1a). After the video recording was completed, the pipettes were removed from 

the home tank.  

Throughout the trial period, train-feeding sessions were conducted on average five 

times per week as no food rewards were administered during trials. Train-feeding 

sessions reinforced the learned tapping behaviours and reduced the possibility of 

behavioural extinction (i.e. fish learning that tapping the pipette no longer rewarded 

food, and thus subsequently not performing the tapping behaviour) occurring during 

preference trials. 

Each video was reviewed twice by a single observer; once to record the time spent 

within 10mm of each of the pipettes (designated by the fish being within the marked 

20mm wide zone (i.e. one body length) of each pipette, an indirect measure of interest 

in the pipette), and once to record the number of taps the fish made on each pipette 

within the allocated two minutes. Although ideal, blind data recording was not possible 

given the set-up of this experiment. 

Training to distinguish visual stimuli for judgment bias testing 

A few combinations of different types of stimuli, and training methods, were trialled to 

determine if zebrafish were capable of associating food rewards of different preferential 

value (brine shrimp versus flake) with different external stimuli that predicted these 

rewards. If fish were able to reliably distinguish between at least two stimuli, 

subsequent experiments investigating judgment bias in fish could then be pursued. In 

particular, I experimented with brightness stimuli (bright versus dim light stimuli) and 

colour stimuli (using coloured paper) using both go/go tasks and go/no-go tasks. 

Combinations of these stimuli and tasks are described below. Training regime 1 was the 

main regime tested, while training regimes 2-4 were smaller, pilot regimes. In addition, 
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pilot trials were set up to test the suitability of different punishments for use with 

discrimination training. 

Pilot trials of different punishments for discrimination training 

I pilot trialled a range of different degrees of punishments. These were: a sudden bang 

on the table the experimental tank was situated on, to startle the fish; netting the fish 

with a dip net without lifting the fish out of the water; and netting the fish out of the 

water for one and three seconds (e.g. Pickering and Pottinger, 1989; Pounder et al., 

2016), in order of the mildest to the strongest punishments respectively. For each degree 

of punishment, two different fish were trialled over two to six sessions in an external 

experimental tank (25L, 480mm length x 250mm width x 240mm height, maintained at 

26°C) by allowing them to approach a pipette tip filled with food. The punishment was 

then administered and responses qualitatively recorded. Each session consisting of five 

to 20 trials depending on how much fish were rewarded. The most appropriate 

punishment, i.e. the punishment that was most likely to cause a subsequent avoidance 

response to the associated stimulus without resulting in fish failing to participate in 

subsequent trials altogether, was chosen for training regimes 2 and 3 (below). 

Training regime 1: Brightness stimuli in a go/go task 

I first tested whether the fish could learn to use brightness stimuli. Brightness here was 

defined as the attribute of a visual sensation according to which an area appears to emit 

more or less light (Fairchild, 2013), although for the purposes of this experiment I am 

less concerned about the theoretical understanding of brightness but instead focus on the 

simpler, commonly understood lay definition. 

Training was conducted in each fish‘s home tank. Brightness stimuli were made out of a 

long strip of red light-emitting diodes (LEDs) coiled into a circle, and then mounted 

centrally on the front face of each home tank (Figure 2.2a, b). Between the LEDs and 

the front face of the tank were two layers of polarising film. These could be rotated so 

that the planes of polarisation were parallel, thus displaying the maximum brightness 

(designated the ‗bright‘ stimulus), or so the planes of polarisation were almost 

perpendicular (approximately 80 degrees) to each other (designated the ‗dim‘ stimulus) 

(Figure 2.2c, d). The LED itself was switched on and off via a hand-held remote 

controller. 

Using this design, I would also be able to easily apply ambiguous stimuli during 

judgment bias testing, by adjusting the angle between the planes of polarisation to 

positions intermediate to those described above. Fish were pseudo-randomly assigned to 

which food was associated with each brightness stimulus such that half of the fish had 

the bright stimulus predict flake, and half of the fish had the bright stimulus predict 

shrimp, and vice versa for dim stimuli.  
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Figure 2.2 (a) A long strip of light-emitting diodes (LEDs) coiled into a circle (right), used as the light 

source for the brightness stimuli during training; and the hand-held remote controller (left). (b) LEDs 

mounted onto the front face of each home tank during training regime 1. Between the LEDs and the 

front face of the tank were two layers of polarising film. The two layers of polarising film could be 

rotated so that the planes of polarisation were parallel, thus displaying the maximum brightness 

(designated as the ‗bright‘ stimulus), or so the planes of polarisation were almost perpendicular 

(approximately 80 degrees) to each other (designated as the ‗dim‘ stimulus). The appearances of the 

bright and dim stimuli are shown in (c) and (d) respectively. 

The twenty fish that performed best in the food preference trials (i.e. those that 

displayed the most significant differences in preferences between shrimp and flake – see 

Results) were chosen to undergo this training. During the training, which replaced most 

if not all regular feeding sessions, both food reward pipettes were present at their 

designated locations within each fish‘s home tank, with the LED stimulus placed on the 

outside of the front face of the tank centrally between the pipettes (Figure 2.2b). 

Pipettes used were identical to those in the food preference trial above. Switching on the 

LED stimulus represented the start of each trial. While the LED stimulus was on, the 

individual was free to tap the pipette tip corresponding to the stimulus shown (bright or 

dim) in order to obtain one dose of reward. Tapping the incorrect tip resulted in no 

reward, and tapping the correct tip more than once while the stimulus was still switched 

on did not result in further rewards. Once a dose of food was rewarded, the LED 

stimulus remained lit for five seconds or until the food was consumed, then switched off 

(a) (b) 

(c) (d) 
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for a minimum of 10 seconds, during which time tapping did not yield rewards. This 

concluded one trial in the session. Each individual‘s session consisted of five to ten 

trials. 

During the initial five sessions, two adjustments were made to the training protocol to 

aid the fish in learning the task. Firstly, the LED stimulus corresponding to flake food 

was shown in greater frequency to the opposite stimulus, as the earlier experiments 

indicated that brine shrimp was the preferred reward (see Results), which often resulted 

in fish spending most of their time at the brine shrimp side of the tank, if brine shrimp 

was a known reward. The proportion of brine shrimp trials was slowly increased in 

subsequent sessions till the proportions of brine shrimp and flake trials were equal. 

Secondly, tapping the incorrect tip during a trial would not end the trial; this allowed 

fish to eventually tap the correct tip for the reward within each trial. Sessions of this 

nature were not considered formal training sessions and therefore were excluded from 

statistical analysis. 

Subsequently, stronger negative punishment was introduced to encourage fish to attend 

to the LED stimulus, and to discourage them from randomly tapping pipette tips. At this 

stage, fish were only given one opportunity to decide which pipette tip to tap every time 

the LED stimulus was shown; tapping the incorrect tip resulted in the light stimulus 

being switched off immediately, ending the trial without reward for 10 seconds before 

the next trial commenced. At this point, trials were conducted each session until the fish 

accumulated five correct trials. Rather than deciding the sequence of stimuli randomly, I 

often intentionally tested the fish by, for example, delivering the opposite stimulus next 

when a fish successfully tapped the correct pipette in response to the first stimulus, in 

order to determine whether or not the fish were learning to discriminate the stimuli, as 

opposed to randomly tapping the closest pipette. Sessions of this nature were considered 

formal training sessions and included in the subsequent results. 

No more than one session per day was conducted per fish. Each fish underwent 39-46 

training sessions over a period of 77 days. For each trial within a session, the LED 

stimulus and available reward, whether the correct decision was made, as well as 

additional observations of the fishes‘ behaviour (for example, whether fish that were 

initially at the incorrect pipette were observed to change directions when the LED 

stimulus was lit, which could indicate attention to the stimulus) were recorded. As the 

time taken to tap a pipette was often in the range of only seconds, it was not feasible to 

record this parameter accurately in addition to manipulating the stimuli and pipettes. 

Due to the small number of trials per session, sessions were merged into groups of three, 

and fish were deemed trained if they were able to correctly respond to both the flake 

and shrimp stimuli at least 80% of the time for two consecutive groups of three sessions. 
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Training regime 2: Brightness stimuli in a go/no-go task 

Here I experimented with training in an external experimental tank (25L, 480mm length 

x 250mm width x 240mm height, maintained at 26°C) compared to training within the 

home tank. The advantages of this set up were: having a larger, more flexible space to 

work with; the ability to create a holding area for the fish between trials (this was not 

possible within the constraints of the smaller home tanks), and reduced distraction from 

neighbouring fish that may have influenced the behaviour of the subject fish being 

trained.  

In addition, instead of a go/go task, where fish had to tap one of two different pipettes, 

corresponding to two different stimuli, I experimented with training using a go/no-go 

task, where fish had to determine whether or not to tap the single pipette present, 

depending on which stimulus was shown, thereby simplifying the task.  

The experimental set up is illustrated in Figure 2.3. A pipette containing shrimp was 

attached to one end of the tank so that the tip was submerged to at least 20mm. Below 

the pipette tip, the same LED stimulus used in the previous set up was attached to the 

outside of the tank. On the opposite end of the tank, a removable mesh partition was 

inserted to separate one quarter of the tank, creating a holding area for the fish between 

trials (Figure 2.3). The water heater was also located in this holding area. This ensured 

that the fish had to swim ¾ of the tank length to approach the pipette, thus providing a 

longer period of exposure to the stimulus. This also lengthened the time between the 

start of each trial and the tapping, making it easier and more accurate to record the time 

taken. 

Fish were transferred from their home tank to the experimental tank using a small 

plastic container. Fish readily swam into the container when it was introduced. Fish 

were held in the holding area of the tank for at least 10 minutes before trials 

commenced. At the start of each trial, the LED stimulus was switched on and the mesh 

partition gently removed, allowing the fish to swim freely through the tank. Fish were 

given up to 60 seconds to tap the pipette; if the pipette was not tapped within 60 seconds, 

fish were gently coaxed back into the holding area by lowering the mesh partition and 

pushing it gently back into position. If fish tapped the pipette and this was the correct 

response to the stimulus, one 10µL dose of brine shrimp was rewarded. The fish was 

then given a few seconds to finish consuming the food, and then gently coaxed back 

into the holding area by lowering the mesh partition and pushing it back into position. If 

fish tapped the pipette and this was the incorrect response to the stimulus, positive 

punishment was delivered (as described above) and the fish was immediately guided 

back into the holding area. In all cases, the LED stimulus was switched off just before 

the fish was moved back to the holding area. 
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Figure 2.3 (a) Photo and (b) Diagram in side view of the experimental set up for training regime 2: 

brightness stimuli in a go/no-go task. Fish were held in the holding area behind the removable mesh 

partition, indicated by the dashed line. When the brightness stimulus was switched on (right, below 

the pipette), the mesh partition was removed and the fish subsequently decided whether or not to 

approach the pipette tip filled with food (right). 

Fish were considered trained and suitable for progressing into judgment bias 

experiments when they approached and tapped the pipette within an average of five 

seconds when the ‗go‘ LED stimulus was shown, and did not tap the pipette for at least 
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an average of 40 seconds when the ‗no-go‘ LED stimulus was shown, 80% of the time 

over three consecutive trial sessions. 

Using the most appropriate degree of punishment (see above), I trained four individuals 

using this training protocol over six sessions. Each training session consisted of a 

variable number of trials up to a maximum of 30 trials depending on how often each 

fish was rewarded for correct decisions. In all pilot experiments, stimuli were 

counterbalanced between fish so that half the fish were assigned the bright LED 

stimulus as the ‗go‘ stimulus, while the other half had the opposite stimulus 

configuration. As described in training regime 1, I used the stimulus sequences to 

intentionally test whether the fish were learning to discriminate between the two stimuli. 

For each trial, the stimulus given, the time taken to tap the pipette, whether the decision 

was correct, and additional observations on behaviour were recorded. 

Training regime 3: Colour stimuli in a go/no-go task 

In addition to using bright and dim stimuli of the same colour (described above), I also 

experimented with the go/no-go training using two different colours (red and blue 

pieces of coloured paper 100mm in diameter).  

The same training protocol, set up and success criterion (described above) were used for 

the go/no-go training (Figure 2.3), with the exception of the LED stimulus being 

replaced by coloured pieces of paper. Four fish with six sessions each were trialled 

using this protocol. For each trial, the stimulus given, the time taken to tap the pipette, 

whether the decision was correct, and additional observations on behaviour were 

recorded.  

Training regime 4: Colour stimuli in a go/go task 

One further modified go/go training protocol was tested. In this set up, a separate 

experimental tank was used as described above. However, instead of having one pipette 

attached at one end, two pipette tips were attached with an incomplete partition in 

between (Figure 2.4). This was an improvement over the initial go/go training protocol 

as it imposed a higher cost on moving from one pipette tip to the other. Further, because 

fish always commenced the test from the holding area, this set up encouraged fish to 

make a decision prior to arriving at the pipette. Red or blue coloured papers were used 

as the stimuli in this set up, identical to training regime three (Figure 2.5). 

I also experimented with delivering smaller doses of reward so that I could conduct 

more trials per training session without fish becoming satiated. Other research suggests 

that the number of trials per session may have an effect on the time taken to learn a 

particular task (Ylieff et al., 2008; Newport et al., 2015). Because the multi-pipettes 

used previously were only capable of delivering a minimum dose of 10µL, I used a 

different positive displacement pipette (Gilson Microman M 25) capable of delivering a 

smaller amount (3µL) of brine shrimp and flake. However, because I only had one of  
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Figure 2.4 (a) Photo and (b) Diagram of the experimental tank set up for training regime 4: colour 

stimuli in a go/go task (top view). The holding area was partitioned off with a removable mesh 

partition (dashed line). On the opposite end of the tank were two dummy food pipettes containing 

either shrimp or flake (triangles) separated by a partition. Fish released from the holding area swam to 

and tapped on one of the pipette tips. If the correct tip was chosen, the food reward was delivered 

manually via a handheld pipette, released next to the dummy pipette tip. 

these pipettes, I used two dummy pipette tips from the Multipette 4780 as targets for the 

fish to tap. When the fish tapped the correct pipette, I manually delivered the food 

reward with the smaller pipette by releasing it in the water next to the target pipette tip. 

This second pipette was kept out of sight until required, and I was able to consistently 

deliver the food reward within one second of the fish tapping the pipette. Using this set 

up, I was able to conduct more than 30 trials per session, depending on how often the 

fish tapped the correct pipette. 
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Figure 2.5 Front view of the experimental tank set up for training 

regime 4: colour stimuli in a go/go task. The coloured stimulus card 

was slotted into the pocket just before the start of each trial, and was 

clearly visible to the fish in the holding area through the mesh 

partition. The coloured card was removed after the fish was coaxed 

back into the holding area at the end of each trial. Two dummy pipette 

tips for fish to tap to gain a food reward are visible above the coloured 

stimulus card on either side of the middle partition. 

Fish were transferred to the experimental tank as described above, and placed in the 

holding area for a minimum of 10 minutes. At the start of each trial, one coloured paper 

stimulus was placed between the two dummy pipette tips, then the mesh partition 

removed and the timer started. When the correct pipette was tapped first, the reward 

was delivered and the fish was given five to 10 seconds to finish consuming the food. 

The fish was then gently coaxed back into the holding area using the mesh partition. 

The next trial commenced five to 10 seconds after a previously correct trial. When the 

incorrect pipette was tapped first, no reward was delivered and the fish was immediately 

herded back into the holding area using the mesh partition. The next trial then 

commenced 30 seconds later. 

Four fish were trained with this protocol, with six sessions conducted per fish. For each 

trial within a session, the stimulus, time taken to tap a pipette, which pipette was tapped, 
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whether the correct pipette was tapped, and additional comments/observations were 

recorded. Fish were deemed as trained if they were able to tap the correct pipette 80% 

of the time for three consecutive sessions. 

Statistical analyses 

All data were statistically analysed using IBM SPSS v23. The assumption of normality 

was tested graphically using Q-Q plots, and Levene‘s test was used to test the 

assumption of homogeneity of variance. 

Food preference trial 

The mean number of taps and time spent close to each pipette (i.e. within 10mm) were 

analysed as responses using a general linear mixed model (GLMM), with food reward, 

trial day and their interaction as fixed effects, and individuals as a random effect. Trial 

day was analysed as a fixed effect in this model as the first three trial days were on 

consecutive days, which may have caused some extinction of the tapping behaviour 

since tapping during trials was not rewarded. Paired t-tests were used to compare 

responses to shrimp and flake within trials for each individual.  

Training to distinguish visual stimuli for judgment bias testing 

In regime one, the proportion of correct decisions made over time was analysed using a 

GLMM with trial type (shrimp or flake), stimulus regime (whether each individual was 

in a stimulus regime where stimulus A predicted shrimp and stimulus B predicted flake, 

or vice versa), trial session and their interactions as fixed effects, and individuals nested 

within stimulus regime as a random effect to determine the extent of learning that 

occurred. Due to each session only consisting of five to 10 trials, groups of three 

sessions were aggregated into session groups for analysis. Since the total number of 

sessions for each individual was not always divisible by three, the final session group of 

each individual may have contained only one or two sessions worth of trials.  

Similarly, in regimes two and three, the time taken to complete each trial was analysed 

using a GLMM with trial type (go or no-go), stimulus regime (whether each individual 

was in a stimulus regime where stimulus A predicted go and stimulus B predicted no-go, 

or vice versa), trial session and their interactions as fixed effects, and individuals nested 

within stimulus regime as a random effect to determine the extent of learning that 

occurred. 

