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ABSTRACT 
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The provision of environmental enrichments (EEs: resources that meet animals’ needs and 

preferences) tends to improve the welfare of captive animals. Zebrafish (Danio rerio) are a 

popular model organism typically housed in small, empty tanks; evidence suggests that EE 

improves their welfare, but which items are preferred has not been extensively investigated with 

sufficient power, nor have the welfare effects of long-term EE provision (i.e. > 6 months). I first 

determined zebrafish preferences for a suite of potential EEs, selected based on their ecological 

relevance. Tests revealed that zebrafish have transitive, ranked preferences for EEs as follows (in 

order of increasing preference): barren < grass < gravel < grass and gravel. To test the hypothesis 

that highly preferred EEs improve welfare, I differentially-reared zebrafish in barren tanks and 

tanks with grass and gravel for up to 24 months. First confirming that the provision of EE did not 

produce differences in rates of home-tank aggression (which may have represented a confound), 

I found that fish in enriched tanks have a lower risk of severe morbidity and longer lifespans than 

their counterparts raised in barren tanks, and are significantly quicker to learn the location of a 

food reward in a T-maze task likely to be sensitive to chronic stress effects on cognition. These 

findings support my hypothesis, but the interpretation of other measures I collected is less clear. 

Fish housed with EE appear more anxious than their barren-reared counterparts in the novel tank 

and light dark preference test, though this may be confounded by boredom or EE loss. Fish from 



 

 

 

 

barren tanks also grew significantly larger than fish from enriched tanks, though why remains 

unknown. Future work should prioritize assessing whether long-term EE provision promotes 

zebrafish resilience and behavioural flexibility, as well as testing zebrafish preferences and 

motivation for EE in more depth. Overall, my findings add to a growing body of literature 

suggesting that EE improves zebrafish welfare and should be provided where possible, since 

typical, barren laboratory housing conditions both are not preferred by zebrafish and compromise 

their survival and cognition.  
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1 Introduction  
An enormous number of fish are used globally by humans for a wide variety of purposes. 

For example, wild-capture fisheries and aquaculture are together producing fish at record-

breaking rates (e.g. FAO 2020, Naylor et al. 2021): in 2019, 127.6 million tonnes of fish were 

killed for human consumption (FAO 2021). Though the number of individuals produced is not 

tracked (but rather reported by weight), estimates from the previous year suggest that in 

aquaculture alone, the 55.84 million tonnes of vertebrate fish killed represents between 59-129 

billion individuals (Franks et al. 2021). It is estimated that the aquarium trade accounts for 

another 1 billion individuals, though this industry is not tightly regulated or tracked (Marranzino 

2018). And several species are gaining considerable popularity as model organisms for use in a 

variety of research disciplines (e.g. Lin et al. 2016, Spagnoli et al. 2016, Lescak & Milligan-

Myhre 2017), though the number of fish used in research worldwide remains unknown.  

Though fish have not been a priority for welfare researchers for nearly as long as 

terrestrial species (e.g. Walker et al. 2014, Saraiva et al. 2019, Freire et al. 2019), there has been 

a relative surge in fish welfare research over the past two decades (Kristiansen & Bracke 2020) 

that is possibly driven, at least in part, by increasing public concern. For example, Vox recently 

declared that fish are “the next frontier for animal welfare” (Torrella 2021), the Sunday Times 

suggests that we should “improve welfare for farmed fish — they have feelings too” (Webster 

2022), and government and non-profit organizations are placing increasing focus on fish welfare 

protection and assessment (e.g. HSI 2011; the Fish Welfare Initiative, founded in 2019; Segner et 

al. 2019; ACE 2020; NFACC & CAIA 2021).  

However, our scientific investigations of fish welfare lag multiple decades behind the 

same for many terrestrial species (Kristiansen & Bracke 2020) and the diversity of fish species 
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currently in use by humans is vast (e.g. ~277 known teleost species are currently used in 

aquaculture: Franks et al. 2021). Even in species where a relatively sizable body of welfare-

relevant literature exists (e.g. salmonids), major policy-hindering knowledge gaps still exist 

(Gaffney & Lavery 2022) and protections are only just catching up to fish use. For example, in 

Canada, the first set of guidelines specific to laboratory zebrafish (Danio rerio: one of the most 

widely used fish species in research, see below) were published in 2020 (CCAC 2020a), and the 

first Code of Practice for the Care and Handling of Farmed Salmonids was only recently 

published in 2021 (CAIA & NFACC 2021), despite the considerable size of the Canadian 

salmonid aquaculture industry (Canada is the fourth largest producer of salmon in the world 

[DFO 2017]). Thus, there is an urgent need for foundational, species-specific research that lays 

the groundwork for deeper understanding and evidence-based protections.  

This chapter will first introduce animal welfare, how it is measured, and key associated 

concepts. This is followed by a discussion of the ongoing debate around fish sentience and its 

implications for assessing fish welfare. Finally, I discuss the increasing use of zebrafish (Danio 

rerio) as a model organism for research and how conventional laboratory housing may be 

impacting their welfare.  

1.1 Animal welfare 

For many ethicists, sentience (i.e. the capacity for felt emotions, also known as “affective 

states”) is crucial for determining whether an animal is entitled to moral consideration (e.g. 

Rollin 1989; DeGrazia 1996; Singer 2011; Varner 2012). This moral consideration is generally 

manifest as concerns about safeguarding welfare. Though others have alternative definitions of 

animal welfare (e.g. with a tripartite focus on natural living, affective states, and biological 

functioning [e.g. Fraser 2009], or as the proper functioning of an animal’s “biological system” 
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[Arlinghaus et al. 2007]), the concept of welfare used throughout this thesis follows Duncan 

(1993, p. 8-9), who argues that “welfare is to do with what animals feel” because “sentience is a 

prerequisite for welfare”. This is often referred to as an “affective states” approach to welfare.  

Several frameworks exist for conceptualizing where harms to animal welfare might come 

from. For example, the Five Freedoms are used by a variety of organizations seeking to 

safeguard animal welfare. Though some have raised concerns about the use of the Five Freedoms 

to define how welfare should be assessed (cf. McCulloch et al. 2013, Mellor et al. 2016), they are 

useful for understanding what types of experiences might compromise welfare. The Five 

Freedoms are: 1) freedom from hunger and thirst, 2) freedom from discomfort, 3) freedom from 

pain, injury, or disease, 4) freedom to express normal behaviour, and 5) freedom from fear and 

distress (FAWC 1993). Thus, concerns about welfare are often about negative affective states 

like pain due to injury or poor health, fear due to real or perceived threats, suffering from hunger 

or thirst, frustration due to an impoverished environment that prevents expression of normal 

behaviours, etc. The concept of stress can involve many of these negative affective states. In this 

thesis, stress is defined as the non-specific response to “a real or perceived threat from internal or 

external adverse events (or stressors) to the homeostasis or well-being of an organism” (Nargund 

2015 p. 373, Fink 2016). Within this definition, herein “stress” is used to refer to psychological 

stress: “any uncomfortable ‘emotional experience’ accompanied by predictable biochemical, 

physiological and behavioural changes or responses” (Nargund 2015 p. 373). 

Since affective states are private, subjective experiences that are difficult to probe in the 

absence of self-report (e.g. Dawkins 1990, Mendl et al. 2010), they must be inferred through the 

use of welfare “indicators”. Such indicators can be validated in several ways (previously outlined 

and used by e.g. Mason & Mendl 1993, Mason & Veasey 2010, Walker et al. 2012), which each 
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have inherent assumptions. Using humans (who are capable of self-report) as a gold standard, we 

can investigate variables known to change with affective states in humans and look for these in 

animals (assuming that the correlates of affective states are similar across species, which is not 

always the case). We can also look for the causes of affective states in humans and apply them to 

animals, then assess which variables are affected (assuming the cause of a given affective state 

for humans also causes a similar state in animals). Similarly, assuming homology with humans in 

terms of physiology and pharmacological action, we can expose animals to pharmaceuticals 

known to influence human affective states (e.g. anti-depressants, anxiogenics, etc.) and assess 

how variables subsequently change. Under the assumption that affective states have an 

evolutionary function (i.e. they evolved to promote adaptive decision-making [e.g. Cabanac 

1992, Rolls 2014 p. 64-65]), we can assess how variables change when animals are exposed to 

stimuli they either approach or avoid (likely reflecting positive and negative affective states, 

respectively), or to factors that influence their evolutionary fitness. Some common welfare 

indicators and their rationales are summarized in Table 1-1. Where I use measures of welfare in 

this thesis, I have endeavoured to demonstrate their validity via evidence relevant to these 

approaches.
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Table 1-1. Summary of a selection of commonly used, species-generic welfare indicators and the rationale behind their use.

Indicator 
Relationship to 
negative affective 

states 
Validation Rationale Reference(s) 

Hypothalamic-pituitary-
adrenal/interrenal axis 
activation (measured via 
glucocorticoid levels) 

Increases 
*restricted to high-
arousal, acute 
affective states 

- Tends to increase in humans and animals exposed to short-term, known aversive 
experiences that elicit high arousal (e.g. painful stimuli, frightening situations, etc.) 
 

Reviewed by Broom 2017 

Sympathomedullary responses 
(e.g. heart rate, blood pressure, 
etc.)  

Increase 
*restricted to high-
arousal, acute 
affective states 

- Tends to increase in humans and animals exposed to short-term, known aversive 
experiences that elicit high arousal (e.g. reliving traumatic events, public speaking, 
painful procedures) 
 

e.g. Nishith et al. 2002, 
Westenberg et al. 2009, 
Stewart et al. 2009 

Startle response Depends on arousal, 
tends to increase 

- Humans in self-reported negative affective states tend to have greater startle 
responses (e.g. PTSD) 
- Tends to increase in magnitude when animals are exposed to known aversive 
experiences/stimuli 

e.g. Grillon et al. 2009 
 
e.g. Hattori et al. 2007 

Behaviours reflective of anxiety Increase - Tend to increase when animals are exposed to known aversive 
experiences/stimuli (e.g. unpredictable stressors) 
- Reduced by anxiolytics (e.g. fluoxetine) 

e.g. Bondi et al. 2008 
 
e.g. Dulawa et al. 2004 

Longevity (both measured and 
inferred from correlates: e.g. 
DNA damage) 

Decreases - Tends to decrease in humans who self-report negative affective states (e.g. 
depression, loneliness, stress) 
- Tends to decrease when humans and animals are exposed to known aversive 
experiences/stimuli (e.g. low socioeconomic status, isolation, self-reported 
negative affective states) 

Reviewed by Walker et al. 
2012 

Mortality/morbidity  Increases - Tends to increase in humans who self-report negative affective states (e.g. 
depression, loneliness, stress) 
- Tends to increase when humans and animals are exposed to known aversive 
experiences/stimuli (e.g. low socioeconomic status, isolation, persecution as a 
subordinate) 

Reviewed by Walker et al. 
2012 

Stereotypic behaviour Increases 
*though may 
represent a coping 
strategy 

- Tends to increase when animals are exposed to repeated, known aversive 
experiences/stimuli (e.g. repeated stressful research procedures, early maternal 
separation, housing in isolation) 
- Reduced by anxiolytics (e.g. fluoxetine) 

Reviewed by Mason & 
Latham 2004 
e.g. Lutz et al. 2003 
e.g. Korff et al. 2009, 
reviewed by Mason et al. 
2007 

Judgment bias (e.g. perception 
of an ambiguous stimulus as 
predicting punishment 
[pessimism] or reward 
[optimism]) 

Becomes 
“pessimistic”  

- Humans in self-reported negative affective states tend to exhibit pessimistic bias 
(e.g. depression) 
- Tends to become optimistic in humans exposed to known positively-valenced 
experiences 
- Animals exposed to known aversive experiences/stimuli tend to exhibit 
pessimistic bias (e.g. unpredictable stress, mouse tumour models) 

Reviewed by Lagisz et al. 
2020 
 
 
e.g. Harding et al. 2004, 
Resasco et al. 2021 
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1.1.1 Environmental enrichment 

For captive species, housing conditions can cause chronic stress and compromise welfare 

if they fail to satisfy animals’ physiological and behavioural needs and preferences. The focus of 

this thesis is an approach to mitigating this chronic stress: the provision of environmental 

enrichment (EE). EEs are resources added to captive environments that meet animals’ needs and 

preferences (e.g. Newberry 1995, Shepherdson 1998): in other species, particularly laboratory 

rodents, housing environments containing EE thus generally improve welfare. For example, 

relative to conventional, non-preferred housing, enriched environments improve stress-related 

disease outcomes and reduce overall mortality (Cait et al. 2022), as well as improving healing 

rates (Vitalo et al. 2009, Bice et al. 2017) in mice and rats, suggesting that morbidity is reduced 

by EE. It also reduces anxiety and abnormal stereotypic behaviours in mice (Hüttenrauch et al. 

2016, Gross et al. 2012), and induces optimistic judgment bias in rats (Richter et al. 2012). EE 

also improves resilience (i.e. the degree to which a subject is physiologically and affectively 

impacted by and able to recover from stressors: Ross et al. 2020): it reduces hypothalamic-

pituitary-adrenal (HPA) axis and autonomic responses to acute stressors (e.g. Moncek et al. 

2004, Fox et al. 2006) and can accelerate rodents’ return to physiological baselines post-stressor 

(e.g. Sharp et al. 2005, Meijer et al. 2006), as well as decreasing startle response magnitudes (e.g. 

Hattori et al. 2007, Zubedat et al. 2015). And these effects are not confined to rodents, for 

example: laying hens housed in environments containing their preferred resources also show 

decreased startle response magnitudes and autonomic responses to acute stress compared with 

hens housed in non-preferred environments (Ross et al. 2020); mink housed in cages containing 

features and items they value show lower levels of stereotypy relative to those housed in empty 

cages (Meagher & Mason 2012, Meagher et al. 2014, Polanco et al. 2018); and pigs housed in 
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pens with preferred items exhibit optimistic judgment bias relative to those in empty, non-

preferred pens (Douglas et al. 2012).  

1.2 Do fish have welfare?  

As discussed above, sentience is a prerequisite for welfare, as it has been defined in this 

thesis. Our understanding of sentience and its correlates comes mainly from research on humans 

since, as discussed above, affective states are difficult to assess when subjects cannot self-report 

(e.g. Dawkins 1990, Mendl et al. 2010). Thus, inferring whether non-human animals are sentient 

typically occurs in one of two forms (Mason & Lavery 2022): determining whether they possess 

the neurological structures required for sentience in humans (determination of which is still 

ongoing), or whether they exhibit behavioural and cognitive responses that are consistent with 

sentience in humans. The former is typically used for species with nervous systems similar to 

humans, while the latter is more useful when investigating species whose nervous systems lack 

such homology (Mason & Lavery 2022). Our understanding of sentience is also complicated by 

the fact that it likely exists in degrees, rather than being either present or absent (cf. e.g. Allen & 

Trestman 2020, Mason & Lavery 2022). This has impacted our ability to determine both the 

taxonomic boundaries of sentience, but also the developmental boundaries: for example, at what 

lifestage does an animal reach a degree of sentience sufficient for welfare consideration? 