In regime four, the proportion of correct decisions made over time was analysed 

identically to regime one, with the exception that sessions were not grouped for analysis, 

as each session consisted of a sufficiently large (25-30) number of trials. In addition, the 

time taken to complete each trial was also analysed using a GLMM with trial type 

(shrimp or flake), stimulus regime (whether each individual was in a stimulus regime 

where stimulus A predicted shrimp and stimulus B predicted flake, or vice versa), trial 
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session, whether the decision was correct or not, and their interactions as fixed effects, 

and individuals nested within stimulus regime as a random effect. 
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Results 

All data respected the criteria for normality and homogeneity of variance. 

Training to perform an operant action 

Zebrafish learned to perform the operant action of tapping on pipette tips for food 

rapidly. Within three days of introducing food via pipettes, all 40 zebrafish tapped the 

pipette tips within five seconds of the pipettes coming into view without fail, and 

maintained this behaviour throughout the subsequent experiments below. 

Food preference trials 

A total of 140 trials were conducted (five trials for each of 28 fish). The zebrafish as a 

population showed a strong preference for shrimp over flake, based on the mean 

number of taps of the pipettes and time spent within 10mm of pipettes (mean taps: F(1, 

243) = 231.66, P < 0.001; mean time spent: F(1, 270) = 273.84, P < 0.001). There was also 

a significant interaction effect between trial day and food reward (mean taps: F(4, 243) = 

13.47, P < 0.001; mean time spent: F(4, 270) = 12.21, P < 0.001) (Figure 2.6). Bonferroni 

adjusted pairwise comparisons showed that the first three trials on consecutive days did 

cause some behavioural extinction, but this effect was prominent only for the responses 

to shrimp (Figure 2.6) and did not affect my ability to detect a food preference. 

When responses were analysed for individual fish using paired t-tests with trial day as 

replicates, 15 of 20 fish showed a significant preference for shrimp over flake, based on 

either the mean number of taps of the pipettes or the mean time spent near pipettes 

(Table 2.2). Of 20 fish, 14 demonstrated a significant preference for shrimp based on 

number of taps alone, while 12 of 20 fish demonstrated a preference based on time 

spent. The 15 individuals, along with 5 more individuals for whom results were close to 

significant (Table 2.2), were chosen to undergo training to distinguish visual stimuli for 

judgment bias testing. 

Training to distinguish visual stimuli for judgment bias testing 

Pilot trials of different punishments for discrimination training 

Using the mildest positive punishment (a sudden bang on the table that the experimental 

tank was situated on, to startle the fish), fish would occasionally appear startled, 

exhibiting escape responses (a sudden burst of speed during swimming) (Kalueff et al., 

2013) when the punishment was administered, but often did not seem to react to the 

punishment at all and it did not deter fish from continuing to tap the incorrect pipette 

before I managed to guide the fish back to the holding area. This punishment was also 

somewhat difficult to apply consistently. 

 



Chapter 2: Judgment bias in zebrafish 

 

 

36 

 

Figure 2.6 (a) Mean number of taps and (b) Mean time spent (in seconds) within 10mm of each 

pipette tip during each two-minute food preference trial for each trial day. ○ White markers denote 

the flake pipette, ● black markers denote the shrimp pipette, and error bars denote standard error. 

Partial behavioural extinction of engaging with the pipette filled with shrimp occurred when trials 

were held on consecutive days (days 1-3), as seen by the decrease in mean taps and time spent 

between days 1-3.  
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Table 2.2 Paired t-test results for individual fish, including means for shrimp <S>, means for flake <F>, t 

values (t), degrees of freedom (df) and probability value (P) for the number of taps and time spent at each 

pipette during trials. ID represents individual fish, * denotes a significant P value (P≤0.05), - denotes a P 

value approaching significance (0.05<P≤0.10), and Y denotes individuals selected to undergo training to 

distinguish visual stimuli for judgment bias testing. 

 Number of taps Time spent (s)  

ID <S> <F> t df P  <S> <F> t df P  Selected 

Z01 27.8 10.2 1.932 4 0.125  42.2 11.2 2.405 4 0.074 - Y 

Z02 45.6 7.2 7.796 4 0.001 * 47.6 10.0 8.612 4 0.001 * Y 

Z03 33.4 8.6 4.295 4 0.013 * 35.4 15.2 5.157 4 0.007 * Y 

Z04 35.2 9.4 4.371 4 0.012 * 39.2 13.4 6.422 4 0.003 * Y 

Z05 45.4 16.0 2.096 4 0.104  47.8 16.6 2.356 4 0.078 - Y 

Z06 43.0 2.2 3.856 4 0.018 * 50.8 5.8 4.304 4 0.013 * Y 

Z07 30.6 20.4 0.746 4 0.497  42.8 25.4 1.253 4 0.279   

Z08 39.2 5.6 2.787 4 0.049 * 54.0 13.4 2.259 4 0.087 - Y 

Z09 45.0 13.0 3.288 4 0.030 * 31.2 17.8 1.935 4 0.125  Y 

Z10 31.8 16.4 1.963 4 0.121  32.2 28.8 0.366 4 0.733   

Z11 26.6 10.8 2.539 4 0.064 - 35.2 15.6 2.173 4 0.095 - Y 

Z12 29.4 1.8 6.014 4 0.004 * 53.8 5.8 8.407 4 0.001 * Y 

Z13 31.6 6.6 5.893 4 0.004 * 42.0 10.6 9.235 4 0.001 * Y 

Z14 43.6 21.2 5.091 4 0.007 * 43.0 20.6 5.734 4 0.005 * Y 

Z15 36.4 7.0 2.822 4 0.048 * 31.6 19.2 2.005 4 0.115  Y 

Z16 21.0 16.4 0.800 4 0.469  28.8 27.4 0.215 4 0.840   

Z17 23.0 18.8 0.408 4 0.704  34.2 28.0 0.486 4 0.652   

Z18 31.2 9.2 3.514 4 0.025 * 53.0 14.0 6.113 4 0.004 * Y 

Z19 66.6 9.8 2.914 4 0.044 * 63.4 11.8 3.733 4 0.020 * Y 

Z20 32.2 4.0 3.148 4 0.035 * 52.6 14.8 3.002 4 0.040 * Y 

Z21 24.6 9.2 1.371 4 0.242  42.0 18.6 1.438 4 0.224   

Z22 22.4 7.8 1.560 4 0.194  33.6 22.2 0.765 4 0.487   

Z23 22.2 5.6 1.896 4 0.131  50.8 11.6 6.172 4 0.003 * Y 

Z24 35.0 13.6 1.688 4 0.167  43.6 18.8 1.635 4 0.177  Y 

Z25 34.0 2.8 2.640 4 0.058 * 45.4 8.0 4.180 4 0.014 * Y 

Z26 24.2 9.6 1.446 4 0.222  37.2 20.4 1.137 4 0.319   

Z27 27.8 4.4 2.069 4 0.107  45.0 10.0 2.643 4 0.057 - Y 

Z28 38.6 20.4 1.134 4 0.320  52.4 25.6 1.460 4 0.218   

 

The strongest positive punishment (netting the fish out of water for one or three 

seconds) visibly impacted the behaviour of the fish tested. After being netted out of 

water for three seconds two to three times, fish started displaying signs of distress, most 

commonly freezing near the base of the tank for around 60 seconds (Kalueff et al., 

2013). Fish would then often not tap the pipette (within the trial duration of one minute) 

for a few trials after this distress behaviour was displayed, regardless of the stimulus 
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shown. The same reaction occurred when fish were netted out of water for one second 

as opposed to three: the fish trialled typically stopped participating in the task altogether 

once exposed to the punishment four to six times. This resultant adverse association 

with the training suggested that this punishment was too strong. 

Netting the fish without lifting it out of the water appeared to provide moderate aversion 

that did not cause fish to stop participating in the task completely. Netting the fish was 

also a punishment that was easier to apply reliably compared to startling the fish with a 

bang on the table. Given the limitations of the other degrees of punishments trialled, this 

degree of punishment was chosen for subsequent go/no-go protocols. 

Training regime 1: Brightness stimuli in a go/go task 

Fish were generally unable to meet the pre-determined criterion of tapping the correct 

pipette 80% of the time for two consecutive groups of three sessions using this protocol 

(Figure 2.7). Of the 20 individuals tested, only three individuals met this criterion at any 

point during the training period (Figure 2.8). However, this performance was not 

maintained during subsequent sessions (Figure 2.8). 

There was a significant main effect of food reward (F(1, 505.83) = 225.78, P < 0.001), 

reinforcing the existence of a food preference for shrimp, but no effect of trial session 

(F(15, 506.75) = 0.91, P = 0.552) or interaction between food reward and trial session (F(15, 

505.83) = 1.12, P = 0.332), indicating that no significant learning occurred during the 

training period. Qualitative observations recorded supported this result: fish generally 

appeared to spend more time on the brine shrimp side of the tank irrespective of the 

stimulus given, but would also often appear to randomly tap at both pipettes. There was 

also a significant interaction effect of food reward and stimulus regime (F(1, 505.83) = 6.46, 

P = 0.011), indicating that fish were statistically more likely to correctly tap the pipette 

tip containing shrimp when it was associated with the bright stimulus compared to other 

reward-stimulus arrangements (i.e. bright/flake, dim/shrimp and dim/flake). All other 

main and interaction effects were not significant. 
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Figure 2.7 Mean proportion of correct trials for the population of 20 fish tested over the training 

period. Session groups denote aggregated data for groups of three sessions, i.e. session group 1 

contains aggregated data from sessions 1 to 3, session group 2 contains aggregated data from 

sessions 4 to 6, etc. Each session consisted of 5 to 10 trials per fish. ○ White markers denote 

combined flake trials, ● black markers denote combined shrimp trials, and error bars denote standard 

error. The dashed line indicates the 80% success criterion. The deviation in proportions between the 

last session group and previous session groups was due to the much lower number of trials 

comprising this session group, and consequently larger deviations from previous means.  
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Figure 2.8 Mean proportion of correct trials for three fish, (a) Z02, (b) Z18, and (c) Z20, that met 

the training criterion during the training period. Session groups denote aggregated data for groups 

of three sessions, and each session consisted of 5 to 10 trials per fish. ○ White markers denote 

combined flake trials and ● black markers denote combined shrimp trials. The dashed line 

indicates the 80% success criterion. 
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Training regime 2: Brightness stimuli in a go/no-go task 

Four fish were trialled on this protocol over six sessions. Each session consisted of 18-

21 trials. If the fish were capable of learning this task, I predicted that they would 

progressively learn not to approach the pipette tip when the ‗no-go‘ stimulus was 

provided, and to approach the pipette tip when the ‗go‘ stimulus was provided. This 

would be reflected in a gradual increase in the average time taken to tap the pipette in 

‗no-go‘ trials, accompanied by a gradual decrease in the average time taken to tap the 

pipette in ‗go‘ trials. However, this prediction was not supported by the results (Figure 

2.9). Trial times decreased significantly as sessions progressed (F(5, 427.01) = 9.75, P < 

0.001), and there was no effect of trial type (F(1, 427.00) = 2.37, P = 0.125) and more 

importantly, no interaction between trial type and trial session (F(5, 427.02) = 0.34, P = 

0.887), suggesting that individuals were not able to discriminate between the brightness 

stimuli and the punishment used was not strong enough to deter fish from making an 

incorrect decision. All other main and interaction effects were not significant. 

 

 

Figure 2.9 Mean time to tap pipette (in seconds) for each of the six training sessions in regime 2. 

○ White markers denote no-go trials, ● black markers denote go trials, and error bars denote 

standard error. Sessions marked with different letters had significantly different (combined go 

and no-go trial) mean times. 
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Training regime 3: Colour stimuli in a go/no-go task 

This protocol was identical to training regime 2 (described above), but with red and blue 

colour stimuli instead of brightness stimuli. Four fish were trialled on this protocol over 

six sessions. Each session consisted of 19-28 trials.  

Trial times decreased significantly as sessions progressed (F(5, 422.17) = 26.25, P < 0.001, 

also see Figure 2.10). Mean trial times were also shorter for go trials compared to no-go 

trials (F(1, 422.03) = 5.00, P = 0.026); however, there was no significant interaction effect 

between trial sessions and trial type (F(5, 422.14) = 0.91, P = 0.476). All other main and 

interaction effects were not significant. 

 

Figure 2.10 Mean time to tap pipette (in seconds) for each of the six training sessions in regime 

3. ○ White markers denote no-go trials, ● black markers denote go trials, and error bars denote 

standard error. Sessions marked with different letters had significantly different (combined go 

and no-go trial) mean times. 

Training regime 4: Colour stimuli in a go/go task 

Four fish were trialled using this protocol over six sessions and each session consisted 

of 18-29 trials. None of the fish met the criterion of 80% correct decisions for both 

shrimp and flake trials on any of the trial days. Individuals were more likely to make the 

correct decision during shrimp trials compared to flake trials (F(1, 22) = 12.91, P = 0.002, 

also see Figure 2.11a), consistent with their strong preference for shrimp. However, 

there was no effect of trial sessions (F(5, 22) = 1.16, P = 0.360). All other main and 

interaction effects were also not significant. 
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Trial times decreased significantly as sessions progressed (F(5, 459.05) = 11.29, P < 0.001, 

also see Figure 2.11b). Interestingly, trials that were correct were also completed 

significantly faster than trials that were incorrect (F(1, 459.09) = 8.77, P = 0.003). All other 

main and interaction effects were not significant. 

 

 

Figure 2.11 (a) Mean proportion of correct trials, and (b) Mean time taken to tap pipette (in 

seconds) for four fish during each of the six training sessions in regime 4. ○ White markers 

denote flake trials, ● black markers denote shrimp trials, and error bars denote standard error. 

The dashed line in (a) indicates the 80% success criterion. Sessions marked with different 

letters in (b) had significantly different (combined flake and shrimp trial) mean times.  
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Discussion 

This was the first study attempting to identify a task that fish could learn in order to 

explore judgment bias in fish. I was able to train zebrafish to perform an operant task 

(tapping a pipette tip for food), which would act as a clear sign of choice in subsequent 

tasks. In addition, I established that the fish showed a significant preference for one 

food reward (brine shrimp) over another (flake food), which was an important 

requirement for go/go judgment bias training protocols. However, although I tested a 

number of different regimes for training zebrafish to complete go/go or go/no-go tasks, 

none of the regimes proved sufficiently reliable for training that could be progressed 

into judgment bias testing. 

Training to perform an operant action 

Although other studies have demonstrated operant conditioning in fish, using a variety 

of operant actions such as pushing through a weighted door (Galhardo et al., 2011), 

seizing a bead (Evtikhin et al., 1997) or hitting a target with a jet of water (in the case of 

archerfish, Newport et al., 2014), this is the first study to make use of fish tapping on a 

pipette tip with their mouths specifically as an operant task. This operant task has a 

number of benefits for use with experiments on fish learning: the task is intuitive for 

fish, especially if food is present inside the pipette tip, allowing training to progress 

quickly; no specialised equipment is required, thus making it an inexpensive option for 

operant conditioning; and when used in place of simply swimming to a designated area 

as utilised in many other studies, it reduces noise in the data associated with fish 

swimming randomly and allows the researcher to be much more certain that learning 

has occurred. Thus, I recommend future research make use of similar operant actions as 

shown here. 

Food preference trials 

Although zebrafish are a well-established captive study species with many large 

breeding facilities worldwide, there appears to be no formal research on specific food 

preferences in zebrafish. Husbandry guides generally recommend a mix of natural and 

artificial foods as part of an optimum diet for zebrafish, and these considerations are 

based largely on reproductive efficiency (Andrews, 1999; Westerfield, 2000; Brand et 

al., 2002; Matthews et al., 2002; Vargesson, 2007). In my study, fish demonstrated a 

clear preference for brine shrimp over flake food, both in terms of time spent within 

10mm of each pipette tip, and in terms of the number of taps of each pipette within the 

trial period. This preference was sufficiently strong that even when data were analysed 

for individual fish, 15 of the 28 fish demonstrated a significant preference for brine 

shrimp over flake food based on time spent and/or number of taps. This result is 

consistent with studies on other fish species such as goldfish (Carassius auratus) which 
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also demonstrated a preference for natural/live food over artificial food (Gupta and 

Banerjee, 2009), and represents the first formal study of food preferences in zebrafish. 

Further, the preference test developed here was not confounded by the problem of 

satiation or food consumption, and therefore presents a useful tool for a variety of 

studies where motivation for food needs to be measured repeatedly. Interestingly, a 

similar test, using the same principle of being able to see and smell, but not access food, 

has also recently been developed with dogs (Thompson et al., 2016). 

Training to distinguish visual stimuli for judgment bias testing 

Training regime 1: Brightness stimuli in a go/go task 

In training regime one, three of the 20 fish tested met the success criterion of tapping 

the correct pipette 80% of the time for two consecutive groups of three sessions at some 

point during the training period. However, subsequent sessions showed that this level of 

performance was not maintained, raising the possibility that the success criterion could 

have been met by chance and not a genuine result of stimulus discrimination. 

Notably, the significance criteria for many similar studies on conditioning (e.g. Bilotta 

et al., 2005; Thornberry et al., 2008; Schluessel et al., 2012, also see below) were 

generally 67-80% trial success for 2-3 consecutive sessions (in the case of two-choice 

trials), after which trials were usually discontinued or progressed to the next phase. 

These criteria were somewhat less stringent than the criterion that I set for my study. I 

believed that setting a more stringent criterion was justified and achievable if the 

individuals were truly capable of the task requirements, and allowed for more certainty 

that learning had occurred once the criterion was met. The fact that other studies 

discontinued trials after meeting the criterion (e.g. Bilotta et al., 2005; Thornberry et al., 

2008; Schluessel et al., 2012) also meant that in those studies there was no opportunity 

to determine if the level of performance was maintained in subsequent sessions and the 

criterion could have been achieved by chance. Given the results of my study, which 

demonstrated that performance might not be maintained after achieving the success 

criterion, the validity of such success criteria and our conclusions about learning 

capacity drawn from such criteria should be questioned. 

The results of the regime for the whole study population showed that the proportion of 

success for each trial type did not increase over time, strongly suggesting that no 

learning occurred throughout the training period. This suggests that, regardless of the 

success criterion, the training regime was not effective at aiding individuals in learning 

the task. As the different regimes tested had design elements in common, potential 

reasons are discussed in subsequent sections (see below). Lastly, the significant food 

reward × stimulus regime interaction effect suggested that it was statistically more 

likely for fish to correctly tap the bright/shrimp combination compared to other 
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combinations. However, as stimuli were counterbalanced within the population, this 

confound would not have affected the other results. 

Training regimes 2 and 3: Brightness/colour stimuli in a go/no-go task 

In training regimes two and three, the decreasing time taken to complete both the 

correct and incorrect trials as sessions progressed for both go and no-go trials suggested 

that the positive punishments used were too weak to deter fish from making the 

incorrect choice during trials, at least relative to the potential reward for tapping the 

pipette. The majority of studies on fish learning in the literature have not made use of 

positive punishment as a deterrent to making mistakes during training. The two 

published studies that did, however, used unpalatable food (Steele et al., 2014) and 

electric shock (Bernstein, 1961) as a means of positive punishment. Another study used 

a combination of positive punishment and negative reinforcement, also via electric 

shocks (Zerbolio and Royalty, 1983). All other research either did not reward an 

incorrect response (negative punishment, e.g. Schluessel et al., 2012) or implemented a 

brief lockout period before commencing the next trial (e.g. Bilotta et al., 2005; Mueller 

and Neuhauss, 2012). 

In this experiment, I included the use of both positive punishment (regimes two and 

three) as well as negative punishment (regimes one and four). In both cases, the main 

difficulty was identifying and implementing a punishment of appropriate strength. 

Training regimes that made use of only negative punishment (training regimes 1 and 4) 

did not appear to deter the fish from repeating mistakes. With positive punishment, a 

thump on the table or netting the fish without lifting the individual out of water also did 

not deter individuals from making mistakes, with fish occasionally repeating the same 

mistake five, even 10 trials in a row. Steele et al. (2014) also reported similar issues, 

where goldfish seemed undeterred from repeatedly sampling unpalatable food. In my 

study, however, netting fish and lifting them out of the water for one to three seconds 

caused fish to freeze and/or completely stop engaging with the task within three to six 

applications of punishment. Therefore, further investigation into appropriate 

punishments would greatly aid future research on learning in zebrafish. 

Although implementing a positive punishment of appropriate strength may have aided 

in learning, many studies have also demonstrated training success without the use of 

positive punishment. Another potential reason for the lack of success in my research 

was the inability of individuals to pay attention to, or discriminate between, the stimuli. 

This could have been the case with the brightness stimuli in regime two, where there 

was no significant effect of trial type on time taken to complete the trial. Notably, 

brightness discrimination in fish has not been reported often in the literature. Many 

studies have assumed that fish are able to discriminate stimuli on the basis of brightness, 

and therefore either adjusted visual stimuli to minimise brightness differences or 

conservatively included specific colour stimuli of varying brightness in experiments to 
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control for this potential confound (e.g. Muntz and Cronly-Dillon, 1966; Zerbolio and 

Royalty, 1983; Bilotta et al., 2005; Thornberry et al., 2008; Schluessel et al., 2012; 

Schluessel and Duengen, 2015). However, only two studies have attempted to directly 

investigate brightness discrimination in fish. One study, by Bernstein (1961), found that 

goldfish (Carassius auratus) were able to distinguish between a tan bug and a green 

frog (stimuli that differed in hue and shape), but not light and dark grey patches (stimuli 

that differed only in brightness) within 35 trials. Interestingly, goldfish that have had 

their forebrain (which was essential for hue discrimination) ablated were able to 

discriminate between the light and dark grey patches within only 15 trials, suggesting 

that the loss of the ability to discriminate hue made differences in brightness more 

conspicuous to the fish. Another study found that carp (Cyprinus carpio) were able to 

correctly tug at beads of a specific pre-conditioned brightness when displayed alongside 

another bead, of varying brightness, to which they were not conditioned, both when the 

beads were in a grey scale, and when the beads were coloured red (Evtikhin et al., 1997). 

That study also concluded, when making a comparison of their results with a previous 

study, that training the carp to distinguish stimuli based purely on brightness was 

simpler than training them to distinguish stimuli based on both brightness and hue 

(Leonova et al., 1994). Therefore, although it seems reasonable to assume that fish have 

at least some capacity to detect differences in brightness, the reliability of brightness as 

a parameter for stimulus discrimination, especially in zebrafish, is still uncertain. It is 

possible that the brightness stimuli used in my study, although clearly distinct to the 

human eye, were simply not conspicuous or distinct enough for the zebrafish to use as 

stimuli for a learning task, despite their large size (four body-lengths in diameter) and 

close proximity to the target pipette tip. 

Some studies have gone to additional lengths to prevent distraction during fish training, 

either by dimming/switching off the environmental lights (for experiments involving 

light stimuli) (Thornberry et al., 2008; Mueller and Neuhauss, 2012) or by blocking out 

the sides of the tank with opaque material (Schluessel et al., 2012; Oliveira et al., 2015). 

Sison and Gerlai (2010) also showed that zebrafish are able to use environmental 

stimuli outside of the tank to inform them of the spatial location of food. However, 

other studies do not report requiring such measures to demonstrate positive results with 

training (Colwill et al., 2005; Karnik and Gerlai, 2012). Environmental distraction did 

not seem to be a significant factor in the lack of success of training during the present 

experiments; on average individuals in all regimes would tap the pipette within ten 

seconds of commencing each trial by the third session, which makes it unlikely that they 

were distracted by their surroundings. In addition, the room in which training was 

conducted was quiet and generally free of visual distractions. Despite this, blocking out 

the sides of the tank in future experiments may maximise the likelihood of training 

success. 

The time taken to complete trials was shorter for go trials compared to no-go trials in 

regime three, which made use of colour stimuli, suggesting that individuals were paying 
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attention to and able to discriminate between the colour stimuli. A large number of other 

empirical studies have also reported using colour (specifically, hue) discrimination to 

teach a variety of tasks in zebrafish (Bilotta et al., 2005; Colwill et al., 2005; Spence 

and Smith, 2008; Thornberry et al., 2008; Mueller and Neuhauss, 2012; Oliveira et al., 

2015) as well as several other fish species such as goldfish (Carrasius auratus) (Muntz 

and Cronly-Dillon, 1966; Steele et al., 2014) and giant shovelnose rays (Glaucostegus 

typus) (Van-Eyk et al., 2011). The success of these studies, in addition to the 

physiological evidence for colour vision in zebrafish (Bowmaker and Dartnall, 1980; 

Thornberry et al., 2008) make it generally well-accepted that zebrafish can distinguish 

between common, broadly distinct colours such as the red and blue stimulus cards used 

in my study. In regime three, the lack of an interaction effect between trial sessions and 

trial type suggested instead that the punishment used did not provide a strong enough 

deterrent to making an incorrect decision. 

Training regime 4: Colour stimuli in a go/go task 

Interestingly, the analysis of the mean time taken to complete each trial in training 

regime 4 showed that trials where the correct pipette was tapped were also the shorter 

trials. Because individuals would have had to pay attention to and discriminate the 

stimulus, as well as tap the corresponding pipette, this result seemed to suggest that 

individuals were ‗aware‘ of whether they knew which pipette to tap or not; there were 

instances where they understood the stimulus and knew what the correct pipette to tap 

was, and were therefore more confident and quicker to respond, as well as instances 

where they did not know what the correct pipette to tap was, and therefore took on 

average longer to respond. This phenomenon of shorter response times on correct trials 

and longer response times on incorrect trials is not uncommon in animal cognition 

studies. For example, one study on memory retrieval in baboons and pigeons found the 

same phenomenon in both species, which in that study the authors suggested may have 

reflected the need for further memory search for poorly recognised items (Fagot and 

Cook, 2006). Thus, the identification of the same phenomenon in zebrafish may be a 

hint of similar cognitive processes at work within this species. 

In hindsight, the use of coloured paper cards with an additional ‗tab‘ as stimuli (see 

Figure 2.5) may be a possible confound if fish use the tab direction to inform 

themselves of which chamber to swim into rather than the colour of the paper card itself. 

While this is possible and the tabs should be omitted during future studies, I find it 

unlikely that fish would have been informed by the small tab rather than the 

comparatively larger stimulus card itself. 

Nevertheless, this highlighted the difficulty involved in the fish learning the conditional 

discrimination tasks presented in training regimes one and four. Although many studies 

have reported on successfully training fish to perform operant, simple discrimination 

tasks (see below), the pre-training required for judgment bias testing (used here and in 
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other judgment bias studies on other animal species) was more complex in two distinct 

ways. Firstly, almost all successful studies on fish training have involved the fish 

approaching the correct stimulus; i.e. the stimulus was located at the same position that 

fish were required to occupy to complete the task. Thus, fish needed only learn to 

identify the correct stimulus and swim towards it. In contrast, the judgment bias training 

regimes that I tested, in particular the go/go regimes, did not have the stimulus in the 

target position. Rather, the stimulus was centrally located and fish had to learn, 

depending on the stimulus, both what the food reward was, and where the food reward 

was going to be dispensed. Secondly, in all other studies on fish training, there was 

always one correct option in every trial. However, in the go/no-go regimes (i.e. regimes 

2 and 3 rather than 1 and 4) tested here, certain trials did not have a correct stimulus for 

fish to approach (because only one stimulus was shown at a time and that stimulus 

might have been the ‗no-go‘ stimulus). Therefore, the optimal response in those 

instances would have been to not approach the reward area until the trial was over, 

which required the fish to recognise both the positive stimulus as well as the negative 

stimulus. These design differences more closely resemble a conditional discrimination 

paradigm (i.e. if stimulus X is shown, go to A; if stimulus Y is shown, go to B) 

compared to a simple discrimination paradigm (i.e. if stimulus X is present, go to it), 

and therefore made the training for judgment bias testing considerably more complex 

than training for studies such as simpler preference tests that have previously been 

accomplished with fish thus far. 

In order for fish to successfully learn a conditional discrimination paradigm, an 

important component is the ability to form at least two mental categories for the two 

actions required, that is, fish must be able to independently assign values to two 

different stimuli (rather than rely on the presence or absence of a single stimulus to 

determine the action required). Studies on categorisation, although not strictly 

applicable in this context, do shed some light on whether fish might be able to form 

these mental categories. In two studies of object categorisation in rock dwelling cichlids 

(Pseudotropheus sp.) and gray bamboo sharks (Chiloscyllium griseum) respectively, 

individuals were tested to see if they could form the mental categories ‗fish‘ and ‗snail‘ 

and assign drawings, photos and negative images of these to their correct categories 

(Schluessel et al., 2012; Schluessel and Duengen, 2015). Individuals were trained to 

recognise ‗fish‘ as the positive stimulus (food reward) and ‗snail‘ as the negative 

stimulus (no reward but no positive punishment either) and indicated choice by 

swimming up to the chosen picture. The studies reported that both species were able to 

reach the success criterion (at least seven out of 10 trials correct on three consecutive 

training days). When this learning was tested on transfer trials involving one known 

stimulus category (fish or snail) and one novel stimulus category (dog), both using 

previously unused images, both species were reported to successfully pick out the ‗fish‘ 

stimulus when presented with a ‗fish‘ and ‗dog‘ trial. The results when presented with a 

‗snail‘ and ‗dog‘ trial, however, were not as successful. The study on cichlids reported 
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that out of 35 ‗snail‘ and ‗dog‘ transfer trials, the fish did not make a decision in 57% of 

those trials; the fish picked ‗dog‘ in 26% of those trials, and picked ‗snail‘ in the 

remaining 17% of those trials. Based on a chi-square analysis of this result the study 

concluded that the snail image was still chosen the least, and therefore the fish had also 

successfully formed in its mind the ‗snail‘ (as a negative category) in addition to the 

‗fish‘ category, as opposed to simply memorising the positive ‗fish‘ stimulus category 

and ignoring any stimuli that did not resemble ‗fish‘ (Schluessel et al., 2012). However, 

I found this conclusion somewhat less convincing than an alternative interpretation of 

the data. Biologically speaking, if fish failed to categorise the negative stimulus, it is 

conceivable that they would be confused when presented with a combination of a 

negative stimulus and an unknown stimulus, which would explain the results obtained. 

One could argue that if the fish had truly categorised the negative stimulus, they would 

have picked the unknown stimulus the majority of the time when presented with such a 

combination, because the individuals would know that the alternative option was wrong. 

Further, the chi-square analysis would have only showed that the ratio obtained deviated 

from what was expected (presumably an equal distribution), but did not directly show 

that the ‗snail‘ category was chosen least often as the study concluded. 

The study on gray bamboo sharks found no evidence that sharks had categorised the 

negative ‗snail‘ stimulus, as when presented with a ‗snail‘ and the unknown ‗dog‘ 

stimuli, the sharks chose at random (Schluessel and Duengen, 2015). This suggested 

that the sharks primarily focused on categorising the positive ‗fish‘ stimuli and ignored 

other stimuli. Taking these results into consideration, along with the evidence that the 

majority of other studies on fish learning do not require the categorisation of negative 

stimuli at all in order to successfully complete the training task, it is clear that we know 

very little about whether fish actually make use of negative stimuli to inform their 

decision-making during training experiments, a crucial requirement for judgment bias 

testing. 
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Conclusions 

The goal of this study was to explore the methods of training for, and testing of 

judgment bias in fish, with the ultimate goal of developing a judgment bias test for fish 

that is reliable and easily applicable. The training regimes trialled highlight the 

difficulty involved in administering appropriate stimuli, balanced reinforcement and 

punishment, as well as trying to overcome the difficulty in having fish categorise more 

than one stimulus simultaneously. It seems that traditional methods used in mammals 

and birds thus far will be difficult to implement in fish until these problems can be 

overcome. At this point, go/no-go regimes appear simpler and show more promise of 

training success compared to go/go regimes, although confounding factors would have 

to be more strictly controlled for. Future research could focus on using more intuitive 

stimuli as well as punishments, such as using spatial stimuli instead of the more 

artificial ones used here in the case of go/no-go regimes (i.e. the location of the pipette 

changes depending on whether it is a go or no-go trial, eliminating the need for artificial 

visual cues), and using punishments such as visual exposure to a predator or exposure to 

cortisol as a deterrent to making an incorrect decision. Such an approach may be more 

intuitive for fish and thus may allow us to more effectively explore judgment bias and 

affective state in fish. 
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Chapter 3: Do zebrafish exhibit attention 

bias? 

 

Introduction 

A wealth of research has shown that cognitive function in humans is profoundly 

impacted by the individual‘s affective state (Forgas, 2000; Mathews and MacLeod, 

2002). By tapping into this innate link between cognition and emotion, it is possible for 

us to assess an animal‘s affective state via the study of their cognitive function. 

Increasingly, cognitive bias tasks derived from research in human psychology are being 

explored in a range of animal taxa (Mendl et al., 2009). Although these tasks can be 

important tools in assessing animal emotions and welfare, current experimental designs 

are hindered by certain constraints. In judgment bias tasks, which have been the most 

widely explored form of cognitive bias tasks thus far, the main disadvantage is that the 

task often requires extensive discrimination pre-training. This is not only costly and 

time-consuming, but also leads to high rates of attrition in subject numbers, as pre-

training is often difficult to implement (see Chapter 2), particularly in species that have 

limited capacity to meet training requirements (Bethell, 2015; Bethell et al., 2016; Lee 

et al., 2016). This makes judgment bias suitable for answering broad, empirical 

questions about animal welfare but somewhat impractical as a routine form of welfare 

assessment in animal housing facilities, particularly with short-lived species. Another 

form of cognitive bias, known as attention bias, may overcome this disadvantage by 

tapping into more innate behaviours that reflect attention toward stimuli of different 

valences or values. Accordingly, tasks based on attention bias generally require 

considerably less training than judgment bias tasks (Bethell et al., 2016; Lee et al., 

2016). 

Attention bias refers to the tendency to attend to different stimuli based on the 

individual‘s affective state (Macleod et al., 1986; Bar-Haim et al., 2007). In humans, 

there is considerable evidence that individuals in a negative affective state pay greater 

attention to negatively valenced, emotionally charged stimuli compared to either 

emotionally neutral or positive stimuli (a within-subjects effect) and/or individuals in a 

neutral or positive affective state (a between-subjects effect) (e.g. Mathews and 

MacLeod, 1994; Mineka et al., 1998; Mogg and Bradley, 1998). One meta-analysis 

involving 172 studies of attention bias in humans showed that this bias was 

demonstrated under a variety of experimental paradigms and population types (Bar-

Haim et al., 2007), and is a reliable indicator of anxiety and underlying affect. 
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In human studies, several methods of quantifying attention have been used. Some 

studies quantify attention directly by having individuals report which stimuli they notice. 