In teleost fish, determination of brain regions that have functions analogous to regions of 

interest in other vertebrates (e.g. the hippocampus, amygdala, etc.) has been difficult, since early 

development of the forebrain (telencephalon) occurs via eversion rather than evagination (as in 

most other vertebrate groups, including humans). Eversion places cell masses that are 

homologous between species in early development in vastly different topographical locations by 

the time the brain has developed, preventing easy comparison between the neural anatomy of 
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fish and other vertebrates (Nieuwenhuys 2009). For those interested in whether fish are capable 

of sentience, this lack of homology has presented considerable challenges, especially for those 

attempting to argue that fish are not sentient because they lack the neurological structures 

required for sentience in humans (typically a multi-layered neocortex: e.g. Rose et al. 2014, Key 

2016, Key & Brown 2020). However, challenges exist in determining whether fish exhibit 

behavioural and cognitive responses consistent with sentience, too. This approach relies on the 

assessment of affective responses in non-human animals that humans can only make when they 

are aware, and the search for these responses is ongoing (Mason & Lavery 2022). At present, 

much of the evidence provided by researchers arguing that fish are sentient is as consistent with a 

lack of awareness as it is with sentience (e.g. unlearned avoidance, Pavlovian conditioning, etc.: 

reviewed by Mason & Lavery 2022), and relies on superficially compelling responses that appear 

to reflect affective experience but can actually be performed unconsciously (Mason & Lavery 

2022). Thus, the evidence presented in support of or against fish sentience has been 

unconvincing so far and, despite a highly polarized minority who defend their strongly-held 

positions on fish sentience, much of the scientific community remains agnostic. For example, 

83% of the 43 responses to Key’s (2016) commentary on fish pain in Animal Sentience do not 

express a firm opinion on whether or not fish are capable of sentience/can feel pain (Mason & 

Lavery 2022). But if, in the eyes of most, the question of whether fish are or are not sentient 

remains unresolved, why then should we consider their welfare?  

As Birch et al. (2021 p. 15) sum up, “it is sometimes necessary to act on the basis of 

evidence that does not deliver complete certainty”. In cases where scientific evidence to support 

a given policy or stance is uncertain or incomplete, the precautionary principle is often employed 

(e.g. Sandin et al. 2002). This is an approach used to reduce risk: in the case of fish sentience, 
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those considering a precautionary approach are typically weighing the potential economic risks 

(e.g. to industry, research, consumers, etc.) of mistakenly assuming fish are sentient, against the 

ethical risks (e.g. potentially needless suffering) of mistakenly assuming fish are not sentient 

(Mason & Lavery 2022, Moccia et al. 2020). Though there is some debate about how the ethical 

calculation should be done (e.g. Browman et al. 2019), for many (including myself), the 

possibility of significant animal suffering outweighs other concerns (Braithwaite & Huntingford 

2004, Knutsson & Munthe 2017, Brown 2017, Moccia et al. 2020, Mason & Lavery 2022).  

Many who take a precautionary approach to animal sentience and welfare are swayed by 

the magnitude of the ethical risk they are considering: in other words, the number of animals 

who would suffer if we mistakenly treated them as though they are not sentient (e.g. Birch 2017, 

Moccia et al. 2020). As mentioned previously, huge numbers of fish are used by humans 

worldwide. Furthermore, depending on how they are used, these fish can be subjected to 

practices that, if they are sentient, would cause significant suffering. For example, wild-capture 

fisheries can cause significant bodily injuries to fish such as cuts, abrasions, and puncture 

wounds; crushing; swallowed hooks and foul hooking causing mouth injuries; and barotrauma-

induced stomach eversion, ruptured swim bladders, and exophthalmia (bulging eyes that can 

result in separation of the eye from its socket: e.g. Breen et al. 2020, Veldhuizen et al. 2018). In 

Canadian research, fish are consistently among the top three types of animals used since 2011 

(CCAC 2022) and, in 2020, they represented 78.4% of the animals subjected E-level procedures 

(CCAC 2020b): those classified by the Canadian Council on Animal Care as causing “severe 

pain near, at, or above the pain tolerance threshold of unanesthetized conscious animals” (CCAC 

1991 p. 2). Thus, given the uncertainty around fish sentience and the potential significant ethical 

consequences of a mistaken assumption of insentience, throughout this thesis I take a 
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precautionary approach. I assume that fish of all lifestages are sentient, capable of experiencing 

conscious affective states, and therefore have welfare that is worth considering and studying. 

Though this assumption can and should be intellectually interrogated (as discussed in Chapter 

7), I believe it to be reasonable within the context of our current understanding.  

1.3 Zebrafish use in research 

The focal species of this thesis is the zebrafish: a small, freshwater cyprinid native to the 

Ganges and Brahmaputra river basins in north-eastern Indian, Nepal, Bagladesh, and Myanmar 

(Laale 1977, Engeszer et al. 2007, Arunachalam et al. 2013). In the wild, zebrafish occupy 

predominantly slow-flowing streams or shallow floodplains characterized by ephemeral, 

monsoon-dependent streams that connect oxbow lakes, man-made lakes, and rice cultivation 

patties (Spence et al. 2008) that tend to be unshaded and clear to a depth of ~30 cm, with plenty 

of aquatic vegetation and silty or pebble substrates (McClure et al. 2006, Spence et al. 2008, 

Engeszer et al. 2007, Arunachalam et al. 2013). Zebrafish appear to occupy the whole shallow 

water column in which they reside and are found in open water and vegetated areas in equal 

proportions (Spence et al. 2008). There are few field-based descriptions of their natural life 

history, though Engeszer et al. (2007) suggest that adults occupy shallow, shaded, vegetated 

areas in secondary streams until monsoon season, when they move into silty-bottomed, slow-

moving floodplains to spawn. Larvae and juveniles remain in floodplains for the monsoon 

season, then move back into shallow, vegetated streams once the seasonal waters begin to 

recede.  

Zebrafish were first used in research by George Streisinger in the late 1960s for 

embryonic development and genetic work and their usefulness as a model organism (e.g. due to a 

small housing footprint, rapid generation times, and husbandry that has been assumed to be 
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relatively simple) was quickly recognized (Grunwald & Eisen 2002). Since then, their genome 

has been sequenced, over 44 000 inbred and transgenic lines have been developed (ZIRC 2022), 

and the number of scientific publications using zebrafish has skyrocketed (Figure 1-1). As for 

many fish species used by humans (discussed above), it is impossible to determine the total 

number of zebrafish used in research each year (partly due to differences in international 

regulations tracking zebrafish use and partly because, in many countries including Canada, 

larvae < 5 days post fertilization are not considered sentient and thus are not protected or 

tracked). However, in 2013, Kinth et al. (2013) estimated that there were currently > 3250 

zebrafish research facilities in operation and, in 2017, Lidster et al. (2017) estimated that at least 

five million individual fish were used annually worldwide. Now, > 1522 facilities exist in North 

America (ZFIN 2022) and in Canada alone, an average of 168 576 zebrafish were used annually 

between 2014 and 2020 for research at publicly funded universities (CCAC 2022). Assuming 

that zebrafish are sentient, this sizable number of fish is used in a variety of research, some of 

which likely compromises their welfare. For example, zebrafish are widely used in 

pharmacological screening (Meyers 2018) and, because of their ability to regenerate tissue, they 

are used in studies of injuries (e.g. amputation via fin-clip: Ali & Jensen 2015), both of which are 

considered C-level procedures (CCAC 1991 p. 1: “experiments which cause minor stress or pain 

of short duration”). They are also used to model human diseases, including depression. Zebrafish 

models of depression are usually induced via the application of repeated unpredictable stressors 

(including inescapable electric shock, chasing with a net, social isolation, water level drops that 

expose the body wall, crowding, handling with emersion in air, temperature shock, restraint, etc.: 

reviewed by de Abreu et al. 2018), which represents a D-level procedure (CCAC 1991 p. 2: 

“experiments which cause moderate to severe distress or discomfort “). And as both larvae and 
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adults, zebrafish are used in ecotoxicology to determine the consequences of exposure to 

pollutants (e.g. arsenic [Hallauer et al. 2016], lead [Lee & Freeman 2014], insecticides [Hawkey 

et al. 2021]), which is considered an E-level procedure (CCAC 1991).  

 

Figure 1-1. Number of scientific publications per year referring to “zebrafish” that are currently 
available via PubMed. (Data available: https://pubmed.ncbi.nlm.nih.gov/?term=zebrafish) 

Zebrafish used in research are typically housed in small, empty, transparent tanks 

(Graham et al. 2018, Figure 1-2). Evidence suggests that, despite generations of rearing in a 

laboratory environment, zebrafish have retained innate preferences for environmental features 

that mimic their natural habitat (e.g. they generally prefer plants and substrate over an empty 

tank: Kistler et al. 2011, Schroeder et al. 2014, DePasquale et al. 2019, and Tan et al. 2020). 

Thus, it is possible that conventional laboratory housing represents a non-preferred (or even 

possibly aversive) environment, in that it does not satisfy such preferences and may therefore 

cause zebrafish stress and/or exacerbate the impact of stressful research procedures they are 

likely to be subjected to, via a decrease in resilience. Studies providing zebrafish with at least 
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some of the resources that preliminary work suggests they prefer (Table 1-2) indicate that EE 

may improve welfare relative to conventional laboratory housing, similar to the examples in 

rodents and other species reviewed earlier. Lee et al. (2019) found that gravel and artificial plants 

produced improved larval survivorship as well as decreasing anxiety. Anxiety also decreased for 

zebrafish housed with artificial plants, sand and an artificial rock formation or plants with gravel, 

a shelter, and a novel object that was changed weekly (Manuel et al. 2015, DePasquale et al. 

2016). A combination of gravel, artificial plants, and a decorative archway improved fishes’ 

resilience to an unpredictable chronic stress protocol, with fish housed in enriched conditions 

exhibiting lower levels of anxiety and whole-body cortisol than their barren-housed counterparts 

during and after seven days of unpredictable stress (Marcon et al. 2018a). Giacomini et al. (2016) 

found that the combination of real plants, gravel, sand, and small shelters produced fish with a 

blunted cortisol response to acute stress (being chased by a net), which was remarkably similar to 

the response of fish from barren conditions who were treated with the anti-depressant drug 

fluoxetine, indicating that EE may improve resilience via anxiolytic effects. Further, results from 

Collymore et al. (2015) suggest that the provision of EE may even offer this shoaling fish some 

protection against the stress of isolation; single-housed fish who were given an artificial plant 

exhibited reduced anxiety relative to isolated fish held in empty tanks.  
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Figure 1-2. A) Photo of a conventional zebrafish housing system: here, a series of ZebTEC racks 
available from Tecniplast. B) Photo of zebrafish living in a conventional empty, transparent tank. 

Though the reviewed evidence suggests that EE might confer welfare benefits, some 

studies are limited by the fact that only a few investigations of what resources zebrafish actually 

prefer have been conducted. And many of those investigations that do exist (Kistler et al. 2011, 

Schroeder et al. 2014, DePasquale et al. 2019, Jones et al. 2019, and Tan et al. 2020) are limited 

by small sample sizes and sparse sampling regimes, and generally test preferences for only one 

or two potential EEs. Only one study (Schroeder et al 2014) has tested multiple different types of 

potential EE systematically against empty tank conditions and other potential EE items. 

Furthermore, in studies of EE’s effects, the amount of time that EE is provided to zebrafish 

varies from 7 days to 6 months (mean: ~ 8 weeks), with only one study providing EE for 12-24 
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months (Manuel et al. 2015). The age at which EE is provided in these studies also varies from 5 

days post fertilization to adulthood (age unspecified). Zebrafish live for an average of 3.5 years 

(HAGRID: 03544 [Tacutu et al. 2018]) and are typically used in research until they are 1.5-2 

years old (CCAC 2020a). Thus, the majority of the studies attempting to determine the welfare 

benefits of EE do not provide it for lengths of time that would mimic how it might be applied in 

a laboratory setting (i.e. for as long as zebrafish are typically used in research: 18-24 months). 

There is some evidence that the duration for which EE is provided can change its effects on 

behaviour (and possibly welfare): for example in laboratory rodents, levels of anxiety change 

with different durations of EE provision (though not in consistent ways: Mesa-Gresa et al. 2021) 

and generally decrease with long-term EE provision (Leal-Galicia et al. 2008); and for zebrafish, 

some evidence exists that even the difference between 7 and 14 days of EE exposure can change 

locomotor activity in a novel environment (Dos Santos et al. 2020). Though this evidence is 

preliminary at best, it remains true that our understanding of whether the reported welfare effects 

of relatively short-term EE provision generalize across longer periods of time (i.e. over the 

course of a zebrafishes’ lifetime in the laboratory) is limited at present.   
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Table 1-2. Summary of publications investigating the effects of physical EE provision on adult 
zebrafish (list adapted from Stevens et al. 2021). Previous work to establish zebrafish 
environmental preferences was used to assess whether the items provided as EE were known to 
be preferred relative to barren conditions (Kistler et al. 2011, Schroeder et al. 2014, DePasquale 
et al. 2019, Jones et al. 2019, and Tan et al. 2020). Items that were provided but are not known to 
be preferred by zebrafish are indicated in italics. 

Reference Putative EE provided Preferred to barren 
conditions? 

Basquill & Grant 1998 Strips of plastic bag ? 

Bhat et al. 2018 Submerged plastic plants ü 
Carfagnini et al. 2009 Gravel, plastic plants ü 
Collymore et al. 2015 One plastic plant ü 

DePasquale et al. 2016 Plastic plants, plastic shelter, gravel, novel object that 
was changed weekly ü/ ? 

Dos Santos et al. 2020 Stones, plastic plants ü/ ? 

Estes et al. 2021 Plastic plants ü 

Giacomini et al. 2016 Sand and gravel, caps for refuge, natural plants ü/ ? 
Keck et al. 2015 Floating plastic plant ü 
Lee et al. 2019 Gravel, real plants ü 

Manuel et al. 2015 Sand, plants, artificial rock formation ü/ ? 

Marcon et al. 2018a Gravel, plastic “ruin”, submerged plastic plants ü/ ? 

Marcon et al. 2018b Gravel, plastic “ruin”, submerged plastic plants ü/ ? 
Roy & Bhat 2016 Plastic plants ü 
Spence et al. 2011 Plastic plants ü 
von Krogh et al. 2010 Gravel, plastic plants ü 
Wafer et al. 2016 Plastic grass or leaves ü/ ? 

Weber et al. 2013 Partial wall for refuge ? 

Wilkes et al. 2012 Groups of opaque black glass rods  ? 

Woodward et al. 2019 One plastic plant, flower pot, blue seascape on tank 
walls ü/ ? 

Enrichment runner 
(Tecniplast) Photo of gravel ü 

Z-Park tanks (Tecniplast) Photo of gravel, sloped plastic ramp ü/ ? 
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1.4 Thesis outline 

 With the overall goal of investigating the effects of long-term, highly preferred EE 

provision on laboratory zebrafish, this thesis is presented in two main parts: the establishment of 

zebrafish preferences for EE, and subsequent differential rearing of zebrafish in highly preferred 

and non-preferred housing conditions.  

 Chapter 2 builds on previous work investigating zebrafish preferences for EE but, in 

contrast to previous work, it does so using large sample sizes sampled at higher temporal 

resolutions, with acclimation periods of at least three days. A broad suite of seven putative EEs 

and their combinations, derived both from the results of these previous studies and a review of 

the natural ecology of zebrafish, were tested both against empty tank conditions and in various 

comparisons in two experiments. Experiment 1 explored zebrafishes’ relative preferences for 

known or potential EEs, while Experiment 2 tested the hypothesis that zebrafish have stable EE 

preferences (i.e. transitive and replicable from Experiment 1). The EE preferences established in 

Chapter 2 form the basis for the experiments presented in subsequent chapters, in that cohorts of 

zebrafish were differentially reared in the least (barren) and most preferred (plastic grass and 

gravel) environments and then compared.  

The objective of Chapter 3 is to determine whether home-tank aggression represents an 

experimental confound or not for subsequent chapters (similar to Ross 2018). It thus uses 

observations of home-tank aggression behaviours and measures of body size variation from 

differentially-reared fish to test two competing hypotheses: A) that the provision of highly 

preferred EE increases aggression and/or dominance hierarchy strength within shoals relative to 

those reared in barren housing (possibly by exacerbating resource guarding/territory defence 

behaviour) and B) that barren housing increases aggression and/or dominance hierarchy strength 
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within shoals relative to those reared with highly preferred EE (possibly because subordinates 

are less able to hide from persecution by dominant fish).  

 Chapters 4 and 5 test the hypothesis that the long-term provision of highly preferred EE 

reduces the stress-related negative affect that zebrafish experience in barren housing. In Chapter 

4, behavioural observations of differentially-reared zebrafish anxiety (i.e. bottom- and dark-

dwelling) in the novel tank and light-dark preference tests are used to test this hypothesis. In 

Chapter 5, zebrafish survival and growth over the course of differential rearing are reported, 

along with the suspected causes of severe morbidity observed. Both Chapters 4 and 5 also 

discuss the limitations of some of the measures I used, including the potential effects of boredom 

(e.g. Meagher & Mason 2012) and EE loss (e.g. Latham & Mason 2010, Smith et al. 2017) in 

tests of anxiety, and conflicting reported patterns of growth under chronic stress in various fish 

species. Chapter 6 investigates whether highly-preferred EE enhances cognitive abilities, since 

improved cognition is often observed in other species when stress is reduced.  

Finally, Chapter 7 is a synthesis and discussion of the thesis as a whole: it presents 

additional hypotheses I plan to test in the near future, discusses methodological considerations 

derived from insights on the work presented herein, and suggests longer-term directions for 

future research.  
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2 Zebrafish (Danio rerio) show transitive, ranked preferences for 
different environmental enrichments 

2.1 Introduction 

As discussed in Chapter 1, preferred resources and environments can often confer 

welfare benefits. However, only a few existing studies have examined laboratory zebrafish 

preferences for potential EEs (summarized in Table 2-1). Kistler et al. (2011) first asked whether 

zebrafish showed a preference for structured environments, demonstrating that they prefer a 

compartment containing plastic plants and clay pots over an empty one. This was echoed by Tan 

et al. (2020), who found that, over the course of one day, individually-housed zebrafish were 

more often found in a compartment containing plastic plants and PVC pipes, compared with an 

empty one. In contrast, Jones et al. (2019) tested zebrafish preference for artificial plants and 

overhead shade, finding no preference for either option when compared to empty tank conditions 

and no preference when the options were compared to each other. DePasquale et al. (2019) tested 

zebrafish preferences for physical EE (a combination of plastic plants and sand) and increased 

water flow (i.e. the opportunity for exercise). They found that, when given the choice between 

four compartments - empty, EE, increased water flow, and both flow and EE - laboratory 

zebrafish chose the compartment with both flow and EE, but avoided compartments that only 

had increased flow or were empty, spending more time in a neutral central arena instead 

(DePasquale et al. 2019). In a more detailed assessment of zebrafish EE preferences, Schroeder 

et al. (2014) found that both gravel and images of gravel elicited strong preferences from 

zebrafish when compared to empty tanks and other enriched options, but that sand was only 

preferred when compared to barren conditions. They also found that plants were generally 

preferred to empty tanks by groups of zebrafish (but that pair-housed fish were indifferent to 

plants) and that male zebrafish preferred floating plants to submerged ones (Schroeder et al. 
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2014). When they tested preferences for combinations of plants and gravel or sand, they found 

that plants, regardless of type, were preferred in combination with gravel rather than sand by 

groups of zebrafish and pair-housed males (Schroeder et al. 2014). Interestingly, there have not 

yet been systematic studies of zebrafish preference for tank wall colour or imagery, other than 

studies of wall colour in the short-term, light-dark preference test paradigm (e.g. Araujo et al. 

2012, Blaser & Peñalosa 2011), which generally indicate that black walls are likely preferred 

over white or gray in the absence of other types of EE. Lastly, some studies have shown that 

zebrafish prefer views of active shoals through tank walls, although these usually assess the 

preference of an individually-housed fish without any other types of EE present for short periods 

of time (e.g. Barba-Escobedo & Gould 2012, Ruhl et al. 2009, Pritchard et al. 2001). 

Though the existing studies of zebrafish EE preferences provide useful preliminary 

information, some are limited by small sample sizes (e.g. n=4 groups of 6-9 fish [Kistler et al. 

2011] and n=5 groups of 8 fish and 6 pairs [Schroeder et al. 2014]). Others had limited sampling 

regimes (e.g. Kistler et al. 2011, Schroeder et al. 2014, Jones et al. 2019, Tan et al. 2020). For 

example, Kistler et al. (2011) only recorded fish position in the test tank four times per day 

between 10:00 and 17:00 (lights on at 8:00), while Schroeder et al. (2014) only observed fish for 

two 5-10 minute sessions per day between 10:00 ± 2 hours and 17:00 ± 2 hours (unknown light 

regime). Both of these study designs may therefore have missed differences in EE preference 

associated with differences in activity throughout the day; for example, spawning usually 

happens for a short period after the onset of light (Nasiadka & Clark 2012) and zebrafish have 

shown preferences for spawning sites with gravel and vegetation over barren or silty ones 

(Spence et al. 2007). Jones et al. (2019) also observed fish location for only three hours in a 

novel testing tank, so their results may reflect exploratory behaviour that is more related to stress 
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response style (e.g. proactive/reactive) than preference (e.g. Baker et al. 2018); in contrast, fish 

in the other four studies were allowed at least 48 hours to acclimate to tanks containing test EEs 

and lived in those tanks for the entire study period. I aimed to build on these studies, primarily to 

suggest new directions for laboratory tank design, but also to pave the way for future research on 

the effects of preferred EEs on zebrafish. The present work thus re-examined zebrafish 

preferences for a broad suite of seven putative EEs and their combinations, derived both from the 

results of these previous studies and a review of the natural ecology of zebrafish, in two 

experiments. The specific objectives, hypotheses, and predictions, as well as the methods and 

results of these two experiments will be introduced individually below, with a combined 

discussion following.
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Table 2-1. Summary of current literature assessing adult zebrafish preferences for a variety of environmental enrichments (EEs). 
Important methodological considerations have been noted at the bottom of the table. 

 

 

EE Reference Strain Preference results 

In
di
vi
du
al
 E
Es
 

 i) Sand A AB Sand preferred over empty conditions (but see II).   
 ii) Gravel A AB Gravel strongly preferred over empty conditions and over other EE options.   
 iii) Image of gravel A AB Images of gravel strongly preferred over empty conditions.  
 iv) Floating plants A AB Artificial plants preferred over empty conditions (unless in pairs rather than groups); males 

preferred floating plants to submerged ones.  
 v) Submerged plants A 

 
 
B 

AB 
 
 
AB 

Artificial plants preferred over empty conditions (unless in pairs rather than groups); males 
preferred floating plants to submerged ones.  
 
Not preferred over empty conditions.  

 vi) Overhead shade B AB Not preferred over empty conditions.  
 vii) Increased flow C pet store Flow avoided over still-water areas.   

     

Co
m
bi
na
tio
ns
  I) Plants, substrate, and increased flow C pet store Artificial plants (submerged), substrate + flow preferred over empty + flow.   

 II) Plants and substrate (gravel/sand) A 
 

C 

AB 
 

pet store 

Artificial plants (submerged or floating) + gravel preferred over artificial plants (submerged 
or floating) + sand.  
Artificial plants (submerged) + sand not preferred over empty conditions unless paired with 
increased flow.   

 III) Plants and clay pots D multiple Artificial submerged plants and clay pots preferred over empty conditions.  

  IV) Plants and PVC pipes E TU Artificial submerged plants and sections of PVC pipe preferred over empty conditions. 

  References and methodological notes:   

 

 A: Schroeder et al. 2014  Small sample sizes: n = 5 groups and n = 6 pairs.  
Only observed fish for two 5-10 minute session per day between 10:00 ± 2 hrs and 17:00 ± 2 
hrs.  

  B: Jones et al. 2019  Only observed fish for 3 hrs in a novel tanks, with no reported acclimation period.  

 

 C: DePasquale et al. 2019  Conducted preference tests in a 4-chambered tank (empty, flow, EE, flow+EE), allowing fish 
to move freely between 4 options.  
Large sample size: n = 18 groups.  

 

 D: Kistler et al. 2011  Small sample size: max n = 4 groups, because multiple strains used: TU & WIK mixed (4), 
AB (1), albino (1), pet store (1). 
Only recorded fish position four times per day between 10:00 and 17:00.  

 

 E: Tan et al. 2020  Small sample size, n=10 individual zebrafish. 
Only recorded fish position over one day.  
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2.2 Experiment 1: Preference testing 

Considering the limitations of existing studies of zebrafish preference for EE reviewed 

above, Experiment 1 re-examined zebrafish preferences for a suite of putative EEs using large 

sample sizes (i.e. n = 10-20 groups of ~10 fish each) sampled at higher temporal resolutions (i.e. 

more observation periods per test day), following acclimation periods of at least three days. 

Further, how zebrafish rank EEs (in terms of preference) cannot be determined from previous 

work, because different EEs were used between studies and the short duration of previous tests 

did not allow evaluation of the stability of the preferences over time or across different types of 

EEs. Deepening our understanding of how zebrafish perceive EEs relative to one another is an 

important step towards determining the welfare implications of EE. Experiment 1 thus aimed to: 

1) determine zebrafish preferences for different types and combinations of potential EEs, and 2) 

rank these preferences from lowest to highest.  

2.2.1 Methods 

2.2.1.1 Animals 

Zebrafish of the Tübingen (TU) strain, a wild-type strain commonly used in research, 

were bred and reared in mixed-sex groups in lab-typical, EE-free 2.8 L empty polycarbonate 

tanks on a 12h:12h light:dark regime at St. Michael’s Hospital’s Zebrafish Centre for Advanced 

Drug Discovery (Toronto, Canada). Sentinel fish from the colony tested negative for common 

pathogens (assessed via PCR by IDEXX BioResearch) such as Pseudoloma neurophilia (Kent & 

Bishop-Stewart 2003) and Edwardsiella ictaluri (Hawke et al. 2014). A total of 240 six-month-

old fish (mean wet weight: 0.58 ± 0.012 g, mean fork length: 2.97 ± 0.019 cm) were transported 

to the experimental system at the University of Guelph’s Hagen Aqualab research facility two 

weeks prior to the beginning of Experiment 1. Fish were considered acclimated to the system 
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when mortality due to transport stress ceased and behaviour normalized (as observed and 

determined by a zebrafish husbandry expert at the facility). The study was conducted with 

approval from the University of Guelph Animal Care Committee (AUP #4017). 

2.2.1.2 Choice of potential enrichments 

The potential EEs chosen for testing (black and naturalistic tank walls, flat and sloped 

gravel, overhanging and grass plants, and a view of conspecifics in a neighbouring tank), and 

their rationales, are shown in Table 2-2. Combinations were also selected to examine whether 

sets of preferred items had additive effects, which also facilitated examination of whether results 

from comparisons with otherwise empty tanks, at the beginning of the study, could be replicated 

when tanks were more complex (e.g. see Table 2-3, Tests A and M).  

The order and nature of the tests (Table 2-3) was influenced by fish preference: if an EE 

was preferred, fish were not deprived of that EE for the remainder of the preference tests (e.g. 

once exposed to gravel and shown to prefer it, fish always had gravel on at least one side of their 

tanks). This was to minimize any negative welfare consequences of removing preferred EEs 

from the environment, which can be worse than never experiencing the EE in the first place (e.g. 

Latham & Mason 2010, Smith et al. 2017). Therefore, some choices could not be tested in this 

first experiment, since they would have involved removing a preferred EE. Fish were thus 

successively exposed to seven types of putative EEs (henceforth just ‘EEs’ for brevity) in 

varying combinations and numbers over the course of 13 preference tests. The set-up was closed 

economy, with stable round-the-clock preferences being assessed (see below; cf. Mason et al. 

1998). This whole process took five months. 
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2.2.1.3 Experimental setup and data collection during preference tests  

 Fish were housed on a 12h:12h light-dark regime in 20 rectangular five-gallon (18.9 L) 

glass tanks in mixed-sex groups (in ratios of ~2 males to 3 females) of 10-12 randomly selected 

individuals (this number varying due to some mortalities over the course of the study). This 

group size was chosen to mimic naturalistic groups (Pritchard et al. 2001, Suriyampola et al. 

2015), and both the group size and tank dimensions also facilitated easy and accurate observation 

via video-recording. Sexes were housed together to mimic natural shoal composition and limit 

the chance of females becoming eggbound (Spence et al. 2008). Tanks operated on a flow-

through system at 26.8 ± 0.16°C (maximum: 28.7°C, minimum: 23.2°C) and were supplied with 

a bubbler that maintained dissolved oxygen levels between 6-10 mg/L. Tank water was tested 

weekly for ammonia, nitrite, and nitrate levels which were consistently 0 ppm, 0 ppm, and 

between 0-5 ppm, respectively. Fish were fed daily with previously frozen Artemia spp. 

(Hikari® Bio-Pure Brine Shrimp) ad libitum within five minutes or to satiety (whichever came 

first). Fish health status was determined via daily visual observations, and any diseased fish were 

euthanized via rapid cooling (Wilson et al. 2009, Matthews & Varga 2012, Köhler et al. 2017). 

Tanks were screened from one another to ensure that neighbouring groups were independent 

(e.g. to prevent conspecific attraction between groups). The sides and bottoms of each tank were 

grey (except when wall treatment EEs were being tested), which was assumed to be neutral in 

terms of preference/avoidance (Blaser & Peñalosa 2011).   

EEs were tested in the order shown in Table 2-3. Each EE was installed on one half of 

each of 10 tanks (Figure 2-1) in a counterbalanced manner to ensure that installation location 

was not a confound. Both the water input and bubbler were placed at the centre, such that they 

could not influence which side of the tank was preferred (Figure 2-1). A video camera was 



 

 

 

26 

mounted directly above each tank, and a white piece of tape was installed over the top of the 

middle of each tank to visually divide it in half. Recordings were made during full light, from 

7:30 to 18:30 EST, except for two morning hours (from 9:30 to 11:30 EST) during feeding and 

health checks. Preferences were inferred from percent occupancy on the side of each tank 

containing that EE (described below). If a fish partially entered a side of the tank (i.e. their 

bodies were visually obstructed by the white dividing line), they were counted as being on the 

side where their head was. To reduce the number of animals used in the experiments, 20 replicate 

groups of fish were run through repeated preference tests. 

Data collection involved 3-4 stages per EE (summarized in Figure 2-2). First, to 

determine the sampling interval that best optimized both efficiency and accuracy for each EE, 

after three days of acclimatization, behavioural data from all tanks with that EE were collected 

from the videos on the fourth day after installation. These data collected the highest feasible 

temporal resolution (i.e. five-minute intervals, thus 108 samples per tank per day). Percent 

occupancy values obtained from this ‘gold standard’ scanning regime (i.e. 5-minute intervals) 

were then compared with percent occupancy values calculated for the same 10 tanks from 

subsets of the same data taken at 10, 15, 30, and 60-minute intervals (see Daigle & Siegford 

2014 for a similar method), using linear regression (R Core Team 2018) to identify the optimal 

(i.e. longest, most time efficient) sampling interval producing an R2 value of > 0.8. This 

sampling interval was then used to collect percent occupancy for another 2-10 days. Since initial 

preferences can be affected by familiarity or novelty (cf. Mason et al. 1998, Fraser & Nicol 

2018), final percent occupancy values were not calculated until stable preferences had emerged 

over the 10 tanks, which was assessed using Lin’s Concordance Correlation Coefficient (CCC: 

Lin 1989; calculated with the epiR package in R: Stevenson et al. 2018). Video data were 
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processed daily, and when two consecutive days of percent occupancy data were sufficiently 

concordant (i.e. Lin’s CCC ≥ 0.4, similar to Altman’s [1991] interpretation of Cohen’s kappa, 

where > 0.4 is considered “moderate to very good” agreement), fish were deemed to have stable 

preferences. Data from these two concordant days were then used to calculate final percent 

occupancy values. Thus, final calculated preference values could come from Days 4 and 5 after 

installation at the earliest, Days 13 and 14 at the latest, or any time in between depending on 

when fish behaviour in the 10 tanks stabilized (see Table 2-3). If percent occupancy values 

showed just a trend to significance (thus neither clearly accepting or rejecting the hypothesis that 

percent occupancy was at chance levels), then a fourth stage was added: the second set of 10 

tanks was now presented with this same EE, preference was tested as above, and these new data 

were pooled with those from the first 10 tanks. (Note that this was not possible for one treatment 

- “view of conspecifics” - because this used all 20 tanks from Day 1, analyzed as 10 units each 

comprising two visually connected tanks). The order in which EEs and their combinations were 

tested, the numbers of days to reach preference stability each time, and the numbers of tanks (10 

or 20) used to generate the final preference data are shown in Table 2-3.  