In an auditory recognition task, for example, mothers whose children were about to 

undergo surgery identified significantly more stress-related words in the presence of 

distracting auditory information compared to control subjects (Parkinson and Rachman, 

1981). Other studies quantify attention indirectly by assessing how emotionally charged 

stimuli interfere with the execution of a simultaneous, repetitive task. One commonly 

used experimental paradigm of this variety is known as the emotional Stroop paradigm 

(Williams et al., 1996). In this task, the objective is for participants to name the colour 

of a printed word (rather than read the word itself) while the latency to do so is recorded. 

In one such study, it was found that subjects suffering from phobic anxiety took 

significantly longer to name the colours of printed words when the words used were 

related to the feared stimuli, suggesting an attentional bias toward the feared stimuli 

(Watts et al., 1986). 

To translate attention bias experimental paradigms for use with animals, some 

adaptations are required because animals are generally unable to self-report. Simple 

adaptations have allowed variants of the emotional Stroop paradigm to be used with 

primates (e.g. Bethell et al., 2012b; Allritz et al., 2015; Bethell et al., 2016). For non-

mammalian animal species, however, more substantial modifications are generally 

required to facilitate ease of testing. For example, it would be difficult for many animal 

species to remain calm within an enclosed testing chamber or make directed responses 

toward a touchscreen. Bethell et al. (2016) also highlighted the ethical issues 

surrounding the use of certain experimental paradigms because of the need for animal 

restraint, and because the stress involved may also compromise the reliability of the 

results. Therefore, research based on adapting human attention bias experimental 

paradigms appropriately for use with non-mammalian species could help develop 

attention bias testing into an effective method of assessing animal emotions, and hence 

welfare issues (see Chapter 1), across a broader range of species. 

To date, studies of attention bias on non-primate species have only been published for 

sheep, Ovis aries (Verbeek et al., 2014; Lee et al., 2016) and European starlings, 

Sturnus vulgaris (Brilot et al., 2009; Brilot and Bateson, 2012). No studies have 

formally investigated attention bias in fish. 

Applying cognitive bias concepts to fish is more difficult than mammals and birds 

because fish behaviours are less intuitive to us, are more subtle, more difficult to score 

and also more difficult to design (Brown et al., 2011). Due to the extensive use of 

zebrafish as a model species in the biomedical sciences, some sophisticated behavioural 

monitoring techniques have been developed that are potentially useful for studying 

attention bias in zebrafish. For example, in vision research, tracking the eye movements 

of zebrafish larvae is possible through custom-made tracking software and appropriate 

camera set ups (Clark, 1981; Roeser and Baier, 2003). Monitoring responses such as 
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eye movements in adult zebrafish has been more challenging due to the difficulty of 

restraining the movements of fish (Huber-Reggi et al., 2012), but some set ups have 

been published (Mueller and Neuhauss, 2010; Zou et al., 2010). Despite these 

advancements, such set ups are generally costly in terms of equipment and expertise and 

therefore inaccessible for general use or widespread application. Further, any restraint 

of the test individuals is likely to interfere with the affective state of the fish (e.g. 

Wolkers et al., 2013). Perhaps a more practical way of assessing whether attention bias 

occurs in fish would be to identify common behaviours that serve as reliable indices of 

attention bias, similar in function to self-reporting in humans. Here I present a proof of 

concept study aimed at identifying reliable behavioural markers for studying attention 

bias in zebrafish, a well-studied laboratory model species. With the initial assumption 

that attention bias occurs in zebrafish, I used an experimental set up designed to elicit an 

escape response, modified from research on zebrafish vision (Li and Dowling, 1997; 

2000), to assess attention bias in fish that had been subjected to a stressful event (a 

period of being chased and netted with a dip net) compared to control fish. During my 

experiments I recorded the frequency of a number of potential resultant behaviours that 

could be used as reliable indicators of attention bias in this species (refer to Methods). 

Therefore, my aims were to determine whether: 

1. Zebrafish would respond to a moving stimulus with predictable, quantifiable 

behaviours that could be used as an index of attention bias; 

and 

2. These behaviours differed depending on the affective state of the fish. 

I predicted that zebrafish would avoid allowing the moving stimulus to pass them if 

possible, and the latency to the first pass of the stimulus would be higher in individuals 

in a negative affective state.  
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Materials and methods 

Animals, housing and husbandry 

I used 52 adult wild type Tübingen (TU) strain zebrafish obtained from the Australian 

Regenerative Medicine Institute (ARMI) Monash University, Melbourne, Australia. 

Twenty-four fish were used in experiment 1, and 28 fish were used in experiment 2 

(detailed below). Fish in experiment 1 were approximately 18 months old at the time of 

testing, while fish in experiment 2 were approximately 8 months old at the time of 

testing. All fish were subjects of previous behavioural experiments that were considered 

low impact and unrelated to the current experiment, and there was a minimum of two 

weeks between the end of any previous experiments and the start of experiments 

described here. All fish were housed in and habituated to their home tanks (see below) 

for at least two weeks before the current experiments commenced. Only male fish were 

used as the experiments required an extended period of time in individual housing and 

lack of access to males can cause female fish to become egg bound (Spence et al., 2008). 

Fish were housed in the School of Biosciences Animal House Facility at The University 

of Melbourne, Australia, Parkville campus. Each individual was housed in its own tank 

compartment (henceforth referred to as its home tank), constructed by dividing a 25L 

tank (480mm length by 250mm width by 240mm height) in half using a plastic mesh 

partition. Each individual was therefore afforded vision of, and limited interaction with, 

at least one other zebrafish through the plastic mesh. Every two home tanks (i.e. one 

25L tank) contained a biological sponge filter, an air bubbler, a water heater, and two 

sections of PVC pipe to serve as hides (one in each home tank). Deionised water 

supplemented with 0.625 gm/L of water conditioning salts (Aquasonic Tropical water 

conditioner) to raise General Hardness to 75-150 ppm and adjusted to a pH of 7-8 was 

used in all home and training/experimental tanks. All tanks were maintained at 26-28°C 

and on a 14:10 day/night light cycle. Fish were fed two types of food: spirulina-

enhanced brine shrimp (Hikari Bio-Pure Spirulina Brine Shrimp) and generic flake food 

(Nutrafin Max Tropical Fish Flakes) typically once or twice daily, six to seven days a 

week. 

Experiment 1 

This experiment was conducted over eight days (further described below). Twenty-four 

fish were randomly divided up into a ‗stressed‘ treatment group and ‗control‘ group, 

each consisting of 12 fish. Individuals in the ‗stressed‘ treatment group were chased 

around their home tank with a dip net (net area 130mm by 100mm) for 30 seconds, 

netted and lifted out of the water for three seconds, replaced in the tank, and left alone 

for 30 seconds. This process was repeated twice more; the next bout of chasing started 

immediately after fish had been left alone for 30 seconds, and the total disturbance 

period was approximately 3.5 minutes. Just prior to this process, an opaque plastic 
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board was inserted in between the target fish‘s home tank and its neighbour‘s home tank, 

as well as between any other directly adjacent tanks in view, so that any visual 

disturbance to the neighbouring fish was minimised. After the individual was netted for 

the third time, it was transferred directly into the testing apparatus (rather than left alone 

for 30 seconds). None of the individuals had prior experience with this testing apparatus. 

The testing apparatus consisted of a cylindrical glass tank 310mm in diameter and 

160mm in height. In the middle of the tank, a smaller, opaque cylindrical plastic tub 

160mm in diameter was placed to create a ring-shaped chamber within the glass tank 

(Figure 3.1). Both the glass tank and plastic tub were filled with aquarium water and 

temperature maintained at 26-28°C by a water heater that was removed just prior to the 

start of testing. The individual to be tested was placed in the ring-shaped (outer) portion 

of the tank. A transparent plastic board rested above the tank and a device powering a 

rotating spindle was mounted centrally on top of the board, above the plastic tub (Figure 

3.2). A strip of black paper (20mm width, 180mm height, spanning the height of the 

tank) was attached to the spindle such that when the spindle rotated, the strip of black 

paper would likewise rotate around the outer circumference of the tank (Figure 3.1). A 

ring of white cardboard surrounded the entire apparatus (Figure 3.2); this was to reduce 

distraction and provided a visual contrast to the rotating black strip. This design was 

based on other studies on zebrafish visual perception, which showed that the rotating 

black strip was often perceived as a threat to the zebrafish (Li and Dowling, 1997; 

2000). Therefore, I predicted that if the fish were exhibiting attention bias, individuals 

in the stressed group would pay greater attention to the black strip during testing, and 

being in a negative affective state, would therefore make greater attempts to avoid 

coming into close proximity with it compared to control individuals that would not pay 

as much attention to the black strip (see also Li and Dowling, 1997; 2000). This 

attention bias could then potentially be detected and quantified through several 

behavioural differences (described below). 

Once the individual to be tested was placed in the testing apparatus, the transparent 

plastic board with rotating spindle was placed on top of the tank and switched on. The 

black strip rotated for one minute in the clockwise direction and one minute in the anti-

clockwise direction, or vice versa, at a rate of 20 rpm (this was approximately double 

the rotation speed of that used in Li and Dowling (1997)). The initial direction of 

rotation was randomly assigned. During this time, a video recording (Techview QV-

3048 4 channel DVR kit, 0.25‖ CMOS colour camera) was taken from above. After two 

minutes, the rotating spindle was switched off and the trial ended. The fish was then 

transferred immediately back into its home tank using a small plastic container (110mm 

diameter, 95mm height). 

Individuals assigned to the ‗control‘ group were not subjected to the stress procedure 

prior to transferring them into the testing apparatus; these individuals were transferred 
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Figure 3.1 Diagram of (a) Top view and (b) side view of attention bias testing 

apparatus. Individual zebrafish were placed in the outer, ring-shaped testing 

chamber (shaded grey). The white dashed lines in both figures denote the 

imaginary line dividing the testing chamber into an outer and inner half. The 

device powering a rotating spindle (denoted by the filled circle in (a) and filled 

square in (b)) causes the strip of black paper (outer black rectangle) to rotate in 

either a clockwise or anti-clockwise direction (represented in (a) by grey arrows). 

directly to the testing apparatus using the small plastic container. Previous experiments 

showed that fish readily swam into this container when it was introduced to their tank 
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and displayed no signs of distress (see Chapter 2). The rest of the procedure was 

identical to that of fish in the ‗stressed‘ treatment group. 

The initial set of trials was conducted on day one of the experiment. Further trials were 

conducted on days two, four and eight, however on these days no further stress 

treatments (i.e. the process of chasing fish with a dip net) were applied to individuals in 

the treatment group; all individuals were transferred to and from the testing apparatus 

using a small plastic container. These additional trials were conducted to determine 

whether there was a prolonged effect of the initial stressor on the behaviour of fish in 

the testing apparatus. 

 

 

Figure 3.2 Photo of diagonal view of attention bias testing apparatus. The apparatus 

was surrounded by white cardboard paper to reduce distraction and enhance contrast of 

the strip of black paper. The strip of black paper (not shown in photo) was attached to 

the spindle (middle top of photo). The water heater (left side of testing chamber) 

maintained the tank water at 26-28°C and was removed prior to the start of testing. 

A single observer reviewed and scored the videos, blind to the identities and treatment 

of the fish, using JWatcher v1.0. For each video, a number of variables were scored, 

including the time at which the black strip first passed the fish, and for each pass, 

whether the fish was positioned on the inner or outer half of the chamber (see Figure 

3.1), the direction of rotation of the black strip, and whether the fish ‗flinched‘. 

Flinching here was defined as a burst of speed or sudden, obvious movement or change 

in direction from the current swimming trajectory (see supplementary video clip) when 

the black strip was within a 30-degree angle of the fish, as measured from the middle of 
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the testing apparatus. This is more generally described as a startle response in other 

zebrafish ethograms (Kalueff et al., 2013). No change, any subtle changes in direction 

or other less obvious behaviour during the passes of the black strip were scored as non-

flinches. In addition, any time durations of freezing (sinking to the bottom of the tank, 

without movement) or agitated swimming (erratic darting around the tank), measured in 

seconds, were also recorded. These variables were chosen for their distinctiveness and 

ease of scoring, in line with the goal of the study. 

I predicted that stressed fish would pay greater attention to the rotating strip of black 

paper compared to non-stressed fish, reflected by spending a longer period of time 

avoiding the black strip at the start of the experiment (i.e. the latency at which the black 

strip first passed the fish would be longer); spend more time in the inner half of the 

chamber (i.e. further from the black strip); flinch more often; and display more frequent 

periods of freezing and/or agitated swimming. Zebrafish commonly exhibit active 

behaviours and rapid movements (Kalueff et al., 2013). Thus, only instances of agitated 

swimming and freezing that were clearly distinguishable from the variety of other 

behaviours were scored. 

Experiment 2 

This experiment was similar to experiment 1, with the following modifications made to 

refine the experimental protocol after considering the responses of fish in experiment 1: 

1. All individuals were acclimated to the ring-shaped testing tank for five minutes 

one day prior to the start of the experiment. During this time, the rotating spindle 

and black strip were not in place. 

2. A thicker black strip (70mm instead of 20mm) was used to make it more 

conspicuous. 

3. The rotation speed of the spindle was lowered from 20 rpm to 10 rpm to more 

closely mimic the rotation speed in Li and Dowling (1997). 

These adjustments were made to test if a variation of the experiment set up might yield 

more consistent results. All other procedures remained unchanged, and none of the fish 

used in experiment 2 had been used in experiment 1. 

Statistical analysis 

All data were statistically analysed using IBM SPSS v23. The assumption of normality 

was tested graphically using Q-Q plots, and Levene‘s test was used to test the 

assumption of homogeneity of variance. 

In all analyses the direction of rotation did not have a significant effect on results, so 

data from both directions were pooled and this variable was excluded from subsequent 

analyses. The latency at which the black strip first passed each fish was analysed using 

a general linear mixed model (GLMM) with treatment (‗stressed‘ or ‗control‘), trial day 
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and their interaction as fixed effects, and individuals nested within treatment as a 

random effect.  

The passes of the black strip for each individual and day were tallied for position (inner 

or outer half of the chamber) and presence or absence of flinching, and these were 

analysed using a GLMM with treatment, trial day, position, presence of flinching, and 

their interactions as fixed effects, and individuals nested within treatment as a random 

effect.  

As instances of agitated swimming and freezing were relatively infrequent, statistical 

analysis was not performed on these variables. These results are presented and 

discussed qualitatively below.  
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Results 

All data respected the criteria for normality and homogeneity of variance. 

Four individuals from experiment 1 (two after day 1 and two after day 4) and one 

individual from experiment 2 (after day 2) were removed from subsequent testing due to 

concerns about their well-being/health (agitated swimming in their home tanks). Data 

for these individuals were included in analyses until they were removed from testing. 

The remaining 20 individuals in experiment 1 and 27 different individuals in 

experiment 2 completed the entire experiment. 

Experiment 1 

There was no significant main or interaction effect of treatment in the latency for the 

black strip to first pass the fish (treatment: F(1, 21.91) = 0.54, P = 0.818; day × treatment: 

F(3, 61.53) = 0.34, P = 0.799). The mean latency for the black strip to first pass fish did 

differ significantly between days (day: F(3, 61.53) = 3.68, P = 0.017), but did not appear to 

follow a specific trend (Figure 3.3). 

 

Figure 3.3 Mean latency for the black stimulus strip to first pass individuals (in seconds) on 

different days of experiment 1 data for control and treatment groups combined. Error bars 

denote standard error. n = 24 on day 1, n = 22 on days 2 and 4, and n = 20 on day 8. 

The black strip passed treatment individuals an average of 44.8 times per trial (32.4% of 

these were flinches), and control individuals an average of 43.8 times per trial (33.3% of 

these were flinches). The number of passes by the black strip per trial varied depending 

on whether individuals swam in or against the direction of the black strip.  
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In general, passes of the black strip where fish were located in the inner half of the tank 

were more likely to be non-flinches compared to passes where fish were located in the 

outer half of the tank (presence of flinching × position: F(1, 320.00) = 93.92, P < 0.001), 

but this effect also varied by day (day × presence of flinching × position: F(3, 320.00) = 

2.73, P = 0.044). Treatment did not appear to influence the incidence of flinching 

(treatment × presence of flinching: F(1, 320.00) = 0.24, P = 0.622). 

On average, individuals were located within the inner more than the outer half of the 

tank during passes of the black strip (position: F(1, 320.00) = 481.06, P < 0.001), and this 

difference was more pronounced for stressed individuals compared to control 

individuals (treatment × position: F(1, 320.00) = 17.25, P < 0.001) (Figure 3.4). There also 

appeared to be a trend where this effect varied by day (day × treatment × position: F(3, 

320.00) = 2.61, P = 0.052) (Figure 3.5). All other treatment-related effects were not 

significant. 

 

Figure 3.4 Mean number of times the black stimulus strip passed 

individuals from the stressed (treatment) and control groups per trial in 

experiment 1.  White bars represent individuals positioned in the inner 

half of the tank during passes by the black strip, while  black bars 

represent individuals positioned in the outer half of the tank during passes 

by the black strip. Error bars denote standard error. * Asterisks denote 

groups that were significantly different from each other. 