2.2.1.4 Additional data recorded from videos 

Chasing and spawning behaviours were noted for the two stable days of videos used to 

assess final preference. The number and location of chases were noted whenever they occurred 

while percent occupancy data was being collected to check that EEs were not causing aggression 

(cf. Spence & Smith 2005, 2006). The location of spawning, which occurs for ~1-2 hours at 

dawn or the onset of morning light (Darrow & Harris 2004), was collected at five-minute 

intervals from 7:30 EST (when room lights had sufficiently faded on to facilitate camera 

visibility) to 9:30 EST (when daily feeding and health checks began) for each of the three days. 
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This is because EE preferences can vary with state (cf. e.g. Mason et al. 1998, Kirkden & Pajor 

2006), and so could have differed during this brief but regular reproductive event. 

2.2.1.5 Statistical analyses 

All analyses were done using R software (R Core Team 2018). For each preference test, 

the outcome variable was group mean or median (depending on data normality) percent 

occupancy of the more highly enriched side of the tank over two days (n = 10 or 20, “tank” 

acting as the experimental unit of replication except for the “view of conspecifics” treatment 

where the unit of replication was each pair of neighbouring tanks: n = 10). Preference data for 

each EE were analyzed with a one-sample t or Wilcoxon signed-rank test, depending on whether 

data were normally distributed (as determined by Shapiro-Wilk tests) and homoscedastic (as 

determined by Levene’s tests), to determine whether mean or median percent occupancies 

differed significantly from that expected by chance (i.e. 50%). The alpha level was set at 0.05.  

For every preference test, the numbers of chases and of spawning events were summed 

for each side of each tank (n = 10 or 20) over the same two days as preference data collection. 

These data were then analyzed with paired two-sample t or Wilcoxon signed-rank tests, again 

depending on whether the data were normally distributed and homoscedastic, to compare the two 

halves of the tank. Alpha was again set at 0.05.  
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Figure 2-1. A) Diagram of the preference test tank design, here assessing preference between 
two grass plants and flat gravel, as in Test H (see Table 2-3). B) Photo of a preference test tank 
during Test D (see Table 2-3). 

 

 
Figure 2-2. Conceptual figure outlining the sequence of steps used for each test (Table 2-3) to 
determine the optimal sampling interval at which to collect percent occupancy data, when 
preferences had stabilized, and final percent occupancy measures used to infer preference.
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Table 2-2. Summary of putative environmental enrichments chosen for study, with rationale and installation method described. 

 

 Putative EE Rationale Installation Method 
    

W
al
l t
re
at
m
en
ts 

Black walls The black/white or light/dark preference test is commonly used as a 
test of anxiety for zebrafish, with researchers consistently reporting 
that fish prefer (i.e. spend more time in) black compartments over 
white and grey ones (e.g. Araujo et al. 2012, Blaser & Peñalosa 2011). 

Half of the sidewalls of each tank were covered with black plastic 
sheeting. 

Naturalistic walls The natural habitat of zebrafish is characterized by slow-flowing 
streams and floodplains with plentiful aquatic vegetation, particularly 
rice cultivation paddies (Spence et al. 2006, 2008). Additionally, 
natural stimuli have been suggested as a possible method to improve 
captive animal well-being (e.g. Ross & Mason 2017). 

Half of the sidewalls of each tank were covered with a laminated 
underwater photo of a flooded rice cultivation paddy. 

View of conspecifics Zebrafish are a shoaling species and Al-Imari & Gerlai (2008) found 
that the sight of conspecifics can be used as a reward in an associative 
learning task.  

For each set of two tanks (which together became the experimental 
unit of replication), half of the grey corrugated plastic screen between 
them was removed such that fish could see their neighbours through 
half of one sidewall of their tank.  

    

    

In
- ta
nk
 tr
ea
tm
en
ts 

Flat gravel Schroeder et al. (2014) have shown that zebrafish strongly prefer a 
layer of gravel to both sand and empty tanks. The natural habitat of 
zebrafish is also characterized by silty or pebble substrates (Spence et 
al. 2006).  

Estes’ SpectraStone Natural Freshwater Aquarium gravel in 
“Nutmeg” was autoclaved, then rinsed in system water. ~0.85 kg was 
spread evenly on half of each tank bottom.  

Sloped gravel Zebrafish strongly prefer gravel to both sand and empty tanks (Table 
2-1) and Sessa et al. (2008) found that zebrafish prefer to spawn in 
shallower areas. Sloped breeding tanks are now being manufactured 
specifically to take advantage of this preference (e.g. Techniplast).  

Estes’ SpectraStone Natural Freshwater Aquarium gravel in 
“Nutmeg” was autoclaved, then rinsed in system water. ~0.85 kg was 
spread on half of each tank bottom such that it sloped from ~0.5 cm 
high at the centre to ~ 15 cm high at the end of the tank.  

Grass plants Small groups (8-10) of zebrafish prefer artificial grass plants to empty 
conditions and zebrafish prefer compartments with artificial grass 
plants over empty ones (Table 2-1). Furthermore, it is likely that grass 
plants more closely simulate the natural habitat of zebrafish (flooded 
rice cultivation paddies; Spence et al. 2008) than other plant 
morphologies.  

Blades of green plastic grass ~18 cm high were hot-glued to a 0.5 cm 
suction cup, liquid sterilized in Quatto 44, and rinsed in system water. 
Then plants were attached in either duplicated or quadruplicate to half 
of each tank bottom. 

Overhanging plants Small groups (8-10) of zebrafish prefer artificial plants to empty tanks 
and males prefer overhanging plants to rooted ones (Table 2-1).  

Three ~14 cm lengths of green plastic plant (similar in morphology to 
Bacopa spp.) were hot-glued to a 0.5 cm suction cup, liquid sterilized 
in Quatto 44, and rinsed in system water. Then plants were attached 
three-quarters of the way up the tank sidewall, one on either side of 
half of each tank.  
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Table 2-3. Summary of the preference tests performed in Experiment 1, in chronological order (Test A beginning on July 25, 2018 
and Test M ending on December 3, 2018). The sampling interval at which percent occupancy data was collected is noted for each test, 
along with the R2 value that record produced when compared to collecting percent occupancy at 5 min intervals (this study’s gold 
standard) using linear regression. Days taken for fish preferences to stabilize and the Lin’s Concordance Correlation Coefficient that 
was used to determine stability (comparing records from two consecutive days) are noted. 

Test 
Identifier 

Side 1 Side 2 Sample size  
(# tanks) 

Sampling 
interval 

R2 
(regression to  
5 min record) 

Days to 
stability 

Lin’s CCC 
at stability 

A Black Walls Empty 10 15 min 0.928 10 0.694 

B Naturalistic Walls Empty 10 15 min 0.928 10 0.401 

C Flat Gravel Empty 10 30 min 0.903 11 0.492 

D Sloped Gravel Empty 10 30 min 0.876 14 0.696 

E 2 Grass Plants + Flat 
Gravel Flat Gravel 10 30 min 0.820 7 0.483 

F 2 Overhanging Plants + 
Flat Gravel Flat Gravel 10 30 min 0.914 8 0.624 

G View of Conspecifics + 2 
Grass Plants + Flat Gravel 

2 Grass Plants + Flat 
Gravel 

10 sets of 2 
tanks 30 min 0.933 7 0.850 

H Flat Gravel 2 Grass Plants 20 30 min 0.928 5 0.506 

I 2 Grass Plants + Flat 
Gravel 2 Grass Plants 10 30 min 0.910 5 0.427 

J 2 Overhanging Plants + 2 
Grass Plants + Flat Gravel 

2 Grass Plants + Flat 
Gravel 20 15 min 0.921 5 0.470 

K 4 Grass Plants + Flat 
Gravel 

2 Grass Plants + 2 
Overhanging Plants + Flat 
Gravel 

20 10 min 0.898 5 --- 

L Black Walls + 4 Grass 
Plants + Flat Gravel 

4 Grass Plants + Flat 
Gravel 10 30 min 0.820 5 0.400 

M Naturalistic Walls + 4 
Grass Plants + Flat Gravel 

4 Grass Plants + Flat 
Gravel 10 30 min 0.909 5 0.548 
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2.2.2 Results 

2.2.2.1 Optimal sampling regimes and times taken to achieve stable preferences 

Optimal sampling frequency varied between treatments, but never had to be as dense as 

every 5 minutes, with the 30 min interval sampling regime often proving sufficiently accurate 

(see Table 2-3). The time taken for fishes’ behaviour to stabilize after each treatment change 

varied from 5 to 14 days, and unexpectedly, this appeared to decrease over the course of the 

study (Spearman rank correlation: rs = -0.88, p < 0.001; Figure 2-3).  

2.2.2.2 Preference test results 

Fish showed no preference for wall types, both when tanks were devoid of any in-tank 

EEs (black: 52.63 ± 4.51%, one-sample t-test: t9=0.58, p = 0.57; naturalistic: 44.81 ± 3.84%, 

one-sample t-test: t9 = -1.35, p = 0.21; Figure 2-4 I, Tests A and B), and also when retested at 

the end of the study when tanks were more enriched (black: 53.13% ± 2.83%, one-sample t-test: 

t9=1.10, p = 0.30; naturalistic: 50.80 ± 3.84%, one-sample t-test: t9 = 0.21, p = 0.83; Figure 2-4 I, 

Tests L and M). Fish also showed no preference for views of a shoal of conspecifics in the 

neighbouring tank (52.77 ± 1.89%, one-sample t-test: t9 = 1.46, p = 0.18; Figure 2-4 II).  

 However, fish preferred both types of gravel to empty tanks (flat: 78.26 ± 2.10%, one-

sample t9 = 13.45, p < 0.001; sloped: 75.27 ± 1.85%, one-sample t9 = 13.68, p < 0.001) and flat 

gravel to grass plants alone (58.85 ± 2.71%, one-sample t -test: t19 = -3.26, p = 0.004); Figure 2-

4 III). Strong preferences were also observed for gravel and plants together over gravel alone 

(gravel with grass: 69.30 ± 2.08%, one-sample t test: t9 = 9.25, p < 0.001; gravel with 

overhanging plants: 66.34 ± 2.15%, one-sample t-test: t9 = 7.60, p < 0.001). Furthermore, gravel 

with grass was preferred over grass plants alone (67.85 ± 2.37%, one-sample t- test: t19 = -7.52, p 

< 0.001; Figure 2-4 IV). Higher numbers or densities of plants (four per tank side) were also 
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preferred over lower (two per tank side) (55.24% ± 1.59%, one-sample t- test: t19 = 3.30, p = 

0.003; Figure 2-4 V, Test J), and this was regardless of plant morphology – two grass plants 

with two overhanging plants and flat gravel elicited exactly the same percent occupancy as four 

grass plants and flat gravel, across all 20 tanks (50.00%; Figure 2-4 V, Test K).  

Overall, the in-tank EEs (e.g. gravel and plants) and combinations tested in the present 

study were thus all preferred to empty tanks, or were preferred to other EEs that, themselves, 

were preferred over empty tanks (Figure 2-4 III, IV, V). They also had cumulative effects, such 

that combining preferred EEs elicited higher percent occupancies when compared with 

individual preferred EEs (e.g. Figure 2-4 IV, Tests E, F, and I).  

Given these results, a ranked order of adult zebrafish preference could be determined for 

five treatments: empty tanks and four types/combinations of potential EEs. Their scale of 

increasing preference was as follows: empty < two plants < gravel < two plants + gravel < four 

plants + gravel (Figure 2-5). Note that fish showed no differences in preference between plant 

morphologies (Table 2-2 and Figure 2-4, Test K), and showed similar preferences for sloped 

and flat gravel over empty conditions (Table 2-2 and Figure 2-4, Tests C and D). Therefore, 

though many of the preference tests used to create the scale of preferred EEs involved flat gravel 

and grass plants, it is likely acceptable to assume that similar results might be obtained by 

performing the same tests using overhanging plants and/or sloped gravel.  

2.2.2.3 Chase and spawning data  

No differences were found in the number of chases performed near different EEs (Table 

2-4), except in Test I, which compared grass plants alone to grass plants with flat gravel and 

found that fish performed significantly more chases on the side with grass plants alone (2.3 ± 
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0.30 [compared with 1.9 ± 0.32]; paired t9 = 2.179, p = 0.042). There were also no significant 

differences in the location of spawning, regardless of the comparisons tested (Table 2-4).  
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Figure 2-3. Time taken for zebrafish preferences to stabilize (defined as the time taken for two 
consecutive days to match sufficiently to produce a Lin’s CCC of < 0.4) over the course of 13 
consecutive tests in Experiment 1. Test Identifier (from Table 2-2) is noted on the x-axis and the 
results of a Spearman rank correlation are noted in the upper right corner. Note that 5 days is a 
floor value; fish were always given three days to acclimate, then the subsequent two days of data 
(4 and 5) were required to assess whether preferences were stable. 
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Figure 2-4. Results of Experiment 1’s preference tests. From Table 2-2, the treatment on Side 1 
is represented in dark gray and the treatment on Side 2 is represented in light gray for every test. 
Mean percent occupancy on Side 1 is noted on each bar (n = 10 or 20). Results of two-tailed one-
sample t tests are noted above each bar.  
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Figure 2-5. Diagram demonstrating the tests performed (red lines) during Experiment 1 that 
facilitated the ranking of four environmental enrichments (two plants, gravel, two plants + 
gravel, and four plants + gravel) on a scale of increasing preference (left to right).  
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Table 2-4. Summary of statistical analyses of chase and spawn data collected for each preference 
test in Experiment 1. Comparisons were analyzed with two-sample paired t-tests (t) or Wilcoxon 
signed-rank tests (V). Analyses indicating a significant difference between sides are shown in 
bold. See Table 2-2 for a summary of the preference tests and the treatments installed on Sides 1 
and 2.  

 

  

 
 Chases  Spawning events 

Test 
Identifier df Side 1 Side 2 t/V p  Side 1 Side 2 t/V p 

A 9 10.3 ± 1.23 11.1 ± 1.60 V = 17 0.551  0.4 ± 0.16 0.5 ± 0.22 t = -0.557 0.591 

B 9 9.4 ± 0.79 9.2 ± 0.92 V = 15.5 0.865  0 0 --- --- 

C 9 9.1 ± 0.97 9.3 ± 0.70 V = 18.5 0.677  0.7 ± 0.26 0.5 ± 0.17 t = 0.688 0.509 

D 9 8.7 ± 1.06 8 ± 0.56 V = 26 0.720  0.9 ± 0.31 0.8 ± 0.33 t = 0.318 0.758 

E 9 6.5 ± 0.78 6.3 ± 0.62 V = 24 0.905  0.7 ± 0.30 0.5 ± 0.17 t = 0.688 0.509 

F 9 6.7 ± 1.07 6.4 ± 0.91 V = 21.5 0.952  0.6 ± 0.27 0.9 ± 0.35 t = -0.635 0.541 

G 9 4.4. ± 0.58 3.7 ± 0.73 V = 39 0.250  0.4 ± 0.16 0.2 ± 0.13 t = 1 0.343 

H 19 2.2 ± 0.30 2.5 ± 0.24 V = 27 0.222  0.7 ± 0.18 0.8 ± 0.26 t = 0.490 0.629 

I 9 1.9 ± 0.32 2.3 ± 0.30 t = 2.179 0.042  0.8 ± 0.16 0.8 ± 0.26 t = 0 1 

J 19 1.6 ± 0.31 1.8 ± 0.34 t = 0.382 0.707  0.7 ± 0.15 0.5 ± 0.19 t = -0.645 0.527 

K 19 1.4 ± 0.26 1.2 ± 0.30 t = 0.339 0.739  0.5 ± 0.20 0.5 ± 0.11 t = -0.237 0.815 

L 9 2.5 ± 0.34 2.4 ± 0.50 V = 8.5 0.890  0.6 ± 0.34 0.7 ± 0.26 t = -0.318 -0.758 

M 9 2.5 ± 0.97 2.1 ± 0.71 t = 0.271 0.793  0.1 ± 0.1 0.2 ± 0.13 t = -1 0.343 
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2.3 Experiment 2: Testing for transitivity and long-term reliability of 
preferences 

Transitivity is a fundamental principle in rational decision making (Regenwetter et al. 