There were three instances of freezing (these occurred in three different individuals), 

totalling 58.5 seconds in duration. These were recorded from both stressed (2 out of 3 

instances) and control (1 out of 3 instances) individuals, and occurred on days 1 (2 out 

of 3 instances) and 4 (1 out of 3 instances) of the experiment. There were no instances 

of agitated swimming recorded during experimental trials in this experiment.  
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Figure 3.5 Mean number of times that the black stimulus strip passed a fish per trial for each 

trial day in experiment 1. ● Black markers represent passes when fish were in the inner half of 

the tank, while ○ white markers represent passes when fish were in the outer half of the tank. 

Dashed lines represent the stressed treatment group, while solid lines represent the control 

group. Error bars denote standard error. A day × treatment × position trend was detected. n = 

12 for each data point on day 1, n = 10 and n = 9 for the treatment group (dashed lines) from 

day 2 and 8 onwards respectively, and n = 11 for the control group (solid lines) from day 8 

onwards. 

Experiment 2 

There was no significant main or interaction effect of treatment in the latency for the 

black strip to first pass the experimental versus control fish (treatment: F(1, 26.23) = 0.40, 

P = 0.534; day × treatment: F(3, 77.20) = 2.17, P = 0.098). The mean latency for the black 

strip to first pass individuals varied from 4.5 to 6.5 seconds, depending on the trial day. 

Qualitatively, I also noticed instances where fish appeared to consistently swim away in 

the same direction as the black strip. 

The black strip passed treatment individuals an average of 28.6 times per trial (35.2% of 

these were flinches), and control individuals an average of 27.6 times per trial (33.1% of 

these were flinches). In both groups, the mean number of flinches during passes by the 

black strip was significantly lower than the number of non-flinches (presence of 

flinching: F(1, 382.09) = 133.54, P < 0.001). This difference was more pronounced when 

considering only instances located within the inner half of the tank (position × presence 

of flinching: F(1, 382.09) = 12.98, P < 0.001), but there was no effect of treatment detected 

(treatment × presence of flinching: F(1, 382.09) = 0.30, P = 0.584). 
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As in experiment 1, individuals were located within the inner more than the outer half 

of the tank during passes of the black strip (position: F(1, 382.09) = 105.38, P < 0.001). The 

only treatment related effect detected was a significant day × treatment × position 

interaction effect (F(3, 382.09) = 4.75, P = 0.003), with stressed fish located more 

frequently in the outer half of the tank and less frequently in the inner half of the tank 

than control fish on day 2 (Figure 3.6). Unlike experiment 1, there was no general effect 

of treatment on fish position during passes of the black strip in experiment 2 (treatment 

× position: F(1, 382.09) = 1.04, P = 0.309), but a post-hoc analysis of data from day 1 alone 

showed that stressed fish were located more frequently in the inner half of the tank (and 

less frequently in the outer half of the tank) during passes of the black strip compared to 

control fish (treatment × position for day 1: F(1, 104.00) = 4.88, P = 0.029) (see Figure 3.6). 

All other main and interaction effects, including treatment-related effects, were not 

significant. 

 

Figure 3.6 Mean number of times that the black stimulus strip passed a fish per trial for each 

trial day in experiment 2. ● Black markers represent passes when fish were in the inner half 

of the tank, while ○ white markers represent passes when fish were in the outer half of the 

tank. Dashed lines represent the stressed treatment group, while solid lines represent the 

control group. Error bars denote standard error. A significant day × treatment × position 

interaction effect was detected on day 2. n = 14 for each data point, except for the control 

group (solid lines) where n = 13 from day 4 onwards. 

Unlike experiment 1, there were no instances of freezing, but there were two instances 

of agitated swimming in two different individuals, totalling 41.0 seconds in duration, 

recorded in this experiment. Both instances were recorded from stressed (treatment) 

individuals, and occurred on day 8 of the experiment rather than day 1.  
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Discussion 

The aim of this experiment was to determine if exposure to a stressor (chasing fish 

using a dip net) would cause zebrafish to exhibit an attention bias towards a rotating 

black strip of paper (theoretically representing a threat), and if this bias manifested as 

any behavioural differences that were simple to characterise and score. The black strip 

appeared to elicit differences in behaviour in the zebrafish, suggesting that the 

experimental paradigm succeeded in causing zebrafish to attend to the black strip as a 

threat. Further, certain variables, particularly the position of fish within the testing tank, 

appeared to be potentially reliable indicators of attention bias between the treatment and 

control groups, and are good candidates for subsequent development in future studies. 

However, the effects of the stress treatment, although present, differed between the two 

experiments. 

Latency for the black strip to first pass the fish 

My experimental set up was a minor adaptation of one developed by Li and Dowling 

(1997). Their set up was designed to elicit an escape response from zebrafish, and was 

reported to reliably do so by the authors (Li and Dowling, 1997; 2000) and subsequent 

reviews (Fleisch and Neuhauss, 2006). Although the characterisation of this response 

was not the main purpose of those studies (the authors were not very explicit in their 

description of this response), they did describe the response as ―the fish instantly turn 

and rapidly swim away, as soon as the threatening object (also a black strip against a 

white background) comes into view‖. It is therefore uncertain whether this response 

resembled one on the level of a flinch characterised in my experiment (where fish may 

visibly react to having the black strip pass them by displaying a sudden change in swim 

direction or speed, but not necessarily to the extent of swimming away rapidly or not 

allowing the black strip to pass them), or whether it resembled a more ‗intense‘ 

response where fish did not allow the black strip to pass them at all. Based on those 

authors‘ description of the response, however, it seemed more likely to be the latter. 

Their subsequent results also suggested that the elicited response was very reliably 

expressed, having been observed in all 23 fish tested an average of 42.74 times out of 

50.26 encounters each (Li and Dowling, 1997). 

My results were quite different from these previous studies. Although I expected fish to 

actively avoid the black strip by swimming away and not allowing the black strip to 

pass them, the black strip first passed individuals an average of 1.5 to 2 seconds after 

the start of each trial in experiment 1 (Figure 3.3), and continued to do so throughout 

the rest of the trial without any indication of the aforementioned escape response. There 

was a significant effect of day, but it was unclear if this effect was biologically 

significant, given the small difference in means between days (Figure 3.3). There was 

also no effect of treatment: being stressed, via being chased with a dip net, did not seem 

to cause fish to avoid the black strip for a longer period during first exposure. Because 
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this may have been due to the high rotation speed of the black strip compared to 

previous studies (20 rpm in this study compared to 10 rpm in previous ones), I lowered 

the rotation speed in experiment 2 to 10 rpm to see whether I could elicit a more reliable 

escape response. This increased the latency for the first pass in experiment 2, averaging 

4.5 to 6.5 seconds depending on the trial day, and there were instances where fish 

appeared to consistently swim away in the same direction as the black strip. However, it 

was uncertain whether this occurred due to chance as opposed to an active avoidance of 

the black strip. The act of fish swimming away in response to the black strip was also 

much less reliable than the data reported by Li and Dowling (1997). It is possible that 

different strains of zebrafish used may have elicited different responses; facility-bred 

zebrafish, for example, often differ remarkably in behavioural traits compared to wild 

caught or commercial aquarium zebrafish (pers. obs.). Further, the testing tank 

dimensions in Li and Dowling (1997) were significantly smaller (100mm diameter) 

compared to the one used here (310mm diameter). I expected the larger testing tank to 

provide more advance indication of the black strip approaching, thereby allowing fish 

more time to respond by swimming away if desired, but this did not appear to elicit the 

expected response. Perhaps the smaller testing tank dimensions in Li and Dowling 

(1997) coupled with the lower rate of rotation of the black strip meant that the velocity 

of the black strip was lower and more conducive to eliciting the escape response 

observed. 

Flinching 

Although I was unable to elicit a reliable escape response, both treatment and control 

fish often reacted to being passed by the black strip with a behaviour I termed 

‗flinching‘. Flinching here was defined as a sudden burst of speed and/or change in 

direction when the black strip was in close proximity to the individual. This was a 

functional rather than an all-encompassing definition, as the normal habit of zebrafish is 

to ‗dart‘, thus determining the extent of flinching within the background of this 

behaviour was difficult. Hence, instances where fish appeared to react, but flinching 

was not considered obvious, were categorised as non-flinches instead. Defining this 

behaviour precisely to allow repeatable scoring should be the focus of any future studies 

using this response. 

In both experiments, passes of the black strip more often did not cause fish to flinch 

compared to flinches, and individuals flinched less often when they were located in the 

inner half of the tank during passes. However, I did not detect an effect of treatment on 

the rate of flinching. The flinching behaviour described here may not have been 

sensitive to the treatment applied. However, this result could also have been due to the 

competing effect of fish position, since in both experiments fish were more likely to be 

located in the inner half of the tank, and flinched significantly less often when in that 

area. Therefore, the effect of treatment may have been masked by fish position. 
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Position of fish (inner or outer half of the tank) 

Zebrafish in the wild are known to occupy the entire water column, and are commonly 

found both in open water and within vegetation (Spence et al., 2006). In captivity, 

zebrafish likewise made use of their entire home tank and were often observed to 

explore along the edges of their tanks (pers. obs.). Therefore, the general preference of 

zebrafish for the inner half of the tank in both experiments, regardless of treatment, 

suggested that the rotating black strip was aversive to the zebrafish in some way. More 

importantly, this suggested that the zebrafish were, in general, attending to the black 

strip, thus treatment-related differences were likely due to attention bias (see below). 

Further, in both experiments, fish position within the tank appeared to be a useful 

indicator of treatment effects. In experiment 1, a significant position × treatment effect 

suggested that stressed fish were more likely to be located in the inner half of the tank 

compared to control fish (Figure 3.4). This effect also persisted on subsequent testing 

days although fish were only subjected to the stressor on day 1, suggesting that the 

effects of the treatment were long lasting. A position × treatment × day trend was also 

apparent (Figure 3.5), where both groups appeared to gradually spend a proportionately 

larger amount of time in the outer half of the tank during passes of the black strip on 

subsequent trial days. This supported my hypothesis and was an encouraging result, 

since fish position would be relatively simple to score and could prove to be a practical 

indicator of attention bias if future studies identify a similar effect. 

In experiment 2, a position × treatment × day effect was detected, however this did not 

appear to be the same as experiment 1; stressed fish appeared to undergo an inversion 

and spend proportionately more time in the outer half of the tank one day after the 

initial stress treatment (Figure 3.6). Further, aside from day 1, there did not seem to be a 

similar position × treatment effect here as seen in experiment 1. This result was 

unexpected. One possible explanation is that the lack of stressor applied to treatment 

individuals prior to the trial on day 2 may have generated a relieving effect (see Doyle 

et al., 2010a), causing them to attend less to the black strip and consequently spend 

more time in the outer half of the tank. This effect may have dissipated by day 4. 

Alternatively, the reduced rotation speed of the black strip in experiment 2 may have 

been less aversive to the fish, although if so this effect should have been apparent to 

both groups throughout the experiment. 

It is also important to consider that we are assuming, to a certain extent, that the cause 

of the differences in behaviours discussed here are due to differences in attention 

towards the black strip. These behaviours, however, are the result of a decision-making 

process that includes detecting and attending to the stimulus, evaluating the stimulus 

and selecting an action (Mendl et al., 2009; Schall, 2013). It is possible that the 

behavioural differences observed could be due to differences at some other point along 

this decision-making process other than the attention phase (Mendl et al., 2009). The 
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stress-induced differences in other parts of the decision-making process could also mask 

the predicted attention differences. For example, there may indeed be an attention bias 

towards the black strip in the stressed fish, but this did not translate into a difference in 

selecting an action, and therefore no behavioural differences could be detected. It may 

be possible to separate the effects of attention bias from other components of the 

decision-making process by targeting behaviours that more closely reflect stimulus 

attention, such as body orientation or visual gaze towards stimuli, but such procedures 

are often impractical (see introduction). By making the assumption that behavioural 

differences observed are due to the attending phase of the decision-making process, 

attention bias can be assessed more readily. One improvement that could be made in 

future studies would be to assess if the aforementioned position × treatment effect was 

present if individuals were placed into the testing tank without the black strip. If no 

position × treatment effect was detected, this would eliminate the possibility of the 

testing tank itself being a stressor as opposed to the black strip. 

Nevertheless, this study provides preliminary evidence that the position of fish within 

the testing tank could potentially be a useful indicator of attention bias, and is worth 

exploring further. One example of a further study that could be explored, given the 

potential validity of fish position as an indicator of attention bias, would be to use a 

more traditional rectangular testing tank instead of a cylindrical tank. Repeated 

exposures of a threat-like stimulus could then be replaced by a single exposure stimulus 

from a specific direction, and may be enhanced by the use of more biologically relevant 

stimuli such as live or artificial predators of zebrafish. Depending on the layout of the 

testing tank, additional behavioural responses could be quantified that may be more 

reliable indices of attention, such as proximity to nearest hide or body orientation. 

Further, given the ‗darting‘ nature of zebrafish, body orientation relative to the intended 

stimulus could be further controlled through the use of continuous flow tanks, which 

cause individuals to naturally maintain body orientation against the current flow (pers. 

obs.). 

Agitated swimming and freezing behaviour 

Because agitated swimming and freezing are alarm behaviours that usually only occur 

under high stress conditions (Spence et al., 2008), neither of these behaviours was 

intended to be used as indicators of attention bias in this study. However I recorded 

these as they are well known responses in zebrafish (Spence et al., 2008). The fact that 

these were rare behaviours suggests that fish in my experiments were not extremely 

stressed. There were, however other instances of intermediate behaviours that did not 

fall clearly into either of these categories. For example, fish may have been observed 

swimming more slowly than normal or unresponsive to passes made by the black strip, 

indicating a state of high stress resembling that of freezing behaviour, but would not 

have been classified as such since the individual was still swimming. This occurred 

predominantly for individuals in experiment 1, and may have been due either to the 



Chapter 3: Attention bias in zebrafish 

 

 

70 

comparatively advanced age of the fish compared to those in experiment 2 (see Spence 

et al., 2008), or the faster rotation speed of the black strip, or both. Nevertheless, a high 

incidence of either behaviour could be a potential confound when analysing other 

movement based response variables such as the time to the first pass of the black strip. 

This confound could be avoided with more static experimental set ups as suggested 

above.  
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Conclusions 

While this experiment served as a useful proof of concept study on attention bias in fish, 

the behavioural measures examined here did not provide a sufficiently reliable index for 

studying attention bias in zebrafish. The experimental set up used here, however, 

appeared to fulfil its function as a means of inducing a response to threat (perceived to 

be a predator), and certain parameters, in particular the position of fish within the 

testing tank, could serve as reliable indicators of attention bias in future studies if 

further developed. If zebrafish select to position themselves further from a perceived 

threat, as suggested by my experiments, one practical application in zebrafish husbandry 

would be to ensure that captive zebrafish are provided with retreat sites that enable them 

to reduce the impact of perceived threats in their environment. In Australia, there are no 

specific regulations for zebrafish husbandry, and most guidelines for the care of 

zebrafish in research facilities do not even mention retreat sites as a factor to consider in 

housing (e.g. Reed and Jennings, 2010; Avdesh et al., 2012). Consequently, most 

research facilities do not currently provide for this, but I believe these should be 

considered. 
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Chapter 4: Are zebrafish sensitive to 

reward shifts? 

 

Introduction 

It is well recognised that physical, physiological and affective states all contribute to 

animal welfare (e.g. Fraser et al., 1997; Hosey et al., 2009). In captive animals, which 

are generally unable to perform the normal range of behaviours, affective state is a 

fundamental determinant of an animal‘s state of welfare. One potential way in which an 

individual‘s affective state can be studied is by assessing how sensitive they are to shifts 

in rewards during instrumental conditioning. Instrumental conditioning, otherwise 

known as operant conditioning, refers to the process of using rewards or punishments to 

alter a targeted behaviour. In humans and other mammals, many studies have 

demonstrated the effects that changing the value or magnitude of a reward has on 

instrumental conditioning (Black, 1968). Specifically, individuals previously 

conditioned to a large magnitude reward, which were then unexpectedly shifted to a low 

magnitude reward, performed a task more slowly than individuals conditioned to a 

small magnitude reward from the outset (e.g. Crespi, 1942; Gonzalez et al., 1962; 

Capaldi and Lynch, 1967; Ehrenfreund, 1971). This phenomenon is termed the 

depression effect or successive negative contrast (SNC) effect. Likewise, the opposite 

phenomenon, termed the elation effect or successive positive contrast (SPC) effect, has 

also been demonstrated by some studies (e.g. Shanab et al., 1969; Mellgren, 1972; 

Benefield et al., 1974), although somewhat less reliably. 

The favoured theory explaining why individuals respond to reward loss in such a way 

was formalised by Amsel (1992) and is commonly referred to as Amsel‘s frustration 

theory. According to this theory, individuals conditioned using a particular reward 

develop an expectation for that reward, and are subsequently frustrated when receiving 

a lower quality reward instead. This frustration effect is known to be associated with the 

activation of the hypothalamic-pituitary-adrenal axis (Papini, 2003). Further, the degree 

of sensitivity of individuals to these shifts in rewards appears to be consistent with the 

individual‘s background affective (emotional) state. Individuals in a negative affective 

state display greater sensitivity to reward loss, and reduced sensitivity to reward gain, 

compared to control individuals, and vice versa for individuals in a positive affective 

state (e.g. Clark and Watson, 1991). There are a few lines of evidence to support this 

hypothesis. In humans, heightened sensitivity to reward loss is associated with anxiety-

related disorders such as obsessive-compulsive disorder (Gehring et al., 2000; Hajcak et 

al., 2004), depression (Beck, 1967; Wenzlaff and Grozier, 1988), and reduced 
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responsiveness to rewarding stimuli (Clark and Watson, 1991; Fowles, 1994; Naranjo et 

al., 2001; Leppänen, 2006). Further, anxiolytics (antianxiety agents) have been shown 

to reduce sensitivity to reward loss (Morales et al., 1992; Flaherty et al., 1998). 