2011) and is suggested to be indicative of preference stability and reliability (Fraser & Nicol 

2018). Transitivity of preferences and transitive inference have been demonstrated by several 

terrestrial species (e.g. chimpanzees: Gillan 1981; pigeons: von Fersen et al. 1991; rats: Davis 

1992, chickens: Browne et al. 2010) and have been investigated in human children of different 

ages for many years (e.g. Piaget 1928). In fish, female convict cichlids have transitive 

preferences for mates (Dechaume-Moncharmont et al. 2013). However, until now, whether 

zebrafish exhibit transitive preferences has not been examined. Thus Experiment 2 tested the 

hypothesis that zebrafish have reliable, transitive preferences for EE, which predicts that 

Experiment 2 would replicate results found in Experiment 1, and that zebrafish would show 

transitive preferences (i.e. if they prefer option x to y and y to z, they will prefer option x to z).  

2.3.1 Methods 

2.3.1.1 Animals 

Eighty 1.5-year-old fish (mean wet weight: 0.61 ± 0.01 g, mean fork length: 3.02 ± 0.023 

cm) used in Experiment 1 were transported to a zebrafish housing unit at Wilfrid Laurier 

University and acclimated for two months prior to the beginning of Experiment 2. Fish were then 

transferred into the experimental system one week prior to the beginning of Experiment 2. The 

study was conducted with approval from the University of Guelph Animal Care Committee 

(AUP #4017) and Wilfrid Laurier University Animal Care Committee (AUP #R18013). 
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2.3.1.2 Experimental setup and husbandry 

Before and during experiments, fish were housed on a 12h:12h light-dark regime in 10 

standard rectangular five-gallon (18.9 L) glass tanks in mixed-sex groups (in ratios of ~ 2 males 

to 3 females) of 6-8 randomly selected individuals per tank (this number varying due to some 

mortalities over the course of the two-month study). Tanks held freshwater at 24.85 ± 0.03°C 

(maximum: 25.9°C, minimum: 23.9°C), which was almost fully replaced each day during the 

hours of 9:30-11:30 EST via slow flow from a main reservoir tank. Each tank was supplied with 

a bubbler and a small heater, both installed at the center as in Experiment 1. All other aspects of 

husbandry and experimental setup were as in Experiment 1.  

Fish were re-exposed to two different comparisons that had elicited differential 

preferences in Experiment 1: 1) two grass plants vs. flat gravel, 2) empty tanks vs. flat gravel. 

They were also exposed to a new comparison: 3) empty tanks vs. two grass plants. Preference 

tests were administered in three sessions, with each tank receiving the comparisons in a random 

order across the sessions. The choice between an empty tank and two grass plants had not been 

offered in Experiment 1, since fish had already been exposed to gravel in a previous trial and 

preferred it, so were allowed to keep it in subsequent trials. This new comparison (Test P; see 

Figure 2-6) was important because it now enabled the examination of possible transitive 

preferences between empty tanks, grass plants, and gravel.  

Fish were offered the three comparisons in a random order over three “rounds” of testing, 

to eliminate any confounds from order effects (this did therefore involve enrichment removal, 

unlike in Experiment 1, but this was a short experiment where at least one preferred enrichment 

was always available). Preference stability was assessed as in Experiment 1, except each round 

required three analyses of stability using Lin’s CCC: one for each comparison being tested. For 



 

 

 

41 

example, in the first round of comparisons, stability was assessed separately for the three tanks 

with two grass plants vs. flat gravel, the three tanks with empty vs. two grass plants, and the four 

tanks with empty vs. flat gravel. Once stability was reached for all three comparisons within a 

round of tests, percent occupancy data were collected at 30-minute intervals over two days 

(sufficient for the tests repeated from Experiment 1; see Tests C and H in Table 2-3) and 

analyzed as in Experiment 1 (with the exception of spawning and chase data, which were not 

collected).   

2.3.2 Results 

The three tests in Experiment 2 produced results supporting the hypothesis that zebrafish 

exhibit transitive preferences (Figures 2-6 and 2-7). In Test N, percent occupancy on the flat 

gravel side was 71.07 ± 1.64%, significantly greater than empty conditions (one-sample 

Wilcoxon signed-rank: V = 55, N = 10, p = 0.004, Figure 2-7), which replicates the result from 

Test C in Experiment 1 (Figure 2-4). When flat gravel was compared with grass plants in Test 

O, percent occupancy was significantly higher for gravel (71.25 ± 3.70%, one-sample t- test: t9 = 

5.74, p < 0.001, Figure 2-7), replicating the result from Test H in Experiment 1 (Figure 2-4). 

Finally, occupancy was also significantly different in Test P’s new comparison between the grass 

plant side (76.34 ± 4.61%) and empty conditions (one sample t9 = 5.71, p < 0.001; Figure 2-7).   
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Figure 2-6. Diagram demonstrating the tests performed (red lines) during Experiment 1 and 
replicated in Experiment 2, and the new comparison tested in Experiment 2 (blue dotted line), 
that together suggest adult zebrafish express transitive preferences for three different housing 
conditions: empty tanks, two grass plants, and flat gravel. 
 

 
Figure 2-7. Results of Experiment 2’s preference tests. The treatment named first in the test 
description (on the x axis) is represented in dark gray and the comparison treatment is 
represented in light gray for each test. Mean percent occupancy for the treatment named first is 
noted on each bar. Error bars represent standard error of the mean, where data were normal. 
Results of one-sample t and Wilcoxon signed-rank tests are noted above each bar.  
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2.4 Discussion 

2.4.1 Zebrafishes’ preferences for enrichment  

Overall, the in-tank EEs (e.g. gravel and plants, and combinations thereof) tested in the 

present study were all significantly preferred to empty conditions or to other EEs that were 

significantly preferred over empty: a finding consistent with the work of Schroeder et al. (2014) 

and Kistler et al. (2011). Gravel was preferred to empty tanks and plants, confirming the strong 

preferences for gravel exhibited by zebrafish in the previous studies (Schroeder et al. 2014), and 

perhaps clarifying the somewhat equivocal previous results regarding plants (Schroeder et al. 

2014, Jones et al. 2019): zebrafish do prefer them over barren conditions, but not as strongly as 

they prefer gravel. Further, these results extend as well as replicate such previous findings. First, 

they replicate them for fish from a new strain (TU; see Table 2-1), living in more naturalistic, 

mixed sex groups than some previous studies (e.g. individually in Tan et al. 2020, pairs in 

Schroeder et al. 2014, groups of three in Jones et al. 2019). Second, they show that such 

preferences for EE can be very stable and reliable. This stability manifested both within test (as 

assessed by Lin’s CCC), and also between tests. Results were thus consistent between Tests A 

and L and between Tests B and M in Experiment 1, and results from Experiment 2 (run six 

months later, in a new facility and different season, with new social groups) replicated 

Experiment 1’s results for Tests C and H. 

In contrast, I found that when faced with wall décor, fish seemed rather indifferent. 

Naturally scenic wall images were not preferred over grey controls, eliciting no preference over 

chance in their second test (Test M) and might even have been aversive in their first test (Test 

B). Furthermore, if black walls were preferred over grey controls, it was at levels too low to be 

significant, and the same held for views of conspecifics – perhaps because these fish were 
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already in satisfactory groups and low stress conditions. Any future work exploring these wall 

features further should use larger sample sizes: sample size calculations 

(https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html) indicate that I would have needed an n of at 

least 129 (possibly as high as 463) to detect effects as small as the very slight preference for 

black walls in Tests A and L, and an n of 73 to detect effects as small as the possible slight 

preference for views of conspecifics. Faced with variants of gravel and plants, fish also seemed 

indifferent between them. Sloped and flat gravel were thus both similarly preferred over empty 

conditions (although no direct comparisons between the two gravel options were made in the 

present study and await future test). The same held for grass-like and overhanging plants: both 

seemed similarly preferred, both across Tests E and F, and within Test K (although this is 

inconsistent with findings from Schroeder et al. [2014], who found that male fish prefer floating 

plants [similar to the overhanging plants used herein] to submerged ones). My results also 

formally demonstrate that EEs had cumulative effects (albeit not strictly additive ones), such that 

combining preferred EEs resulted in increased preference. For example, plants combined with 

gravel were preferred to plants or gravel alone (similar to results from Schroeder et al. 2014).  

Uniquely, the present study also revealed that the number (possibly density) of plants also plays 

a role in fish preference; four plants were more preferred than two plants.  

To my knowledge, this study also provides the first evidence that adult zebrafish are 

capable of transitive decision-making about what kinds of environments they prefer. Sumpter et 

al. (1999) categorized transitivity as either weakly or strongly stochastic. Weakly stochastic 

transitive preferences exist when the expected preferences in each binary choice are >50% (i.e. 

the options can be ordered on an ordinal scale), whereas strongly stochastic preferences exist 

when the magnitude of expected preferences in each binary choice match that choice’s position 
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along the transitive scale (i.e. the options can be ordered and assigned a value along a common 

quantitative scale; see Dechaume-Moncharmont et al. [2013] for an example in cichlids). 

Assuming that percent occupancy in binary choice tests is an indicator of preference magnitude 

(though see discussion below), the preferences exhibited in the present study thus only 

conformed to weak stochastic transitivity, since percent occupancies on the preferred sides of 

tanks were roughly equivalent across the three comparisons. If zebrafish instead had strongly 

stochastic transitive preferences between the three options, I would have observed a different 

pattern of percent occupancy values. For example, preferences might be deemed strongly 

transitive if I had observed replication of percent occupancy values from Experiment 1 (i.e. 

occupancy on the gravel side at 78.21% when compared with empty tanks and 58.85% when 

compared with grass) and, in the new comparison, a percent occupancy on the grass side of  

>50%, to indicate that grass is preferred over empty conditions, but <78.21%; thus not more 

preferred than gravel was to empty tanks.  

However, it is likely that the use of binary choices and percent occupancy as a measure of 

preference likely limited my ability to detect strongly stochastic transitivity. When there are only 

two housing options to choose from at a time, they take up the whole tank, and there is no cost to 

access them, the amount of total time spent with an EE likely varies depending on what else is in 

the tank for comparison. In contrast, had all three options in Experiment 2 (empty, grass, and 

gravel) been presented simultaneously, in a design similar to DePasquale et al. (2019; offered 

fish four chambers at once: empty, with increased flow, with enrichment [plants and gravel], and 

with flow and enrichment combined) or Reijgwart et al. (2018a; offered ferrets seven or three 

EEs simultaneously in a motivation test, finding that the “seven-choice” option forced ferrets to 

be more explicit in their preferences) it is possible that the subjects would have divided their time 
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spent with each EE according to the principles of strong stochastic transitivity. Such a design 

may also help mitigate an issue inherent in binary preference tests, like those performed here, 

where animals are potentially forced to choose between two non-preferred options (i.e. “the 

lesser evil” or relative preference, rather than actual preference: Kirkden & Pajor 2006).  

2.4.2 Welfare implications 

The EEs tested in the present study were shown to be differentially preferred by groups 

of adult zebrafish, a finding with implications for captive zebrafish housing. Together, my results 

allowed a series of EEs to be placed along a scale of preference. Thus, researchers can now offer 

different levels of preferred EEs to their zebrafish depending on their research question, personal 

ethics, and/or resources. These results also indicate that empty tanks, the least preferred option, 

may perhaps be deemed “barren”: aversive for their lack of EEs. In turn, this suggests that 

standard laboratory conditions are non-ideal for zebrafish welfare, if fish are sentient (as 

discussed in Chapter 1). Indeed, some previous work has already found that housing zebrafish 

with EE may improve their welfare relative to housing in barren tanks (reviewed in Chapter 1). 

The finding that naturalistic additions render environments more preferred mirrors many results 

from mammals and birds (e.g. Ross et al. 2019, Díez-León et al. 2016), but with an interesting 

difference: zebrafish did not physically interact with EEs, rather it seems that their preferences 

are for sensory environments to exist within rather than items to manipulate (cf. Ross & Mason 

2017, Decker et al. in prep).  

2.4.3 Future preference studies 

Future preference studies should study resources that I did not test (e.g. clay pots [cf. 

Kistler et al. 2011]; PVC pipe [cf. Tan et al. 2020]; pictures of gravel [cf. Schroeder et al. 2014]; 

live prey [e.g. adult Artemia spp.], or other foraging opportunities; and/or social enrichment [as 
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in White et al. 2017]). They could also assess how preferences vary with age, sex, strain, or in 

different social contexts (e.g. isolation or pair housing; see Schroeder et al. 2014 for initial 

results). Further, previous studies report conflicting effects of EE on home-tank behaviour: 

enriching tanks with artificial plants reduces female-female aggression (Carfagnini et al. 2009), 

but increases aggression in the mirror-biting test (Woodward et al. 2019). Emerging evidence 

also suggests that different EE types may produce variations in some adult zebrafish behaviours 

(e.g. spawning [Graham et al. 2018, Wafer et al. 2016], territoriality [Spence & Smith 2005, 

2006]). Despite the present study’s findings that chasing and spawning locations did not change 

depending on the EE, the experimental design to assess these data was rudimentary and could be 

improved in future preference tests and enrichment provision studies. A more detailed 

investigation of EE’s effect on home-tank aggression is presented in Chapter 3, but EE effects 

on other behaviours would be of interest, particularly alongside investigations of the welfare 

implications of running preference studies where preferred options are removed as they are 

rotated (cf. Experiment 2).  

For any such future zebrafish EE preference studies, I would recommend the methods for 

Experiment 1 as representing a protocol that takes the 3Rs seriously; I did not deprive fish of 

their preferred EEs once they were exposed to them, in case this reduced welfare to below 

baseline levels (cf. Latham & Mason 2010, Smith et al. 2017); and I performed repeated 

preference tests on 20 tanks of fish to reduce the number of individuals required for the study. 

Furthermore, for researchers who do not want to run as many data checks as I did, this study’s 

methods show that sampling every 10 minutes is a safe way to be both thorough and efficient 

(with even 30-minute sampling often seeming adequate); and that zebrafish will generally show 

stable preferences within 14 days or less. Indeed by the end of Experiment 1, stable preferences 
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were repeatedly manifest by the very first day I checked (Day 5), suggesting that subjects may 

have learned what the tests involved, habituating to the repeated changes of environment 

followed by periods of stability and/or acclimatizing to the binary choice paradigm itself: an 

unexpected result that future work should explore further (not least to check it was not merely an 

age effect).  
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3 Observations of home-tank aggression and body size variation 
from zebrafish (Danio rerio) reared in differentially-preferred 
environments 

3.1 Introduction 

The environmental enrichment (EE) preferences established in Chapter 2 form the basis 

for the experiments in subsequent chapters, in that new cohorts of fish were differentially reared 

in the least (barren) and most preferred (plastic grass and gravel) environments and compared in 

terms of their anxiety in novel environments (Chapter 4), growth and survival (Chapter 5), and 

cognitive abilities (Chapter 6). The purpose of this chapter is therefore to examine whether the 

provision of EE during rearing alters rates of aggression and/or strength of feeding hierarchies 

within shoals, since previous preference tests in Chapter 2 did not examine aggression in detail 

(and differential aggression could affect the interpretation of future results).  

For zebrafish, aggression encompasses a suite of behaviours that damage or threaten to 

damage one or more conspecifics or perceived conspecifics (i.e. a mirror image of themselves or 

their shoalmates, a model zebrafish, etc.; Oliveira et al. 2011, McFarland 2014). It includes 

displaying with fins raised while circling a conspecific, biting and chasing (Oliveira et al. 2011, 

Kalueff et al. 2013, Zabegalov et al. 2019). Aggression is often involved in the establishment and 

maintenance of dominance hierarchies within the shoal, as well as competition for valuable 

resources like food, mates, and territories (Oliveira et al. 2011, Kalueff et al. 2013). As in other 

species (e.g. mice: Nip et al. 2019), it is possible that fish in barren tanks are more aggressive 

than those housed with EE (e.g. Carfagnini et al. 2009, Keck et al. 2015), perhaps because 

subordinates have no structural or visual refuge (e.g. camouflage) from persecution by dominant 

fish. This would represent an additional chronic stressor for fish reared in aversive barren tanks, 

complicating assessment of whether their compromised welfare is the result of the stress of 
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barren housing or the stress of aggressive persecution – though these may be inter-related. 

However, it is possible instead that EE may induce aggression (e.g. Woodward et al. 2019), 

potentially as a result of territoriality (as for males who guard optimal enriched spawning sites; 

Spence & Smith 2005, 2006). This too could compromise welfare, and represent an unintentional 

chronic stressor that would be differentially manifest across tanks in the experiment and mask 

potential benefits of EE per se.  

What pattern I might see could not be predicted as the effects of EE on zebrafish 

aggression in the home tank (i.e. the long-term housing environment) are not well understood; 

Table 3-1 summarizes the pertinent literature. Studies assessing aggression in the home tank 

generally find that aggression decreases with the application of EE (Czezyk et al. 2020, 

Carfagnini et al. 2009, Keck et al. 2015) for a range of hypothesized reasons including: 

obstructed visual contact with conspecifics, cover for subordinates to escape persecution by 

dominant fish, and that there are more places for food to settle such that dominance and feeding 

hierarchies are less pronounced. In contrast, some studies find no differences in aggression 

between bare and “complex” habitats with simulated vegetation (Hamilton & Dill 2002), and 

others still find the opposite pattern in fish housed in environments “enhanced” with a plant and 

a small shelter (Woodward et al. 2019). However, it should be noted that the studies finding no 

or elevated aggression with EE application do not specifically assess aggression in the home 

tank, but rather aggression in a novel environment. For example, Woodward et al. (2019) 

conclude that EE causes a change in aggression levels, but they studied aggression in novel 

environments, so their findings are not representative of levels that relate specifically to home-

tank EE application. Furthermore, they studied aggression using the mirror-biting test, which 

measures the number of attacks a fish makes towards its own mirror image. So, their findings are 
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not representative of conspecific-directed aggression, and may actually be inflated because the 

conflict is atypical: it does not have natural resolution with a winner and loser, and so can 

continue to escalate until the mirror is removed (Rowland 1999), and also does not elicit the 

same genomic response in the brain as an actual conspecific conflict (Desjardins & Fernald 

2010, Oliveira et al. 2016). Similarly, Hamilton & Dill (2002) found no difference in aggression 

between vegetated and bare environments, but measured aggression only during feeding in a 

novel tank. Since the main objective of this chapter is to determine if baseline aggression is 

positively, negatively, or not associated with rearing in tanks containing highly preferred EE, the 

observations reported herein were made while fish were in their home tanks, and not by using the 

mirror-biting test.  

Further, in barren tanks, when fish are introduced to each other at similar sizes, hierarchy 

establishment and maintenance (usually via interspecific aggression, but possibly via more subtle 

methods: cf. visual intimidation amongst juvenile cichlids [Tilapia zillii]: Koebele 1985, “social 

eavesdropping” in cichlids [Astatotilapia burtoni]: Grosenick et al. 2007) can produce variation 

in body size, with dominant individuals ending up bigger than subordinates (Filby et al. 2010, 

Paull et al. 2010). This heterogeneous growth occurs likely via several non-mutually exclusive 

mechanisms (based on studies of other hierarchy-forming fish species and nicely summarized by 

Koebele 1985): 1) subordinates may become smaller as a result of limited access to feed (e.g. 

medaka [Orzias latipes]: Magnuson 1962, cichlids (Tilapia zillii): Koebele 1985, Arctic charr 

[Salvelinus alpinus]: Jobling & Wandsvik 1983); 2) subordinates may expend more energy 

escaping persecution by dominants or performing evasive maneuvres to avoid confrontation (e.g. 

clownfish [Amphiprioninae]: Allen 1972 [reviewed by Koebele 1985], Nile tilapia [Oreochromis 

niloticus]: de Oliveira Fernandes & Volpato 1993); and 3) subordinates may experience higher 
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levels of chronic stress than dominants that manifests, in part, as suppressed growth (brown trout 

[S. trutta]: Brown 1946, zebrafish: Filby et al. 2010: a topic I revisit in Chapter 5). 

This chapter thus tests two competing hypotheses: A) that the provision of highly 

preferred EE increases aggression and/or dominance hierarchy strength within shoals relative to 

those reared in barren housing (possibly by exacerbating resource guarding/territory defence 

behaviour) and B) that barren housing increases aggression and/or dominance hierarchy strength 

within shoals relative to those reared with highly preferred EE (possibly because subordinates 

are less able to hide from persecution by dominant fish). If A) is true, it predicts that fish in 

shoals housed with EE will perform more aggressive behaviours on average and have higher 

variation in body size than shoals housed in barren tanks – and B) predicts the reverse. 

Importantly, the objective of this chapter is not to determine why EE might increase or decrease 

home-tank aggression, but rather to determine whether it represents an experimental confound or 

not for subsequent chapters (similar to Ross 2018). So in this chapter, I did not address any 

further predictions that interrogate the cause of any aggression observed. 
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Table 3-1. Summary of literature examining zebrafish aggression, as it relates to home-tank experimental manipulations. 

Reference Sample Size Strain Age Home-tank 
manipulation 

Testing 
environment Aggression measure 

Stocking 
density Result 

Basquill & 
Grant 1998 

Unknown Pet store Juveniles Complex (simulated 
vegetation with black 
garbage bag strips) or open 
feeding habitat 

Novel Number of chases over 
9 min feeding period 

Low Fewer chases in 
complex habitat 

Hamilton & 
Dill 2002 

10 trials Pet store Unknown Complex (simulated 
vegetation with black 
garbage bag strips), covered, 
and open feed habitat 

Novel Chases, displays with 
fins erect, and sudden 
movements towards 
another fish who flees, 

at 15s intervals over 2 
min period post-feeding 

Low No difference in 
aggression between 
habitats 

Carfagnini 
et al. 2009 

4 tanks of 4 
fish per 
treatment 

AB Adult 
females:  
8 months 

Complex (plastic plants and 
gravel) and barren home 
tanks 

Home tank Experiment 1: retreats 
by subordinates 
Experiment 2: number 
of chases by all 
individuals in tank over 
5 min period 

Low Females from complex 
tanks were less 
aggressive than those in 
barren ones 

Keck et al. 
2015 

6 pairs per 
treatment and 
timepoint 

AB Adults:  
5 months  

Vegetated (floating plastic 
plants) and barren home 
tanks 

Home tank Injuries and deaths due 
to fighting, sampled at 
3 timepoints during 
housing: 1, 5, and 10 
days 

Pairs 
 (1M, 1F) 

No injuries or deaths in 
vegetated tanks, but 
25% of pairs in barren 
tanks suffered injuries 
and/or deaths by the 10-
day timepoint 

Lee et al. 
2018 

4 tanks of 8 
mixed-sex 
fish per 

treatment 

WIK Adults:  
8 months 

Tanks changed every 3 
weeks, tanks changed every 
week, tanks never changed 

(all barren) 

Home tank Frequency of chase, 
repel, bite, and spar 
(from Paull et al. 2010)  

Low No difference in 
aggression in different 
tank change treatments 

Woodward 
et al. 2019 

5 tanks of 10 
mixed-sex 
fish per 
treatment 

Nacre Adults Very enhanced (a plant, a 
pot, and a seascape 
background), mildly 
enhanced (blue seascape 
background), and control 
(barren)  

Novel Mirror test (before 
feeding): number of 
aggressive attacks 
towards mirror image 
over 180s & proximity 
to mirror image (closer 
= more aggressive) 

Low Fish from “very 
enhanced” tanks were 
more aggressive than 
fish from other 
treatments, starting at 
week 3 and continuing 
until week 9 of the 

experiments 
Czezyk et 
al. 2020 

2 tanks of 26 
mixed-sex 
fish 

Mutants 
cln6a and 
tpp1 

Adult Plastic plant, lilypad, plastic 
“tent”, barren; cycled 
through each tank in 1-week 
intervals 

Home tank Attack, bite, chase, 
circle: frequency over 
10s of every minute for 
10 minutes, twice a day 

Moderate Aggression frequency 
decreased when objects 
added to tank: lowest 
with artificial plant, 
greatest relative 
reduction with tent 
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3.2 Methods 

3.2.1 Ethical approval 

The differential rearing experiment was conducted with approval from the University of 

Guelph Animal Care Committee (AUP #4017). 

3.2.2 Experimental subject origin 

 Zebrafish of the Tübingen (TU) strain were bred and reared in mixed-sex groups in lab-

typical, barren 2.8 L empty polycarbonate tanks on a 12h:12h light:dark regime at St. Michael’s 

Hospital’s Zebrafish Centre for Advanced Drug Discovery (Toronto, Canada). Sentinel fish from 

the colony tested negative for common pathogens (assessed via PCR by IDEXX BioResearch) 

such as Pseudoloma neurophilia (Kent & Bishop-Stewart 2003) and Edwardsiella ictaluri 

(Hawke et al. 2014). Three cohorts (hereafter C1: 110 fish, C2: 425 fish, and C3: 222 fish) of 3-

month-old zebrafish were transported to the experimental system at the University of Guelph’s 

Hagen Aqualab research facility in mid-October 2019 (C1), mid-January (C2) and early March 

2020 (C3).  

3.2.3 Differential rearing and routine husbandry 

Fish were housed in mixed-sex groups of 11-13 fish, held in plastic (43 cm [L] x 26 cm 

[W] x 31 cm [D]) or glass (C3 only: 41 cm [L] x 21 cm [W] x 26 cm [D]) tanks each holding ~ 

38-40 L of water. This group size was chosen to mimic naturalistic group size (Pritchard et al. 

2001, Suriyampola et al. 2015) and for consistency with the preference tests outlined in Chapter 

2. Sexes were housed together to mimic natural shoal composition and limit the chance of 

females becoming eggbound (Spence et al. 2008). Fish were introduced to the housing system 

and treatments at 3 months old, which is the age at which juvenile fish would normally transition 

to adult housing systems. Individuals were randomly assigned to one of two housing treatment 
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groups: barren or enriched with brown aquarium gravel (Estes’ SpectraStone in the colour 

“Nutmeg”) and eight green plastic grass plants (based on the most preferred enrichment 

treatment in Chapter 2, Figure 3-1A). There were 5 tanks of each housing type in C1 (10 plastic 

tanks total), 7 of each in C2 (14 plastic tanks total), and 10 of each in C3. C3 was further 

subdivided by tank material, to test the assumption that plastic tanks would be an acceptable 

substitute for the glass aquaria used in Chapter 2’s preference tests. Thus, C3 had 5 glass tanks 

and 5 plastic tanks each in the enriched and barren housing treatment groups (20 tanks total, 

Figure 3-1A). Tanks were held on 5 racks, each of which had 3 shelves that held 5 tanks (Figure 

3-1B). Treatments were equally represented on each shelf (top, middle, and bottom) and no 

treatments were exclusively present on the edges of any rack. Outside these constraints, the 

position of tanks of different treatments was randomly assigned. 

All tanks operated on a room-level recirculating system with temperature regulation at 

~28.1 ± 0.23°C (maximum: 29.5°C, minimum: 24.9°C) and were supplied with a bubbler that 

maintained dissolved oxygen levels ~6.5 mg/L (~92% saturation). Tank water was tested weekly 

throughout the study for ammonia, pH, and nitrate levels which were consistently 0 ppm, ~8.2, 

and between 0-5 ppm, respectively. Lights operated on a 13h:11h light-dark regime, with a half-

hour crepuscular period simulating dawn and dusk each day and maximum light intensity 

ranging from 300 to 600 lux, depending on tank position in the room. Fish were fed daily to 

satiation with previously frozen Artemia spp. (Hikari® Bio-Pure Brine Shrimp) at ~10:00am 

EST each day, and with Skretting Gemma Micro pellets (sizes 75-300, depending on gape size 

during growth) on weekday afternoons at ~ 4:00pm EST. Fish health status was determined via 

daily visual observations, during which any diseased, critically eggbound, or dying fish were 

euthanized via rapid cooling (Wilson et al. 2009, Matthews & Varga 2012, Köhler et al. 2017, 
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Thurman et al. 2019). Tanks were screened from one another with grey corrugated plastic panels 

to ensure that fish in barren tanks did not have visual contact with neighbouring enriched tanks. 

The sides of neighbouring tanks and bottoms of barren tanks were grey, which was assumed to 

be neutral in terms of preference/avoidance (Blaser & Peñalosa 2011).   

3.2.4 Aggression observations 

In February 2021, when fish had been living in their housing treatments for ~16 months 

(C1), ~13 months (C2) and ~11 months (C3) and were ~1.6 (C1), ~1.3 (C2) and ~1.2 (C3) years 

of age, observations were performed to determine if housing treatments produced differences in 

aggressive behaviour at the tank level. I wished to capture baseline home-tank aggression levels 

so, although these observations were taken in between other measures that are presented in 

forthcoming chapters (e.g. length and weight data were collected periodically throughout 

housing [Table 3-2, Chapter 5], anxiety was assessed in the months immediately prior to 

aggression observations [Chapter 4], and cognition testing happened several months afterwards 

[Chapter 6]), their timing ensured that fish were completely settled in their housing 

environments and associated husbandry routine.  

Behaviours were scored live via visual observation through the front-facing side of each 

tank, by an observer hiding behind a tarp screen. Some studies report that fish behaviour is 

temporarily altered in the presence of a human observer who likely represents the possibility of 

being fed (e.g. Carfagnini et al. 2009). However, pilot tests assessing the efficacy of the tarp 

screen indicated that human approach from behind the screen did not elicit the same food-

seeking reaction as when humans approach unshielded, so this use of a “hide” was adopted for 

all observations. The observer collected the total number of aggressive behaviours (3 types 

pooled from ethogram in Table 3-3) performed by all individuals in the tank over 2.5 minutes, 
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10 times per day, for a maximum of 10 days. Five tanks on the same shelf of a rack were 

observed in each 2.5-minute interval, and shelves were observed in a different random order each 

day.  

Both spawning and hunger level have been shown to affect aggression rates (spawning: 

Spence & Smith 2006, Ariyomo & Watt 2012; hunger: Ariyomo & Watt 2015). Fish tend to be 

more aggressive during morning spawning, so to avoid this period and minimize difficulty 

discriminating between aggression and spawning behaviours, observations began immediately 

after the morning feed and health check, 2 hours after lights reached full brightness in the 

morning (11:00am EST). The 10 daily timepoints then spanned the 5 hours between regular 

feedings, ending immediately before the afternoon feed (4:00pm EST), so that observations were 

not confounded with hunger level. Tanks were cleaned a week before the onset of observations 

and immediately after, but not during observations, since this may have introduced temporary, 

transient variations in social behaviour that we were not trying to assess (Powell et al. 2021).  