Environmental enrichment, commonly thought to influence affective state, can also 

affect sensitivity to reward loss. For example, Burman et al. (2008a) found that rats 

trained to run down a runway for 12 pellets of food reduced their run speed when this 

reward was unexpectedly reduced to 1 pellet of food, to the extent that it was 

significantly slower than control rats trained on 1 pellet of food from the outset. Further, 

individuals in the treatment group housed in unenriched housing conditions, which was 

hypothesised to elicit negative affective states in subjects (e.g. Young, 2003; Brydges et 

al., 2011), displayed greater sensitivity to reward loss than the treatment group housed 

in enriched housing conditions. This suggests that there is considerable potential for 

sensitivity to reward shifts to be a useful indicator of affective state, and hence welfare, 

in animal species. 

Sensitivity to reward loss has been investigated in a number of species. However, only 

mammals, such as rats, Rattus norvegicus (e.g. Crespi, 1942), mice, Mus musculus (e.g. 

Mustaca et al., 2000), opossums, Lutreolina crassicaudata and Didelphis albiventris 

(e.g. Papini et al., 1988), domestic dogs, Canis familiaris (Bentosela et al., 2009), and 

human babies (e.g. Kobre and Lipsitt, 1972) have thus far been shown to display the 

SNC effect. Until recently, other non-mammalian vertebrates tested, such as pigeons, 

Columbia livia (e.g. Papini, 1997), toads, Bufo arenarum (e.g. Muzio et al., 1992; 

Papini et al., 1995), turtles, Geoclemys reevesii (Papini and Ishida, 1994) and goldfish, 

Carassius auratus (e.g. Lowes and Bitterman, 1967; Couvillon and Bitterman, 1985) 

exhibited a downshift in performance when rewards were reduced but did not perform 

below the level of controls. This led Papini (2003) to hypothesise that only mammals 

were capable of displaying SNC. If this hypothesis were true, it would suggest that 

unlike mammals, where frustration theory is the main predictor of responses to reward 

loss, other vertebrate groups might instead respond to reward loss consistent with the 

more traditional theory of reinforcement (e.g. Bitterman, 1969; Papini, 2003). Unlike 

frustration theory, the theory of reinforcement postulates that individuals do not form 

expectations about future rewards, but rather, process information about their 

surroundings at any time point and reinforce behaviours that are beneficial to them.  

Figure 4.1 illustrates the differences in predictions between these two theories in the 

results of a hypothetical study. Consider two groups of individuals conditioned to 

complete a task. One group is routinely rewarded with a higher-value reward for 

completing the task, while the second group is rewarded with a lower-value reward. 

Group 1 takes a shorter time to complete the task on average due to the enhanced 

motivation generated by the higher-value reward. From a certain day onwards, a reward 

downshift occurs, whereby all individuals in group 1 are rewarded with the lower-value 

reward instead of their usual higher-value reward. If individuals in group 1 experience  



   

 

 75 

 

Figure 4.1 Predicted effects according to frustration and reinforcement theories when a (a) 

reward downshift, and (b) reward upshift occurs. Graphs illustrate a hypothetical 

experiment whereby individuals are conditioned to complete a task. In (a), the group 

designated by the blue line is routinely rewarded with a higher-value reward, and takes on 

average a shorter time to complete the task compared to the group designated by the black 

line, which is routinely rewarded with a lower-value reward. When a reward downshift 

from the higher-value reward to the lower-value reward (represented by the vertical dashed 

line) occurs for the blue group, the effects of the downshift on the mean time taken to 

complete the task predicted by the two theories are illustrated. Frustration theory predicts 

that the mean time taken would increase, past that of individuals conditioned to the lower-

value reward from the outset, before eventually reaching equilibrium (solid blue line). The 

difference in mean time taken is designated the successive negative contrast (SNC) effect. 

No such effect is predicted by reinforcement theory (dashed blue line). In (b), the opposite 

scenario (a reward upshift) is illustrated. 

frustration as predicted by frustration theory, the mean time taken to complete the task 

may exceed that of the second group that have been conditioned to the lower-value 

reward from the onset, demonstrating a SNC effect. However, if individuals do not form 

expectations about future rewards, they may not exhibit frustration or disappointment-
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like (SNC) responses when the value of a reward is shifted. Instead, individuals simply 

update their knowledge about the environment and respond accordingly (Figure 4.1a).  

If non-mammalian species operated primarily under the predictions of reinforcement 

theory, this also implied that sensitivity to reward shifts would not be a useful parameter 

in understanding affective state in non-mammalian species, since affect does not play a 

prominent role in conditioning. However, despite previous studies on birds being 

unsuccessful, Freidin et al. (2009) recently demonstrated SNC in European starlings, 

Sturnus vulgaris. This finding attracted renewed attention on whether other non-

mammalian vertebrates might also have been mischaracterised, and indeed do form 

expectations about future rewards consistent with frustration theory. 

In fish, all previous studies have failed to demonstrate a SNC effect (Lowes and 

Bitterman, 1967; Mackintosh, 1971; Gonzalez et al., 1972; Gonzalez et al., 1974; 

Couvillon and Bitterman, 1985). However, all of these studies were conducted on only a 

single species, the goldfish, Carassius auratus. The authors of these studies also noted 

that much of the application of frustration theory to non-mammalian vertebrates was 

poorly understood. Further, in mammals, initial experimental protocols on SPC also 

found it difficult to demonstrate the effect, and it was later found that a more reliable 

SPC effect could be demonstrated if a number of modifications to the protocol were 

made, including increasing the difficulty of the task (Mellgren, 1971), shifting the 

reward before the individuals were performing at their physiological limit (Mellgren, 

1972), or performing a downshift in reward before a subsequent upshift (Maxwell et al., 

1976). Thus it seems possible that the scope and execution of previous research on fish 

could be refined further. Given that millions of fish are held in captivity for research 

purposes (Reed and Jennings, 2010), there is an enormous potential benefit to welfare in 

developing protocols to understand how husbandry practices influence affect in fish, 

thus this deserves further attention.  

One species that is very widely used in research is the zebrafish, Danio rerio. Wild 

zebrafish are predominantly found in shallow, slow-moving or standing water bodies 

(Sterba, 1962; Talwar and Jhingran, 1991; Jayaram, 1999), frequently in unshaded 

locations with aquatic vegetation and a silty substratum (McClure et al., 2006; Spence 

et al., 2006; Engeszer et al., 2007). Zebrafish are omnivorous, and their natural diet is 

variable, but predominantly consists of zooplankton and insects (Dutta, 1993; McClure 

et al., 2006; Spence et al., 2007). They are generally active and feed diurnally (Plaut, 

2000; Baganz et al., 2005). In captivity, zebrafish are used in studies ranging from 

developmental biology (e.g. Creaser, 1934; Grunwald and Eisen, 2002) and genetics 

(e.g. Kimmel, 1989; Amsterdam and Hopkins, 2006) to drug research (e.g. Rubenstein, 

2003; Berghmans et al., 2005; Rubenstein, 2006). Compared to research in the 

biomedical sciences, behavioural studies using zebrafish are less common, possibly 

because knowledge of the natural biology of the species is far from complete (Spence et 

al., 2008). Indeed, one of the key research priorities for zebrafish as a model organism, 
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identified as part of a review by Spence et al. (2008), was to develop standardised 

protocols for husbandry and welfare. In this chapter, I investigated SNC and SPC in the 

zebrafish, as part of a preliminary study to understand affective states in fish. 

Zebrafish were conditioned to either high or lower value food rewards which were 

subsequently switched, and the effect of this switch on their behaviour, specifically the 

time taken to complete the conditioned task, was recorded. In addition, I also tested the 

hypothesis that environmental enrichment enhances positive affect and, consequently, 

minimises sensitivity to reward downshift and enhances sensitivity to reward upshift. 

This hypothesis was based on evidence that zebrafish in another study demonstrated a 

preference for structurally complex habitats over open habitats (Kistler et al., 2011), and 

assumes that a preferred/worked for stimulus is likely to induce a positive affective state 

(Rolls, 2006). 

Therefore, the questions I aimed to answer were: 

1. Do zebrafish exhibit a clear preference for structured, environmentally enriched 

tanks over relatively barren tanks? 

2. Do zebrafish demonstrate SNC or SPC when a reward to which they had been 

previously conditioned is shifted? 

and 

3. If SNC or SPC can be demonstrated to occur in zebrafish, does the magnitude of 

SNC or SPC (i.e. sensitivity to reward shift) vary based on the level of 

environmental enrichment in their home tanks? 
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Materials and Methods 

Animals, housing and husbandry 

I used 68 naïve, wild type Tübingen (TU) strain zebrafish obtained from the Australian 

Regenerative Medicine Institute (ARMI) Monash University, Melbourne, Australia. Ten 

fish were used in the habitat preference trials – these had participated in previous 

behavioural experiments but were naïve to this experiment. The remaining 58 fish were 

naïve to experimental testing. Twenty-eight fish were used in experiment 1, and 30 fish 

were used in experiment 2. Only male fish were used as the experiments required an 

extended period of time in individual housing and lack of access to males can cause 

female fish to become egg bound (Spence et al., 2008). Fish were obtained at six 

months of age and experiments were conducted over the next three months. 

Fish were housed in the School of Biosciences Animal House Facility at The University 

of Melbourne, Australia, Parkville campus. On arrival, fish were acclimatised to their 

new environment for seven days in a communal glass tank (25L, 480mm length by 

250mm width by 240mm height). Each individual was then transferred into its own tank 

compartment (henceforth referred to as its home tank), constructed by dividing a 25L 

tank in half using a plastic mesh partition. Each individual was therefore afforded vision 

of and limited interaction with at least one other individual through the plastic mesh. 

Every two home tanks (i.e. one 25L tank) contained a biological sponge filter, an air 

bubbler, a water heater, and two sections of PVC pipe to serve as a hide (one in each 

home tank). This set up was designated the ‗barren‘ housing condition for home tanks. 

Half of these tanks were supplemented with an additional three PVC pipes and five 

plastic plants, similar to the enriched chamber of the habitat preference testing tank 

(Figure 4.2b, described below). Tanks with this set up were designated as the 

structurally ‗enriched‘ housing condition. Deionised water supplemented with 0.625 

gm/L of water conditioning salts (Aquasonic Tropical water conditioner) to raise 

General Hardness to 75-150 ppm and adjusted to a pH of 7-8 was used in all home and 

training/experimental tanks. All tanks were maintained at 26-28°C and on a 14:10 

day/night light cycle. Fish were fed two types of food with different nutritional values: 

spirulina-enhanced brine shrimp (Hikari Bio-Pure Spirulina Brine Shrimp, the higher-

value food reward: natural food high in fatty acids, lipids and natural algae, henceforth 

referred to as shrimp) and generic flake food (Nutrafin Max Tropical Fish Flakes, the 

lower value food reward: artificial food containing cereals and animal derivatives, 

henceforth referred to as flake), typically once or twice daily, six to seven days a week. 

Habitat preference trials 

This trial aimed to determine whether zebrafish show a distinct preference for more 

structured (enriched) environments over less structured (more barren) environments. An 

established preference for one environment over the other could be interpreted as 
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putative evidence that fish in the preferred environment would be in a more positive 

emotional state relative to fish in the less-preferred environment. 

Ten zebrafish naïve to this experiment were used. Fish were tested individually in one 

of two 25L, 480mm length by 250mm width by 240mm height testing tanks. The testing 

tanks were partially separated into three sections: one structurally complex section with 

plastic plants and PVC pipe sections (designated the enriched chamber), one empty 

section (designated the barren chamber), and a small feeding section in the middle, 

which was also empty except for a heater and water filter. Small gaps allowed travel 

between sections (Figure 4.2). 

 

Figure 4.2 (a) Diagram of top view, and (b) Photo of front view of the habitat preference 

trial testing tank. The testing tank was partially separated into three sections: one 

structurally complex section with plastic plants and PVC pipe sections (enriched), one 

empty section (barren), and a small feeding section in the middle. This feeding section was 

also empty aside from the heater and water filter. Small gaps allow travel between sections. 
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Fish were acclimatised to their home tanks for a minimum of two weeks prior to habitat 

preference testing. During testing, fish were placed individually into a testing tank for 

three days – the first two days to allow fish to habituate to the tank set up before the 24-

hour trial on the last day. While fish were in the testing tank, the normal daily feed was 

delivered only in the middle section to eliminate possible bias towards the barren or 

enriched compartment due to the feeding regime. After the two-day habituation period, 

a 24-hour video recording was taken from the front of the tank (as seen in Figure 4.2b) 

using an infrared surveillance camera system (Techview QV-3048 4 channel DVR kit, 

0.25‖ CMOS colour cameras). Fish were fed at least half an hour prior to the start of 

this recording period, and no further food was given until after the completion of the 

recording period. The compartment the fish was located in was recorded every 15-

minutes by reviewing the videos.  

Preparation of fish for the sensitivity to reward shift experiments 

Two groups of 28 fish were used in two separate experiments. In both experiments, fish 

were habituated to their home tanks, which were either enriched or barren (as described 

in the habitat preference study), for at least two weeks prior to the start of the 

experiment. During this time, fish were fed a mixture of shrimp and flake using multi-

pipettes (Eppendorf Multipette 4780, 10µL dose). After this habituation period, fish 

were pseudo-randomly assigned to either higher-value (shrimp) or lower-value (flake) 

rewards (see Chapter 3 for details of food preference trials conducted that led to this 

designation). Therefore, each experiment had four equal groups of 7 fish based on 

housing environment and food reward quality: 

1. Enriched + high-value food reward; 

2. Enriched + lower-value food reward; 

3. Barren + high-value food reward;  

and 

4. Barren + lower-value food reward. 

From this point on, fish were only fed their designated food reward until the conclusion 

of the experiments. 

In order to habituate fish to the experimental tank, they were individually transferred to 

the experimental tank using a small plastic container, for five minutes once a day for 

three days. Fish readily swam into the container whenever it was introduced and 

displayed no signs of distress (apart from one individual, subsequently removed from 

the experiment, see Results), thus I believe it was unlikely that this procedure greatly 

influenced the fish‘s emotional state. 

The experimental tank was made up of a one metre long, 150mm diameter PVC pipe 

cut in half lengthways to form a half-cylindrical channel. Both ends of the PVC pipe 

were sealed with additional acrylic boards and the resultant channel filled with water. 
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Fish were allowed to swim freely and were fed while habituating in the experimental 

tank. Feeding helped fish to habituate to the tank more quickly (e.g. Bilotta et al., 2005; 

Galhardo et al., 2011) and was presumed to reduce the likelihood of any stress 

occurring due to the experimental tank itself, or the act of transferring individuals for 

the actual experiment, which might confound the data. 

Experiment 1 – Sensitivity to reward loss 

After fish had habituated to the experimental tank over three days, trials commenced the 

next day. Fish were individually transferred to the holding area on one end of the 

experimental tank using a small plastic container. A small removable plastic barrier 

separated the fish from the rest of the channel. Each trial started when the barrier was 

lifted and the trial ended when the individual crossed the finishing line on the other end 

of the channel (Figure 4.3). The duration of each trial is henceforth referred to as the 

swim time. Trial times were determined using a stopwatch. A multi-pipette tip (the 

same one used to feed fish during the habituation period) was also attached behind the 

finishing line as an aid for fish in learning the task. Fish were rewarded with their 

respective reward (one brine shrimp or a small piece of flake food (approximately 

10mg)) typically within half a second of crossing the finishing line (Figure 4.3).  

 

 

Figure 4.3 Diagram of sensitivity to reward shift experimental tank (top view). Fish were kept in the 

holding area, separated from the rest of the channel by a removable plastic divider. At the start of 

each trial, the divider was lifted and the time taken for the fish to swim to the finishing line at the 

other end of the channel was recorded. Fish were rewarded with their respective food reward upon 

crossing the finishing line. 

Six trials per day were conducted for each individual. This number was chosen, on the 

basis of fish responses in previous experiments, to be sufficiently high but without 

posing unnecessary risk of satiation to food rewards. Trials were conducted for 11 days 

or until a statistically significant difference in the times taken to swim the length of the 

channel between the shrimp and flake groups was observed over 4 consecutive days, 

whichever was shorter. 

Holding 

area 

Direction fish will swim in the 

channel to reach food reward 

Reward 

delivered in this 

area when fish 

crosses the line 

Small removable plastic 

barrier to keep fish briefly 

in holding area at the start 

of each trial  

800mm 100mm 100mm 

1
5

0
m

m
 



Chapter 4: Sensitivity to reward shifts in zebrafish 

 

 

82 

Once either of these criteria was met, all of the fish originally trained on shrimp (i.e., 

seven in the barren tanks and seven in the enriched tanks, groups 1 and 3 above) had 

their food rewards downshifted from shrimp to flake. Groups 2 and 4 were therefore 

acting as control groups. Daily trials continued for the next six days to determine 

whether this downshift in reward produced any differences in the time taken to swim 

the length of the channel to the feeding area.  

Experiment 2 – Sensitivity to reward gain 

This experiment was conducted on a different group of naïve individuals. The 

experimental procedure was identical to that of experiment 1, except in this case fish 

originally trained on flake (i.e., groups 2 and 4) were upshifted to the shrimp reward 

during the phase shift, instead of fish trained on shrimp in experiment 1 (groups 1 and 3, 

which are now acting as control groups). 