3.2.5 Body size 

Body size measurements of fish from C2 and C3 were taken at three timepoints, while C1 

measurements were taken at only two timepoints (Table 3-2). This is because C1 was used for 

methods development and refinement so that data collection would be minimally stressful for the 

other two cohorts (weighing and measuring are highly aversive for fish, as they involve emersion 

in air and extensive handling). At each timepoint, standard length (SL) to the nearest 1 mm and 

wet weight (WW) to the nearest 10 mg were collected from each fish in the experiment by an 

observer blind to housing treatment. Fish were briefly immersed in 16°C water to temporarily 

immobilize them during measuring and weighing procedures, then returned immediately to a 
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recovery tank held at 27°C for 5 minutes. After recovery, they were returned to their home tank 

and monitored for a subsequent hour for any signs of acute stress-related morbidity.  

3.2.6 Statistical analyses 

Split-half analyses were performed on the behavioural data with R statistical software (R 

Core Team 2020) using data from odd and even days at 2, 4, and 6 days of observation to assess 

data reliability and consistency (as per Martin & Bateson 2007). At 6 days, a Spearman rank 

correlation comparing the data from odd vs. even observation days indicated that observations 

were consistent enough to cease before end of the maximum 10-day observation period (rs = 

0.8427, p < 0.001, Figure 3-2). A general linear model (GLM, using JMP statistical software [v. 

16, SAS Institute 2021]) incorporating housing, cohort, and their interaction as fixed effects, and 

tank (nested in housing and cohort) as a random factor, also indicated that observations from 

even days predicted those on odd days (Table 3-4).  

 The number of aggressive behaviours observed over the 6 days of sampling was averaged 

for each tank and, along with measures of body size variation, was analyzed using GLMs. Data 

from all three cohorts were analyzed to investigate the effect of housing treatment on aggression 

with the full sample size available (n=22 tanks per housing treatment), with cohort included as an 

additional fixed effect (along with its interaction with housing treatment), and tank sex ratio 

included as a covariate that may affect aggression independent of housing treatment (e.g. 

territoriality exhibited by males who guard optimal enriched spawning sites [Spence & Smith 

2005, 2006]), as well as its interaction with housing treatment. Then, a model assessing the effect 

of tank material (glass vs. plastic) and housing treatment (enriched vs. barren) within C3 was 

run, with tank sex ratio included as a covariate, as well as its interaction with housing treatment.  
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 SL and WW data were used to calculate condition factor (K: Hile 1936, Beverton & Holt 

1957, Carlander 1997) for each fish at each timepoint as follows, where w is WW in mg and l is 

SL in mm:    ! = 100 %!"!& 

Condition factor is a morphometric index regularly used to express relative fish body size, 

usually reported alongside SL. Condition factor can be thought of as analogous to the “aspect 

ratio” of the fish, such that fish of a similar length but different shape (ranging from thin [low 

condition factor] to rotund [high condition factor]) can be distinguished from one another (e.g. 

Carlander 1997).  

The coefficients of variation for SL and condition factor (hereafter CVSL and CVCF, 

respectively) were then calculated at each timepoint for each tank using resident fish SL and 

condition factor. Since fish ages at C1 timepoints were considerably different from fish ages in 

C2 and C3 and C1 had a missing “Before” timepoint (Table 3-2), data from C1 were analyzed 

separately from C2 and C3. Using data from C2 and C3, repeated measures models of CVSL and 

CVCF were run with housing, cohort, tank material (see above), and timepoint (as well as their 

interactions with housing) as fixed effects, and tank (nested in housing and cohort) as a random 

effect. Using data from C1, similar models of CVSL and CVCF were run with housing and 

timepoint (as well as their interaction) as fixed effects, and tank (nested in housing) as a random 

effect. Normality and homogeneity of the residuals for all models were confirmed through 

graphical inspection. 
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Figure 3-1. A) Photographs of each type of tank used to house experimental fish. Note glass tanks were only used to house fish from 
Cohort 3. B) Photograph of 3-shelf coated steel racks on which tanks were stored, 5 to a shelf. Tank types not used in the current study 
are represented in the photograph because several ongoing studies were conducted in parallel and fish in different treatments were 
housed alongside each other in the facility.
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Table 3-2. Time spent in housing treatment at each of the length and weight sampling 
timepoints. Note measurements of zebrafish from C1 were not taken upon introduction to their 
housing treatments. 

Timepoint C1 C2 C3 
Before n/a 1 week 1 week 
Middle 49 weeks 36 weeks 32 weeks 
After 82 weeks 69 weeks 61 weeks 

 

Table 3-3. Ethogram describing aggression-relevant behaviours for observation. Adapted from 
Zabegalov et al. (2019), Kalueff et al. (2013), and Oliveira et al. (2011). Behaviours were 
measured as the total number of aggressive behaviours performed over 2.5 minutes, for the tank 
as a whole. 

Behaviour Description 
Circle Two fish line up parallel to each other (head to tail) and swim in circles 

around each other for at least one complete revolution.  
Strike/Bite Fish moves quickly towards a conspecific, with mouth opening and 

closing. Biting involves physical contact between the biter’s jaws and the 
target’s body, while striking does not. Must elicit an avoidance (the target 
swims away quickly, without pursuit by the instigator) or reciprocation 
(the target bites/strikes the instigator) response from the target to be 
counted.  

Chase One or more fish pursue a conspecific at high speed for a distance of more 
than one body length. Chaser(s) is/are within one body length of the target 
during pursuit. 

 

Table 3-4. Summary of GLM analysis in which the mean number of aggressive behaviours 
observed in home tanks on odd days was the dependent variable. Effects or interactions with p-
values < 0.05 are indicated in bold. 
Fixed Effect / Interaction DF DFdenominator F ratio p value 
Mean aggression on even days 1 37 83.4842 <0.0001* 
Housing 1 37 1.7788 0.1905 
Cohort 2 37 0.9287 0.4041 
Housing*Cohort 2 37 1.7878 0.1815 
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Figure 3-2. Results of a Spearman rank correlation comparing the mean number of aggressive 
behaviours (defined in Table 3-3) recorded on odd (days 1, 3, and 5) and even (days 2, 4, and 6) 
observation days, in a split-half analysis conducted as described by Martin & Bateson (2007). 
Each point represents a tank. Correlation results are indicated in the upper left portion of the plot. 
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3.3 Results 

Overall, the mean number of aggressive behaviours observed per day varied considerably 

between tanks (range: 13.83 - 120.83, coefficient of variation: 44.56%) as seen in Figures 3-2 

and 3-3. The maximum number of aggressive behaviours observed in a single tank over the 25 

minutes of observation on a single day was 263 (in an enriched plastic tank), and the minimum 

was 8 (observed in both an enriched and a barren plastic tank). At the maximum, on one day of 

observation ~11 aggressive behaviours were occurring per minute in a single enriched, plastic 

tank. In contrast, on another day of observation two shoals (from a barren and an enriched plastic 

tank) exhibited aggression levels as low as only one behaviour every ~3 minutes.  

Using data from all cohorts, analyses revealed no significant effect of housing treatment 

on mean number of aggressive behaviours observed (Table 3-5, Figure 3-3). Cohort, sex ratio, 

and their interactions with housing treatment were not significant either (Table 3-5). Within C3, 

neither housing treatment nor tank material had significant effects on their own, but there was a 

significant interaction between them (Table 3-5, Figure 3-4). A post hoc Tukey test revealed 

that this interaction was driven by a significant difference (p=0.047) in the aggression observed 

in barren tanks made of glass (88.34 ± 10.83 [least squared mean ± standard error] behaviours 

observed in the 25 minutes of observation per day) compared with those made of plastic (43.02 ± 

13.82 [LSM ± SE] behaviours observed). In contrast, comparisons of enriched glass and plastic 

tanks yielded no significant differences in aggression (p=0.7992).  

Analyses revealed no significant effects of tank material on CVSL or CVCF, in contrast. 

For these measures there was also no significant effect of housing in C1 (Tables 3-6 and 3-7). 

However, there was a significant interaction of housing and timepoint in analyses of CVCF 
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(Table 3-7), but a post hoc Tukey test revealed that it was driven by a significant difference in 

CVCF between housing treatments apparent only at the Before (p=0.0276) timepoint (cf. Middle: 

p=0.9469, After: p=0.9981). There was also a significant effect of timepoint in analyses of CVSL 

(Table 3-6), indicating that fish body lengths became less variable over time (Before: 15.77 ± 

0.51 [LSM ± SE], After: 6.32 ± 0.51 [LSM ± SE]). 
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Figure 3-3. Mean number of aggressive behaviours observed in tanks from Cohorts 1 (magenta), 
2 (yellow), and 3 (purple) over six days of observation, split by housing treatment (barren vs. 
enriched). Each point in the jittered striplots represents a tank. Boxplots in black show: the 
median (midline), 1st and 3rd quartiles (hinges), the smallest and largest values within 1.5 times 
the interquartile range from the hinge (whiskers), and outliers, classified as points outside 1.5 
times the interquartile range (black points).  
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Figure 3-4. Mean number of aggressive behaviours observed in tanks from Cohort 3 over six 
days of observation, split by housing treatment (barren vs. enriched) and tank material (glass vs. 
plastic). GLM analyses reveal a significant interaction between housing treatment and tank 
material (F(1,4)=5.93, p=0.028), so the bracket and asterisk indicate groups that are significantly 
different (Tukey post-hoc test, p=0.047) from one another. Each point in the jittered striplots 
represents a tank. Boxplots in black show: the median (midline), 1st and 3rd quartiles (hinges), 
the smallest and largest values within 1.5 times the interquartile range from the hinge (whiskers), 
and outliers, classified as points outside 1.5 times the interquartile range (black points). 
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Table 3-5. Summary of GLM analyses in which the mean number of aggressive behaviours 
observed in home tanks over six days was the dependent variable. Effects or interactions with p-
values < 0.05 are indicated in bold. 

Fixed Effect / Interaction DF SS F ratio p value 
All Cohorts     
Housing 1 193.9235 0.2687 0.6073 
Cohort 2 2390.7259 1.6566 0.2050 
Sex Ratio 2 12.1948 0.0085 0.9916 
Housing*Cohort 1 653.3119 0.9054 0.3477 
Housing*Sex Ratio 1 257.5544 0.3569 0.5540 
Cohort 3     
Housing 1 51.0386 0.0689 0.7967 
Tank Material 1 859.7346 1.1609 0.2995 
Sex Ratio 1 255.0525 0.3444 0.5666 
Housing*Tank Material 1 4121.4096 5.9280 0.0279* 
Housing*Sex Ratio 1 60.6537 0.0819 0.7789 
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Table 3-6. Summary of GLM analyses in which CVSL was the dependent variable. Effects or 
interactions with p-values < 0.05 are indicated in bold. 

Fixed Effect / Interaction DF DFdenominator F ratio p value 
All three timepoints, Cohorts 2 and 3     
Housing 1 28 0.3587 0.5541 
Cohort 1 28 2.5427 0.1220 
Tank Material 1 28 1.8366 0.1862 
Time 2 64 119.0642 <0.0001* 
Housing*Cohort 1 28 0.0323 0.8586 
Housing*Tank Material 1 28 0.0579 0.8116 
Housing*Time 2 64 1.4016 0.2537 
Cohort 1     
Housing 1 8 5.0101 0.0556 
Time 1 8 0.0133 0.9110 
Housing*Time 1 8 1.1679 0.3113 

 

Table 3-7. Summary of GLM analyses in which CVCF was the dependent variable. Effects or 
interactions with p-values < 0.05 are indicated in bold. 

Fixed Effect / Interaction DF DFdenominator F ratio p value 
All three timepoints, Cohorts 2 and 3     
Housing 1 28 0.7137 0.4054 
Cohort 1 28 5.4259 0.0273* 
Tank Material 1 28 1.2197 0.2788 
Time 2 64 30.2750 <0.0001* 
Housing*Cohort 1 28 1.3561 0.2540 
Housing*Tank Material 1 28 0.0170 0.8973 
Housing*Time 2 64 4.7689 0.0117* 
Cohort 1     
Housing 1 8 1.6748 0.2317 
Time 1 8 1.1449 0.3158 
Housing*Time 1 8 1.2074 0.3038 
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3.4 Discussion 

Overall levels of aggression differed considerably between tanks: the mean number of 

aggressive behaviours observed per day varied by up to an order of magnitude. However, despite 

this wide variation, observed home-tank aggression and variation in body size did not 

significantly differ between housing treatments, satisfying the predictions of neither of the two 

competing hypotheses. This finding does not align with two key previous studies: Carfagnini et 

al. (2009), who found that EE reduces home-tank aggression in adult female zebrafish, and 

Woodward et al. (2019), who found that fish housed with EE perform more aggressive displays 

to their mirror image in the mirror-biting test and are thus assumed to be more aggressive 

overall. Importantly, differences between this chapter’s findings and those from previous studies 

are not due to differences in home-tank stocking density – across the zebrafish EE and 

aggression literature, stocking densities are relatively low and remarkably similar to the densities 

used in this differential rearing experiment (see Table 3-1, but cf. Keck et al. 2015). They are 

also not due to a lack of power; in fact, this study makes use of a far larger sample size (22 tanks 

per housing treatment) than any of the other studies examining the effects of EE on zebrafish 

aggression (Woodward et al. [2019] have 5 tanks of 10 mixed-sex fish per housing treatment and 

Keck et al. [2015] have 6 pairs of fish per housing treatment and sampling timepoint: the highest 

sample sizes of the 7 studies reviewed in Table 3-1). Mine is also the first study of EE effects on 

body size variation, both measures of which further supported the idea that enrichment does not 

affect agonistic interactions or hierarchy strength.   

As mentioned in the Introduction, that this study’s findings do not support the 

conclusions of Woodward et al. (2019) is unsurprising, since they examined aggression directed 

towards a fish’s mirror image in a novel environment rather than at conspecifics in the home 
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tank. However, that this study also did not find that EE decreases aggression may be because fish 

were housed in mixed-sex groups instead of all-female ones, as in Carfagnini et al. (2009). There 

is some evidence that female zebrafish prefer to shoal with other females (depending on habitat: 

e.g. Delaney et al. 2002), whereas males do not have sex-specific shoaling preferences (Etinger 

et al. 2009). Thus it is possible that reductions in aggression as a result of EE may only appear in 

fish who are housed only with the sex they prefer most (i.e. females with only other females, as 

in Carfagnini et al. 2009). Though analyses in the present study did not reveal any significant 

effects of sex ratio or its interaction with housing treatment on home-tank aggression, this 

experiment was not designed to assess sex effects on aggression and so does not have enough 

tanks in which sex ratios are dramatically skewed towards all-males or all-females to make 

strong conclusions in this regard (Appendix 1). Another study found that changing EE items at 

1-week intervals reduced aggression in mixed-sex groups (Czezyk et al. 2020), which, when 

compared with the present study’s relatively static, long-term EE provision scheme, suggests that 

environmental novelty may have an effect on home-tank aggression, rather than EE on its own. 

Finally, different strains or populations of zebrafish may exhibit different social behaviour 

phenotypes which, though not yet well-understood, may complicate comparisons between 

studies. For example, TL strain zebrafish show greater shoal cohesion in a novel environment 

than those from the AB strain (Séguret et al. 2016), and populations of wild zebrafish caught 

from fast-running streams are more aggressive than those caught from slower-moving irrigation 

canals or still lakes (Martins & Bhat 2014). The current body of literature examining the effect of 

tank manipulations (including EE) on aggression spans pet store-derived fish (Basquill & Grant 

1998, Hamilton & Dill 2002) and mutants (cln6a and tppl; Czezyk et al. 2020), as well as the AB 

(Carfagnini et al. 2009, Keck et al. 2015), WIK (Lee et al. 2018), Nacre (Woodward et al. 2019), 
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and now TU strains. So, replication studies with large sample sizes using a variety of common 

laboratory strains would be of value going forward, to help us fully understand whether EE does 

or does not influence home-tank aggression in zebrafish generally.  