In addition, after a further 13 days of testing, all rewards for fish during trials ceased, 

and trials continued for another 13 days to determine how quickly behavioural 

extinction would occur once the task was no longer rewarded (i.e. how long it takes fish 

to stop swimming to the end of the channel in search of food once food was no longer 

rewarded). 

Statistical analysis 

All data were statistically analysed using IBM SPSS v23. The assumption of normality 

was tested graphically using Q-Q plots, and Levene‘s test was used to test the 

assumption of homogeneity of variance. 

Habitat preference trials were analysed using a paired t-test with individuals as 

replicates to compare the proportions of instances where fish were recorded in the 

barren versus enriched chambers of their tank during day, night, and combined periods. 

A general linear mixed model (GLMM) was also used to compare proportions of 

recordings within barren and enriched chambers across the day and night periods, with 

time period (day or night), habitat type (enriched or barren) and their interaction as 

fixed effects, and individuals as a random effect. Instances where fish were recorded in 

the middle, feeding chamber were excluded from all analyses. 

For sensitivity to reward shift trials, prior to any shifts in reward, mean swim times were 

analysed each day using a general linear mixed model (GLMM) with habitat type 

(enriched or barren), original reward (shrimp or flake) and their interaction as fixed 

effects, and individuals nested within habitat type by original reward as a random effect, 

to determine if there was a significant difference in mean swim times between 

individuals trained on shrimp and flake respectively. Once statistically significant 

differences between groups were observed over 4 consecutive days (or after 11 days, 

whichever was sooner), mean swim times for each reward shift phase, including the day 

before each phase shift (i.e. experiment 1 – days 6-12; experiment 2 – days 11-24 and 
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24-37, see Results), were analysed using a GLMM, with habitat type (enriched or 

barren), original reward (shrimp or flake), trial day and their interactions as fixed effects, 

and individuals nested within habitat type by original reward as a random effect, to 

determine sensitivity to reward shift. 
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Results 

All data respected the criteria for normality and homogeneity of variance. 

Habitat preference trials 

During each 24-hour habitat preference trial, each fish‘s position was observed 96 times. 

Of these, 56 observations were during the day (14-hours) and 40 observations were at 

night (10-hours). Figure 4.4 presents the proportions of observations in each chamber 

for each individual trialled.  

There was a significant preference for the enriched chamber over the barren chamber, 

both when the combined day and night observations were used (t9 = 11.73, P < 0.001), 

and when only day (t9 = 5.47, P < 0.001) or night (t9 = 14.17, P < 0.001) observations 

were used. In addition, there was a stronger preference for the enriched chamber at 

night compared to the day (F(1, 27) = 95.86, P < 0.001, also see Figure 4.4). 

Experiment 1 – Sensitivity to reward loss 

This experiment was conducted over 16 days. Initial conditioning lasted for the first 6 

days, after which (from day 7 onwards) individuals conditioned to shrimp were 

unexpectedly rewarded with flake instead (i.e. a reward loss). Within 3 days of the 

initial conditioning, individuals conditioned to shrimp had significantly faster mean 

swim times than individuals conditioned to flake (F(1, 24.16) = 6.57, P = 0.017). This 

effect persisted for the next 3 days (day 4: F(1, 24) = 7.93, P = 0.010; day 5: F(1, 24) = 7.58, 

P = 0.011; day 6: F(1, 24) = 8.98, P = 0.006) leading up to the day of the reward 

downshift. There was no effect of habitat type (enriched or barren) or interaction effect 

between food reward and habitat type on mean swim times during this initial 

conditioning. 

Analysis of the reward shift phase, including the day before the reward downshift (i.e. 

days 6-12) demonstrated that individuals originally conditioned to shrimp continued to 

have significantly faster mean swim times than individuals conditioned to flake, despite 

the fact that both groups were receiving identical flake rewards during this period (F(1, 

24) = 6.67, P = 0.016). Mean swim times also decreased significantly during this period 

(F(6, 1124) = 7.53, P < 0.001), and there was a significant interaction effect between trial 

day and food reward (F(6, 1124) = 2.21, P = 0.040), however this interaction effect was 

potentially a consequence of the random variation in the data from day 9 to day 10 in 

the flake group, but not the shrimp group (see Figure 4.5). The difference in mean swim 

times between fish originally conditioned to shrimp and fish conditioned to flake 

persisted during an additional set of trials conducted 4 days after day 12 (day 16: F(1, 24) 

= 7.85, P = 0.010, Figure 4.5). The habitat type did not have an effect on mean swim 

times (F(1, 24) = 0.00, P = 0.997). All other interaction effects were not significant. 
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Figure 4.4 Proportion of observations in each of the three chambers ( Black: 

enriched;  dark grey: middle; and  light grey: barren) for each individual 

during the (a) day period, (b) night period, and (c) combined day and night 

periods of the habitat preference trial. 
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Figure 4.5 (a) Mean time taken for zebrafish to swim the channel on each trial day for shrimp and 

flake reward groups in experiment 1 (post-reward downshift phase), and (b) the same data, but 

with food reward groups further separated into barren and enriched habitat groups. In both figures, 

● black markers represent pre-shift shrimp reward groups, while ○ white markers represent pre-

shift flake reward groups. In figure (b), dashed lines represent barren habitat groups, while solid 

lines represent enriched habitat groups. The vertical dashed line between trial days 6 and 7 marks 

the day that shrimp reward groups had rewards downshifted from shrimp to flake. Error bars 

denote standard error. 
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Experiment 2 – Sensitivity to reward gain 

This experiment was conducted over 37 trial days. At the start of the experiment, one 

individual failed to habituate to the experimental tank, displaying erratic behaviour and 

symptoms of distress. This fish was replaced after trial day 2. In addition, two 

individuals died during the experimental period due to accidents, one on day 4 and one 

on day 13. The individual on day 4 was replaced, but the individual that died on day 13, 

which belonged to the shrimp/enriched treatment group, was not replaced because the 

experiment had already progressed substantially. Therefore, the shrimp/enriched 

treatment group had a sample size of 6 compared to 7 in the other treatment groups 

from day 13 onwards. The individuals replaced on days 2 and 4 had their experimental 

protocols lagged behind the other individuals by 2 and 4 days respectively. 

Although the pre-reward shift phase of this experiment was identical to that of 

experiment 1, individuals conditioned to shrimp in this experiment did not have 

significantly faster mean swim times than individuals conditioned to flake after 11 days 

of conditioning (day 11: F(1, 24) = 0.12, P = 0.74). There were also no interaction effects 

or effect of habitat type during this period. I proceeded with the reward upshift on day 

12, where all individuals conditioned on flake were unexpectedly rewarded with shrimp 

(i.e. a reward gain). Analysis of the first reward shift phase, including the day before the 

reward upshift (i.e. days 11-24) demonstrated that mean swim times decreased 

significantly during this period (F(13, 2203.74) = 7.19, P < 0.001), but only for groups 

where the reward was upshifted from flake to shrimp (trial day × food reward: F(13, 

2203.74) = 2.61, P = 0.001, Figure 4.6). The habitat type did not have an effect on mean 

swim times (F(1, 24.57) = 0.04, P = 0.839). All other main and interaction effects were not 

significant. 

On day 25 onwards, all food rewards during the experiment were ceased to investigate 

the rate of behavioural extinction. Analysis of the second reward shift phase, including 

the day before the reward downshift (i.e. days 24-37) demonstrated that mean swim 

times increased significantly during this period (F(13, 2137.99) = 23.28, P < 0.001, Figure 

4.7). There was also a significant interaction effect of trial day × food reward × habitat 

type (F(13, 2137.99) = 2.09, P = 0.012), however this interaction effect was potentially a 

consequence of the random variation in the data on day 29 and was unlikely to have 

biological significance. All other main and interaction effects were not significant.  
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Figure 4.6 (a) Mean time taken for zebrafish to swim the channel on each trial day for shrimp and 

flake reward groups in experiment 2 (post-reward upshift phase), and (b) the same data, but with 

food reward groups further separated into barren and enriched habitat groups. In both figures, ● 

black markers represent pre-shift shrimp reward groups, while ○ white markers represent pre-

shift flake reward groups. In figure (b), dashed lines represent barren habitat groups, while solid 

lines represent enriched habitat groups. The vertical dashed line between trial days 11 and 12 

marks the day that flake reward groups had rewards upshifted from flake to shrimp. Error bars 

denote standard error. 
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Figure 4.7 (a) Mean time taken for zebrafish to swim the channel on each trial day for shrimp and 

flake reward groups in experiment 2 (behavioural extinction phase), and (b) the same data, but 

with food reward groups further separated into barren and enriched habitat groups. In both 

figures, ● black markers represent pre-shift shrimp reward groups, while ○ white markers 

represent pre-shift flake reward groups. In figure (b), dashed lines represent barren habitat groups, 

while solid lines represent enriched habitat groups. The vertical dashed line between trial days 24 

and 25 marks the day that all rewards during trials were ceased. Error bars denote standard error. 
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Discussion 

Habitat preference trials 

The habitat preference trials showed that when given a choice, zebrafish had a distinct 

preference for enriched (structured) environments over barren (empty) environments. 

This preference was statistically significant regardless of the time of day, and was more 

pronounced at night. This provides important empirical evidence for environmental 

preferences in zebrafish as few such studies have been conducted on zebrafish (e.g. 

Hamilton and Dill, 2002; Kistler et al., 2011). Much of the non-empirical information 

available originates from the non-scientific aquarist ‗grey‘ literature, and was generally 

derived from either anecdotal observations or assumed based on knowledge of the 

natural habitat of similar fish species. 

Interestingly, the two studies on the impact of environmental structure on zebrafish gave 

contrasting results. Hamilton and Dill (2002) found that zebrafish preferred to forage 

under overhead cover, but the presence of vegetation did not affect foraging patterns. 

Kistler et al. (2011), on the other hand, found a strong preference for structured 

environments, similar to the results of my study. My habitat preference test also adopted 

some design features from Kistler et al. (2011), with a couple of improvements. Firstly, 

fish in my habitat preference test were assessed individually, as opposed to the groups 

of 6-9 used by Kistler et al. (2011). This design was better suited to my experimental 

protocols because fish in the subsequent experiments were housed individually so that I 

could test individual responses, therefore preferences of individuals, rather than groups, 

had to be determined. Further, zebrafish are a schooling species (Kerr, 1963; Spence et 

al., 2008), thus fish are likely to exhibit more pronounced habitat preferences when they 

are not part of a group. My design also eliminated the potential biases in space use 

exerted by dominant individuals within a group (e.g. Larson et al., 2006). Secondly, in 

my study, fish observations were recorded at regular intervals throughout the full 24-

hour period, in contrast to Kistler et al. (2011) where in total only 16 observations were 

made over four days, all during daylight hours. My design allowed me to identify a 

stronger preference for enriched habitats at night, which has not been reported 

previously. This is consistent with the biology of wild zebrafish, which are primarily 

active diurnally (Plaut, 2000; Baganz et al., 2005) and thus are likely to experience a 

higher risk of predation while inactive at night. This preference is consistent with the 

natural habitat of wild zebrafish, which consists of shallow water with aquatic 

vegetation (McClure et al., 2006; Engeszer et al., 2007; Spence et al., 2008). My study 

therefore provides supportive evidence that enriched (structured) environments are 

likely to contribute to positive affective states, thereby improving the welfare of captive 

zebrafish. This was assumed for the purposes of subsequent experiments (below). 
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Experiment 1 – Sensitivity to reward loss 

In experiment 1, all individuals conditioned on shrimp were unexpectedly rewarded 

with flake instead from day 7 onwards. I predicted that if zebrafish exhibited behaviour 

consistent with frustration theory, this would have been perceived as a reward loss to 

the fish, and cause the mean swim times of these individuals to increase beyond that of 

individuals conditioned to flake from the outset of the experiment, reflecting sensitivity 

to reward loss. Further, individuals in the barren treatment group, which were presumed 

to be in a putatively negative emotional state relative to individuals in the enriched 

treatment group, were predicted to be more sensitive to the reward loss, resulting in 

higher mean swim times than the enriched treatment group. These differences in mean 

swim times were expected to even out over time, although I also expected the 

barren/shrimp-to-flake group to take longer to even out.  

However, this downshift of reward did not appear to affect the mean swim times of 

shrimp-to-flake groups; the individuals behaved as if shrimp was still the food reward, 

and had significantly faster mean swim times compared to individuals conditioned to 

flake from the outset throughout the remainder of the experiment, including after a 4-

day break. This result makes sense in light of contemporary animal learning theory, 

which acknowledges two broad types of instrumental behaviour: goal-directed 

behaviours and habitual behaviours (Dolan and Dayan, 2013). Goal-directed behaviours 

are behaviours that are performed because there is an expectation that the behaviour 

would lead to a desirable outcome, such as a food reward. These behaviours are 

therefore sensitive to shifts in reward value and can change rapidly as a result. Habitual 

behaviours, however, often result from extensive ‗over‘ training and have become 

relatively fixed by previous reinforcement, and are therefore independent of the current 

value of the outcome of such behaviours (Thorndike, 1911). Habitual behaviours are 

generally insensitive to reward evaluation, or at least show only a gradual response to it.  

The results of this experiment are therefore inconsistent with the predictions of 

frustration theory, but appear consistent with what is understood about reinforcement 

theory, since the instrumental behaviour displayed here is more habitual in nature. 

Reinforcement theory postulates that the strength of the habit is positively correlated 

with the greatest strength of reinforcement previously experienced; a strong 

reinforcement regime would have established high habit strength, such that even when 

reinforcement was subsequently diminished (i.e. the value of the reward was lowered), 

individuals would not display a decrease in task performance (or at least, any decline 

would be more gradual) because of the previously established high habit strength 

(Lowes and Bitterman, 1967; Bitterman, 1969). In this case, the strong reinforcement 

regime refers to the consistent reinforcement of shrimp at the completion of each trial. 

Brine shrimp was known from previous work to be clearly preferred as a food reward 

compared to flake (see Chapter 2). 



Chapter 4: Sensitivity to reward shifts in zebrafish 

 

 

92 

It should be noted that both frustration and reinforcement theory are not necessarily 

mutually exclusive. Both theories may successfully predict different behaviours within 

the same individual, and the method of conditioning may play a role in which theory is 

dominant. In particular, because habitual behaviours are known to be caused by ‗over‘ 

training, it is possible that the pre-shift conditioning period was too lengthy, and caused 

the shift in the behaviour from being goal-directed to habitual. 

Experiment 2 – Sensitivity to reward gain 

In experiment 2, because shrimp was considered a higher-value reward, I predicted that 

this would generate the opposite effect of experiment 1; that is, mean swim times of 

flake-to-shrimp groups would decrease, with the enriched treatment group decreasing to 

a larger extent compared to the barren treatment group as the enriched treatment group 

was presumed to be more sensitive to reward gain. 

Surprisingly, in contrast to my findings for experiment 1, individuals conditioned on 

shrimp in experiment 2 did not perform significantly faster than individuals conditioned 

on flake during the pre-reward upshift phase, despite experimental conditions being 

identical in both experiments. I can think of no rational explanation for this difference. 

However, after the reward upshift, mean swim times of flake-to-shrimp groups did 

decrease, highlighting the fact that the mean swim times during the pre-reward shift 

phase was not due to a physiological limitation in swim speed. This faster mean swim 

time was also maintained throughout the remainder of the experimental phase as 

compared to the temporary shift predicted. This result again provided more support for 

reinforcement theory compared to frustration theory, as reinforcement theory predicted 

that individuals conditioned to a lower-value reward would increase in performance (i.e. 

exhibit faster mean swim times, and without an SPC effect) when the reward was 

upshifted, since the higher-value reward would increase the strength of reinforcement 

and thereby improve habit strength (Lowes and Bitterman, 1967; Bitterman, 1969). 

Although faster mean swim times could also have been indicative of an SPC effect, it 

was difficult to conclude this given that there were no differences in swim speed prior to 

the reward shift. Further, the maintenance of this faster mean swim time was 

uncharacteristic of an SPC effect. 

When all rewards were discontinued in experiment 2, individuals continued to perform 

the conditioned task of swimming from one end of the channel to the other end 

consistently throughout the extinction trial period of 13 days. At the end of this trial 

period, individuals were still swimming, on average, quicker than average times on day 

4 of the trial, even though none of the previous 78 trials were rewarded. This 

behavioural extinction period was much longer than what would be expected of goal-

directed behaviours, at least in goldfish (e.g. Gonzalez et al., 1967). In general, one 

would expect behaviours driven by reinforcement theory to be more resistant to 

behavioural extinction compared to behaviours driven by frustration theory (Gonzalez 
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et al., 1967; Bitterman, 1969), so in this respect reinforcement theory seems to be a 

more likely driver of this behaviour. One might also expect that in such a scenario, 

individuals conditioned to a higher-value reward would have been more resistant to 

behavioural extinction compared to individuals conditioned to a lower-value reward, 

because the higher-value reward would have established greater habit strength 

(Gonzalez et al., 1967; Bitterman, 1969). However, this was not obvious from the 

behavioural extinction data in my experiment, as extinction rates in both pre-shift higher 

and lower-value reward groups appeared to be similar, apart from the different start 

points at the onset of extinction (Figure 4.7a). This could have been due to the long 

period of time between when groups were last given different rewards and the start of 

the extinction period. Nevertheless, it still seems likely that this conditioned behaviour 

was driven largely by habit rather than expectation in zebrafish. 

Sensitivity to reward shifts as a predictor of affective state in zebrafish 

Remarkably, very similar results were reported by some previous studies on goldfish 

(Lowes and Bitterman, 1967; Potts and Bitterman, 1968). For example, in Lowes and 

Bitterman (1967), goldfish shifted from a large reward (40 worms) to a small reward (4 

worms) continued to perform identically to fish conditioned to the large reward from the 

outset, while fish shifted from a small reward to a large reward gradually increased in 

performance to match the level of fish conditioned to the large reward from the outset, 

without an SPC effect. Other studies on goldfish have shown that individual 

performance decreased gradually over a varying number of trial sessions to that of 

individuals conditioned to the small reward from the outset, without an SNC effect 

(Gonzalez et al., 1962; Mackintosh, 1971; Couvillon and Bitterman, 1985). 

My results, taken alongside previous research on fish, appear to suggest that 

reinforcement theory is a more useful predictor of learning behaviour in fish, in contrast 

to the more familiar frustration theory in mammals. If this is proven to be the case, 

measuring sensitivity to reward shifts is unlikely to be a useful indicator of affective 

state, and by extension welfare, in fish, because conditioning appears to be driven 

primarily by habit rather than expectation and therefore is not closely associated with 

affect. This may also explain why habitat type did not have any impact on mean swim 

times during either of the experiments, despite there being a clear preference for 

enriched habitats during the habitat preference trials. 

However, as previously mentioned, both reinforcement and frustration theory are not 

necessarily mutually exclusive. In mammals, both physiological factors such as the 

administration of barbiturates (Rosen et al., 1967) or decortication (Gonzalez et al., 

1964), as well as external factors such as the extent of conditioning (Dolan and Dayan, 

2013) can cause goal-directed behaviours (typical of frustration theory) to resemble 

habitual behaviours (typical of reinforcement theory). The nuance here in applying this 

to non-mammalian species such as fish may therefore be conditioning fish to complete a 



Chapter 4: Sensitivity to reward shifts in zebrafish 

 

 

94 

particular task adequately without ‗over‘ conditioning individuals to the point where the 

behaviour becomes habitual. Further, as this investigation was preliminary in nature, 

additional research may benefit from refinements in the experimental protocol, such as 

amplified shifts in reward (Maxwell et al., 1976) or greater task difficulty (Mellgren, 

1971), both of which have been known to improve similar mammalian research.  
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Conclusions 

While fish raised in laboratory facilities are typically held in small, barren tanks (Kistler 

et al., 2011; pers. obs.), where they survive and reproduce successfully, I found that 

zebrafish displayed a clear preference for enriched habitats over barren habitats. Thus, 

wherever possible, I recommend that captive fish should be provided with appropriate 

environmental enrichment, consistent with their habitat preferences in the wild. I 

believe the fact that this preference did not influence performance during the sensitivity 

to reward shift experiments was because conditioning in zebrafish in this experiment 

was driven largely by habit rather than expectation. Therefore, it is unlikely that affect 

plays a prominent role during this process. My research adds to accumulating evidence 

that fish do not generally respond to shifts in rewards via the same mechanisms as 

mammals, and therefore responses to shifts in rewards are unlikely to be a reliable 

measure of affective state in fish. However, ‗over‘ conditioning during the experiment 

could have caused the aforementioned habitually-driven responses, and therefore 

subsequent research should consider minimising the amount of conditioning done 

before reward shifts occur. It should also be emphasised that this does not imply the 

lack of existence of affective states in fish; rather, it highlights our inability to 

understand affective states via existing experimental protocols. 
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Chapter 5: Cognitive bias as a means of 

assessing affective states in fish 

 

Cognitive biases are increasingly being recognised as useful indicators of animal affect, 

and by extension, welfare. Mammalian studies have shown particular promise in the use 

of cognitive tests; other taxonomic groups, however, have not been the subjects of as 

much research, and therefore the applicability of cognitive tests to assess affective states 

in these taxa is less certain.  

In the previous chapters, I conducted empirical studies investigating whether three types 

of cognitive biases identified in humans and some other mammals – judgment bias, 

attention bias and sensitivity to reward change – might also be detected in fish, using 

zebrafish as a model species, and if so, whether these appear to be reliable indicators of 

affective state in this species. 

Designing appropriate experimental set ups, while taking into account the cognitive 

abilities of zebrafish proved to be challenging. A number of different experimental set 

ups were trialled during my judgment bias experiments, but these often required 

zebrafish to exhibit conditional discrimination of stimuli. To date, no studies have 

successfully demonstrated such conditioning, and unfortunately in my study, zebrafish 

did not manage to achieve the level of pre-conditioning required to conduct subsequent 

tests on judgment bias. Since the ultimate goal of my work was to develop a practical 

protocol for welfare assessment, future studies will need to simplify the conditioning 

process for fish so that it can be achieved reliably in the majority of individuals tested. 

Using more natural or biologically relevant stimuli, such as aquatic vegetation or natural 

rock formations, may increase the effectiveness of conditioning, and allow us to 

determine whether zebrafish have the capacity to exhibit judgment bias. 

In contrast to the judgment bias experiment, my attention bias experiment required no 

pre-conditioning, and was therefore much easier to implement for the zebrafish. 

Although zebrafish did not display the responses predicted if the fish were exhibiting 

attention bias for some of the behaviours measured, such as a more obvious, reliably 

characterised escape response from fish that underwent the stress treatment, there were 

some effects. For example, the stress treatment impacted on the position of individuals 

in the tank during passes by the black strip stimulus (they positioned further away from 

the stimulus), as predicted under the scenario of the zebrafish being capable of attention 

bias. However, this response was not identical in both experiments, suggesting that 

further refinement of the experimental design is required before we can be confident 

about this result. Nevertheless, there appears to be good potential for fish position 
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within their landscape to be used as a behavioural index for studying attention bias in 

future studies. 

My experiments on sensitivity to reward shifts had some pre-conditioning required, but 

unlike the judgment bias experiments the majority of zebrafish trialled successfully 

completed the (comparatively simpler) conditioning task. The evidence from the reward 

shift experiments, however, suggested that the conditioning mechanism was driven by 

habit rather than expectation, given that reward shifts only produced gradual (if any) 

changes to mean swim times rather than contrast effects, and thus affect was unlikely to 

have played a prominent role during that process. It is also possible that this was the 

result of an extended amount of pre-conditioning, causing the switch from goal-directed 

behaviour to habitual behaviour and the disengaging of affect from the process. 

Therefore, future experiments should attempt to re-investigate this, but when doing so 

the number of trials prior to the reward shift phase should be reduced. 

These data have shown that applying cognitive bias techniques developed for humans or 

other mammals to other taxonomic groups is not as straightforward, nor are the results 

as intuitive to interpret, as one might expect. For example, the sensitivity to reward shift 

task highlighted that although zebrafish and mammals can both easily be conditioned to 

the same task, the underlying mechanisms driving the conditioning may be substantially 

different. Therefore, although there have been several examples of human or 

mammalian studies where a reward downshift does elicit a negative change in affective 

state in individuals (and thus may qualify as a welfare issue), it is possible that zebrafish 

may not be at all affected by such a reward downshift, and thus concerns about such 

changes from a welfare perspective may be unwarranted. Of course, this does not rule 

out the possibility of zebrafish engaging in goal-directed learning, which is sensitive to 

reward shifts, as mentioned previously. Understanding where such underlying 

differences occur is critical to determining whether concerns about the affective welfare 

of certain species are well founded, and will inform whether changes to captive 

management should be pursued. 

In terms of cognitive ability, much evidence exists to show that fish in general are 

capable of displaying a wide range of cognitive skills (e.g. Teyke, 1989; Laland et al., 

2003; Schuster et al., 2004, also see Chapter 1), and zebrafish are no exception (Blaser 

and Vira, 2014). Therefore, although I had difficulty conditioning my fish prior to 

testing in the judgment bias experiments in particular, there is still good reason to 

believe that adapting the task to better suit the target fish species‘ cognitive strengths 

could result in the successful implementation of the judgment bias testing paradigm. I 

believe that this should be investigated further, in particular because of the extensive 

use of zebrafish in biomedical research. If we were to demonstrate, unequivocally, that 

they do exhibit judgment bias, I believe we should make every attempt to use this 

knowledge to improve their welfare. 
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Many factors, such as husbandry conditions, amount of social interaction and 

environmental complexity, have the potential to influence the cognitive capacity of 

individuals (e.g. Biegler and Morris, 1996; Girvan and Braithwaite, 1998; Utne-Palm 

and Hart, 2000; Coolen et al., 2003; Beri et al., 2014). These could therefore generate 

differences in the findings of similar studies, as fish in any one study may be housed 

and managed in a certain manner, and thus may exhibit responses associated with the 

fish management scenario specific to that study. This may have been an issue when 

comparing the responses of my zebrafish in the attention bias experiments to the 

original study by Li and Dowling (1997), since an escape response was more reliably 

generated in the original study than in mine. It is difficult to identify what specific 

factors may have led to this difference since these could be relatively subtle and 

unintuitive. For example, it is known that in many animal species, being reared in 

artificial housing facilities, compared to a more natural environment, leads to 

psychological and behavioural constrictions (e.g. Panksepp et al., 1983), thus cognitive 

responses are likely to vary between studies depending on housing conditions. In 

another example, one study showed that being reared in isolation affected the cognitive 

learning abilities in a social cichlid species (Cichlasoma paranaense) (Brandão et al., 

2015). In that study, fish not raised in a group had greater difficulty learning a cue-

reward association task in a T-maze compared to fish raised in a group. It is not clear 

whether socialisation in zebrafish also plays a significant role in the development of 

their learning ability. While individuals in my experiments were at least partially able to 

interact with one other conspecific, hence were not housed in complete isolation, they 

were, nevertheless, held in separate tank compartments, thus their learning ability may 

have been compromised.  This highlights a vexing issue in experimental design for such 

studies, that is that there could be many factors that researchers may be unaware of that 

may restrict the ability to generalize and compare the results of one study to others on 

the same or different species. Overall, there is a need for a better understanding of the 

various factors capable of influencing cognitive processes when it comes to designing 

and implementing tests of cognitive biases on fish (or any other animal species), and 

researchers ought to be detailed and transparent in their research methodology, 

including the specifics of how fish are managed within the colony and whether or not 

this is consistent across experiments. 

In light of these empirical data, I am optimistic that the use of cognitive biases could 

eventually become a routine aspect of welfare monitoring in a variety of animal 

husbandry settings, including fisheries and breeding facilities for scientific research, 

given the opportunity of funding and further research. Already there are automated 

discrimination conditioning set ups developed that allow multiple zebrafish to be 

conditioned simultaneously without user input, through the use of camera tracking 

systems (Mueller and Neuhauss, 2012). Such systems would not be difficult to modify 

for the purposes of conditioning zebrafish to tasks and subsequently assessing cognitive 

bias, particularly with simpler experiments such as those described in the attention bias 
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chapter. Further, future experiments could explore the potential of clicker training as a 

secondary reinforcer to shape desired behaviours. This form of training has been widely 

used in dogs and other domestic animals (González Ramírez et al., 2017), and although 

no published studies are available for its use in fish, there are reports of success using 

the method to train goldfish in the informal aquarist literature. In particular, Karen Pryor 

and Ogden Lindsley, the latter of whom was one of Skinner‘s first graduate students, 

are strong advocates of this method. 

The empirical studies described in this thesis were, for the most part, preliminary 

attempts at investigating this phenomenon in zebrafish, which is a species that, although 

well studied in the field of biomedical science, with applications for humans, is 

considerably lacking in welfare knowledge based on empirical data. Although 

generalising the results of any study for application to other species is fraught with 

dangers, and should not be done without recognising the limitations, it is still the hope 

of many in animal welfare research, including myself, that an approach based on 

general principles can eventually be developed, and I suggest that the use of cognitive 

techniques are a promising candidate for such an approach. If subjective feelings are as 

fundamental and ubiquitous to animals as some authors have postulated, functioning as 

a mechanism to determine where an animal‘s effort and attention should be allocated 

(Cabanac, 1992; Spruijt et al., 2001; Cabanac, 2008), then the link between affect and 

cognition is likely to be much stronger than affect and physiology or behaviour, 

especially when considering the diversity among animal species. 

One major hurdle that remains within the scientific community at large is their 

unwillingness to accept that animals are capable of experiencing affective states. Many 

are still hesitant to subscribe to such a notion (Blumberg and Wasserman, 1995; Bickle, 

2003; Proctor, 2012), perhaps because they fear that their research or ideas might be 

labelled as anthropomorphic or zoomorphic. This is quite likely exacerbated by the 

enduring influence of the philosophy of behaviourism from the last century, as pointed 

out by various authors (Dawkins, 1990; Broom, 1998; Panksepp, 2005; Brydges and 

Braithwaite, 2008). This idea not only hinders the advancement of animal welfare 

science, by disallowing the research of ‗non-objective‘ issues, it also leaves us in a state 

of contradiction, since without the existence of subjective feelings, the importance of 

animal welfare is difficult to justify (Dawkins, 1990). Various researchers have spoken 

openly about the difficulties of obtaining research funding for projects because of using 

words such as ‗animal emotions‘ in their project descriptions (see Panksepp, 2002), and 

I too experienced similar setbacks in obtaining funding throughout the course of 

conducting my research, which I believe were based on similar reasons. Panksepp 

(2005) partially attributes this difficulty to the neuro-behaviourist movement‘s control 

of funding within this area. Fundamentally, I consider this a manifestation of placing the 

ideal of logical positivism on a pedestal. Many scientists, perhaps because they were 

educated in a system based on this approach, are still unwilling to accept the prominent 

role philosophy plays in the scientific endeavour, and therefore continue to operate as if 
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the only questions worth asking are those that appear to be provable one way or the 

other (when in reality very few such questions truly exist). Unfortunately, to many, the 

issue of subjective feelings in animals does not fall within the ―provable‖ category. It is 

critical that those who believe there are alternative and worthwhile approaches to 

logical positivism have the fortitude to initiate frank, open and rigorous discussions so 

that we can consider other paradigms and such topics do not remain proverbial 

‗elephants in the room‘.  

There is much left to explore in this discipline, and it is my hope that further research 

will improve our knowledge of cognitive biases in zebrafish, fish as a taxonomic group 

and other animal groups that have not been accorded as much attention to their welfare 

as mammals. When we reflect on the vast numbers of non-mammalian animals used for 

scientific research, this seems to be an urgent priority for those of us who believe in 

delivering the best welfare possible for the animals we use in science. 
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Glossary 

 

Affect – Emotion. See Emotion.  

Animal welfare – An animal‘s quality of life or physical and physiological state of 

well-being. 

Anthropomorphism – The attribution of human characteristics to an animal (Proctor, 

2012). 

Attention bias – An affect-induced cognitive bias where individuals in a negative 

emotional state attend to negative stimuli more than individuals in a positive emotional 

state, and vice versa. 

Cognitive bias – A systematic deviation from the norm or rational cognitive processing. 

There are many causes of cognitive biases; however, for the purposes of this thesis, I am 

concerned only with affect-induced cognitive biases – that is, cognitive biases that 

originate due to differences in emotional state. 

Consciousness – A sense of awareness that some authors argue comprise multiple 

levels, from the ability to sense raw perceptual feelings to being able to have thoughts 

about thoughts, or metacognition. 

Emotion – A discrete response to internal or external events that are of significance to 

the individual, often comprising several components, including physiological, 

behavioural, cognitive and conscious subjective feelings components. Emotions can be 

classified as positive, negative or neutral. See Positive and Negative. 

Judgment bias – An affect-induced cognitive bias where individuals in a negative 

emotional state tend to interpret ambiguous situations more pessimistically compared to 

individuals in a positive emotional state, and vice versa. 

Negative – In the context of emotions, something is described as negative if it is 

something the animal does not desire and/or is willing to work to avoid (Rolls, 2006). In 

the context of animal training, see Negative reinforcement and Negative punishment. 

Negative punishment – In the context of animal training, negative punishment refers to 

removing something desirable in order to serve as a punishment. 

Negative reinforcement – In the context of animal training, negative reinforcement 

refers to removing something aversive or undesirable in order to serve as a reward. 
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Nociception – An unconscious physiological reaction to a noxious stimulus that may be 

triggered to prevent future or further injury. 

Optimistic – The tendency to predict more positive outcomes in ambiguous situations. 

Pain – A conscious subjective experience often associated with noxious stimuli. 

Pessimistic – The tendency to predict more negative outcomes in ambiguous situations. 

Positive – In the context of emotions, something is described as positive if it is 

something that the animal desires and/or is willing to work for (Rolls, 2006). In the 

context of animal training, see Positive reinforcement and Positive punishment. 

Positive punishment – In the context of animal training, positive punishment refers to 

applying something aversive or undesirable in order to serve as a punishment. 

Positive reinforcement – In the context of animal training, positive reinforcement 

refers to applying something desirable in order to serve as a reward. 

Sensitivity to reward shifts – An affect-induced cognitive bias where individuals in a 

negative affective state tend to be more affected by the loss of a reward and less 

affected by the gain of a reward compared to individuals in a positive affective state. 

Sentience – The ability to experience pleasurable states such as joy, and aversive states 

such as pain and fear (Broom, 2007), which are subjective in nature. 

Subjective feelings – The consciously experienced component of emotions, and may be 

pleasant, unpleasant or neutral.  
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