I found an intriguing significant interaction between housing treatment and tank material 

in C3, wherein barren tanks made of glass have higher levels of home-tank aggression than 

enriched glass tanks or either type of plastic tank. This was not mirrored by any increase in body 

size variation, however. Though the present study was not designed to determine why housing 

treatment or tank material might increase or decrease home-tank aggression, it is worth noting 

that glass tank walls are highly reflective underwater, to the point of producing a near-mirror 

image of the inside of the tank (when viewed from an angle and depending on lighting 

conditions; pers. obs.). It is thus possible that the mirror-like glass tank walls, when observed by 

fish at an angle, cause aggressive displays towards reflections of other fish that may be priming 

them to be more aggressive towards real conspecifics, possibly because they are confusing 

shoalmates with reflections, or because aggression towards the walls is already high and 

conspecifics are getting caught in the crossfire. It may also be having a more generalized effect 

on aggression, since the reflections of conspecifics may give the overall impression of more fish 

in the tank, and thus more conspecifics to chase. This phenomenon is likely not present in tanks 

with plastic walls, since they do not produce reflections to nearly the same degree – if any are 

present, they are limited to light streaks, without any discernable fish reflections, at least to 

human eyes (pers. obs). That aggressive behaviours are reduced in enriched glass tanks is likely 

because the plastic grass plants provide considerable visual disruption between the mirror-like 

walls and the interior of the tank, such that it is either easier to distinguish nearby conspecifics 

from mirror-images or easier for subordinates to escape persecution in the cover the plants 
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provide (see some of the hypotheses presented by Carfagnini et al. 2009 and Czezyk et al. 2020 

briefly reviewed in the Introduction). At present, literature on the effects of mirror-like images 

on aggression are limited to individual responses in the mirror-biting test, while mirrors’ effects 

on intra-shoal aggression remain uninvestigated.  

So, though I can only speculate on the mechanism driving the increased aggression 

observed in barren glass tanks, this result does highlight the potential importance of tank material 

in mitigating conspecific aggression during routine housing, if not also providing visually 

disruptive EE like tall grass plants. It is also important for interpreting results in subsequent 

chapters, since 5 of the 22 barren tanks are made of glass and may be experiencing poorer 

welfare partly due to exacerbated aggression. In light of the latter consideration, in subsequent 

chapters, analyses will always first be performed on C3 to determine whether tank material has 

an effect on dependent variables independent of housing treatment, before proceeding to 

analyses of the entire dataset including all cohorts. 
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4 Anxiety in zebrafish (Danio rerio) reared in differentially 
preferred environments 

4.1 Introduction 

As discussed in Chapter 1, the benefits of EE often include reductions in or protection 

from negative affective states that can be caused by barren housing. Several behavioural tests 

have been developed to examine negative affect in adult zebrafish, with most focused on 

assessing anxiety and fear: behaviours evoked by perceived potentially dangerous environments 

or stimuli (Kalueff et al. 2013). Two of the most common tests used by neurobehavioural 

researchers using zebrafish are somewhat analogous to established rodent behavioural assays like 

the open field test and the light-dark box test: 1) the novel tank test, wherein a zebrafish’s 

tendency to dive and remain close to the bottom (also termed “bottom-dwelling”) in a novel 

environment is assumed to indicate anxiety; and 2) the light-dark preference test, wherein a 

zebrafish’s tendency to hide against darker substrates and backgrounds (relative to aversive 

bright white ones; scototaxis [preference for and movement towards darkness; Maximino et al. 

2010], hereafter “dark-dwelling”) is again assumed to indicate anxiety. Within both tests, other 

measures like the number of transitions between light and dark compartments or tank sections, 

and amount of time spent “frozen” (a behaviour assumed to reflect fear; Kalueff et al. 2013), are 

also sometimes used to infer anxiety. However, bottom-dwelling in the novel tank test and dark-

dwelling in the light-dark preference test appear to be among the most well-established 

measures, and generally co-vary (e.g. the application of an anxiogenic or stress treatment 

generally yields anxiety responses from fish in both tests [Kysil et al. 2017]).  

  Both bottom- and dark-dwelling have been validated as indicators of anxiety via 

pharmacological manipulations; exposure to threatening situations that, in the wild, would 
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predict harm (using conspecific alarm pheromone [schreckstoff], or predators [model or live]); 

and studies of acute and unpredictable chronic stressors (i.e. aversive stimuli). Results most 

relevant to the chronic stress that barren housing may induce are summarized in Tables 4-1 and 

4-2. Briefly, in both tests, chronic application of fluoxetine, an anxiolytic, reduces bottom- and 

dark-dwelling responses in wild-type and several mutant strains of adult zebrafish (Egan et al. 

2009, Wong et al. 2010, Maximino et al. 2011). In contrast, adult wild-type fish subjected to 

unpredictable chronic stressors (i.e. repeated exposure to aversive stimuli), both in adulthood and 

as juveniles, show increased bottom- and dark-dwelling responses (Piato et al. 2011a, 

Chakravarty et al. 2013, Fontana et al. 2021). A few null examples exist (e.g. Blaser & Gerlai 

2006, Gerlai et al. 2009, Collymore et al. 2015) and it should be noted that, in studies using 

schreckstoff as a stressor, results may be complicated by a lack of control over the concentration 

of pheromone applied, which may change fish responses to it (e.g. as for roach: Jachner & Rydz 

2002).   

Unlike the uniformly barren-housed fish used in the studies reported in Tables 4-1 and 4-

2, differentially-reared fish in the present study may present challenges for interpreting bottom- 

and dark-dwelling responses as measures of anxiety exclusively. First, animals housed in barren 

environments can suffer from boredom (e.g. Meagher & Mason 2012, Meagher et al. 2017), such 

that they seek stimulation regardless of its affective valence (Meagher & Mason 2012). The 

novel tank and light-dark preference tests are unlikely to be able to detect anxiety if this is 

masked by boredom: if barren-housed fish are bored and thus more exploratory when placed in a 

new environment, regardless of whether it makes them anxious or not, this could appear as 

decreased anxiety. Further, differentially-reared fish tested in the novel tank and light-dark 

preference tests experience differential EE loss, which may be acutely stressful: previous work 
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on mice suggests that EE loss can be worse for welfare than never experiencing EE in the first 

place (Latham & Mason 2010). If enriched-housed fish experience a similar phenomenon, it may 

mask their baseline anxiety levels. These may be two reasons why, in actual studies of EE 

provision, results from the novel tank and light-dark preference test are not as clear.  

Lee et al. (2019) raised WIK strain fish from 8 to 98 days post fertilization (dpf) in tanks 

with gravel and real plants and, when tested in the novel tank, spent less time bottom-dwelling 

than their barren-reared counterparts (ntanks/treatment = 5, nfish tested/tank = 4). Similarly, DePasquale et 

al. (2016) found that wild-type adults, when raised from 25 to 77 dpf in tanks with plastic plants, 

gravel, small shelters, black walls, and an object that was switched weekly, also spent less time 

bottom-dwelling relative to barren-reared counterparts (inferred from more time spent in top tank 

section: ntanks/treatment = 6, nfish tested/tank = 3). In a slightly different experiment, Marcon et al. 

(2018a) raised 6-month-old wild-type pet store fish with gravel, plastic plants, and a fake 

underwater “ruin” for 21-28 days, also subjecting half of them to an unpredictable chronic stress 

protocol. However, they found no significant differences in bottom-dwelling between unstressed 

fish in barren and enriched housing, nor stressed fish in either housing treatment. Collymore et 

al. (2015) housed AB strain fish for 3 weeks with an artificial plant, but found no differences in 

their bottom- or dark-dwelling responses relative to barren-, group-housed fish of the same strain 

and age (ntanks/treatment = 3, nfish tested/treatment = 10); nor did Dos Santos (2020), who housed wild type 

(strain not reported) fish for 7 or 14 days with stones and artificial plants (ntanks/treatment = 2, nfish 

tested/treatment = 13; though only fish with a week’s experience of EE were tested in the light-dark 

preference test). Similarly, Estes et al. (2021) provided AB strain fish with sprigs of artificial 

plant for 5 weeks and found no differences in bottom-dwelling, while EE provision actually 

increased dark-dwelling (ntanks/treatment = 12, nfish tested/treatment = 12). However, a review by 
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Maximino et al. (2010) reports that fish housed for 2 months with rocks, vegetation, and hiding 

places spend less time on the dark side of the test tank, though it should be noted that these 

findings do not seem to be independently peer-reviewed outside of the review in which they first 

appear. These results have been partially replicated by Manuel et al. (2015), who reared TL 

strain fish with sand, plastic plants, and a rock formation until they were 6 months old. They 

found that fish reared with enrichment spent less time on the dark side of the test tank compared 

to their barren-reared counterparts (though note that this study appears to be pseudoreplicated: 

ntanks/treatment = 1, nfish tested/tank = 20-24).  

It thus appears that, in studies where juvenile fish (<5 months of age) were supplied with 

EE for longer periods of time (>1 month), bottom- and dark-dwelling responses appear to 

decrease (e.g. Lee et al. 2019, DePasquale et al. 2016, Manuel et al. 2015), as would be expected 

if EE was reducing anxiety and boredom was not interfering with behaviour. However, in studies 

where fish were given EE as adults (>5 months of age; e.g. Dos Santos et al. 2020), and studies 

that used AB strain fish (e.g. Collymore et al. 2015, Estes et al. 2021), bottom- and dark-

dwelling responses are not reduced by EE (and may even increase). In addition to the potential 

effects of boredom and differential EE loss, these conflicting results may be due to degree of 

preference for EE: studies that gave EE to juvenile fish often used a form of substrate (gravel or 

sand) paired with artificial plants and other objects, which is more preferred than the artificial 

plants alone (Chapter 2) typically given to adult fish. There may also be an age effect at work, 

where provision of EE is more effective at altering welfare state when given earlier in life (e.g. 

as for bank voles: Cooper et al. 1996), and/or a strain effect, where AB fish are generally more 

anxious (though this has not been conclusively established: cf. Wong et al. 2012, Vignet et al. 

2013, Mustafa et al. 2019).  
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The objective of this chapter was thus to test the hypothesis that the long-term provision 

of highly preferred EE beginning when fish are 3 months of age reduces the stress-related 

negative affect that zebrafish experience in barren housing. This hypothesis predicts that adult 

fish reared with highly preferred EE will show decreased bottom- and dark-dwelling in the novel 

tank and light-dark preference tests, respectively (assuming that boredom is not a confound: 

something I did not test). In consideration of some of the challenges in interpreting bottom- and 

dark-dwelling responses from differentially-reared fish, a secondary objective also emerged: to 

test the potential effect that EE loss (as a result of moving from an enriched home tank to a 

barren test tank: e.g. Latham & Mason 2010, Smith et al. 2017) might have on the bottom- and 

dark-dwelling responses of fish reared with highly preferred EE. This was done via a suite of 

opportunistic additional tests that examined whether adding EE to the test tanks changed the 

responses of fish from tanks with EE.   
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Table 4-1. Overview of literature indicating that bottom-dwelling responses in the novel tank test are sensitive to negative affective 
states. The column labelled “Response” indicates treated fishes’ responses relative to untreated fish. 

Reference(s) Strain(s) Manipulation Response 
Consistent with the 
hypothesis that the 
tests reflect anxiety? 

Bencan et al. 2009 Pet store Anxiolytic pre-treatment (buspirone, diazepam) Decreased ü 

Egan et al. 2009, 
Wong et al. 2010 

WT, longfin, 
leopard, 
albino 

Anxiolytic chronic application (fluoxetine) Decreased ü 

Stewart et al. 2011 WT “Ecstasy” (MDMA) pre-treatment Decreased ü 

Egan et al. 2009, 
Wong et al. 2010 

WT, longfin, 
leopard, 
albino 

Anxiogenic pre-treatment (caffeine) Increased ü 

Egan et al. 2009 
WT, longfin, 
leopard, 
albino 

Alarm pheromone pre-treatment (schreckstoff) Increased ü 

Piato et al. 2011b WT Acute stressor pre-treatment (restraint) Increased ü 
Blaser & Gerlai 2006, 
Gerlai et al. 2009 

Pet store, AB Live or model predators (presented beside tank) No difference û 

Luca & Gerlai 2012 AB Predator silhouette (presented above tank) Increased ü 

Piato et al. 2011a, 
Chakravarty et al. 
2013 

WT, unknown 

Unpredictable chronic stress protocol in adulthood 
(restraint, cooling/heating outside optimal range, exposure of dorsal 
body wall due to low water levels, social isolation: applied twice 
daily over 7 days) 

Increased ü 

Fontana et al. 2021 AB 

Unpredictable chronic stress protocol in juvenile stages (7-12 dpf) 
(restraint, cooling/heating outside optimal range, exposure of dorsal 
body wall due to low water levels, social isolation twice daily over 
7 days) 

Increased ü 

Collymore et al. 2015 AB Chronic stressor (3-week social isolation) No difference û 
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Table 4-2. Overview of literature indicating that dark-dwelling responses in the light-dark preference test are sensitive to negative 
affective states. The column labelled “Response” indicates treated fishes’ responses relative to untreated fish. 

Reference(s) Strain(s) Manipulation Response 
Consistent with the 
hypothesis that the 
tests reflect anxiety? 

Gebauer et al. 2011, 
Maximino et al. 2011 

WT Anxiolytic pre-treatment (buspirone, benzodiazepines) Decreased ü 

Maximino et al. 2011 WT Anxiolytic chronic application (fluoxetine) Decreased ü 
Maximino et al. 2011 WT Anxiogenic pre-treatment (caffeine) Increased ü 

Maximino et al. 2014 
Pet store 
(longfin) 

Alarm pheromone pre-treatment (schreckstoff) 
Increased 
(effect blocked by 
fluoxetine) 

ü 

Piato et al. 2011a, 
Chakravarty et al. 
2013 

WT, unknown 

Unpredictable chronic stress protocol in adulthood 
(restraint, cooling/heating outside optimal range, exposure of 
dorsal body wall due to low water levels, social isolation: applied 
twice daily over 7 days) 

Increased ü 

Fontana et al. 2021 AB 

Unpredictable chronic stress protocol in juvenile stages (7-12 dpf) 
(restraint, cooling/heating outside optimal range, exposure of 
dorsal body wall due to low water levels, social isolation twice 
daily over 7 days) 

Increased ü 

Collymore et al. 2015 AB Chronic stressor (3-week social isolation) No difference û 
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4.2 Methods 

 Study subjects were part of the differential-rearing experiment described in Chapter 3. 

However, only those from C2 and C3 were tested at ~1.1 years old (11 months in housing 

treatments), because fish from C1 were pre-exposed to the test tanks during pilot testing. Tanks 

within a given cohort were tested in a randomized order, with each tank receiving a randomly 

generated number ID. A pair of fish, one male and one female, were selected from each tank 

after allowing the shoal 2 minutes to acclimate to the net (i.e. the net was placed, stationary, in 

the home tank and fish were allowed to swim around and investigate it), to mitigate the chance of 

artificially selecting the boldest individuals from every shoal. The pair was then tested one after 

another, each individually undergoing the novel tank test followed immediately by the light-dark 

preference test. Thus two fish, one of each sex, from 17 tanks of each of the two housing 

treatments, were tested. Pilot tests using fish from C1 indicated that fish subjected to the assays 

sequentially did not exhibit significantly different responses to those subjected to the only one of 

tests, and sequential test presentation has been used by other researchers (e.g. Dos Santos et al. 

2021). Furthermore, sequential test presentation offered several benefits: 1) it represented a 

possible refinement, in that stress to the shoal from repeated netting in the home tank was 

minimized; 2) it permitted assessment of between-test reliability even though fish were not 

tagged in any way, so individual identification was impossible; and 3) it improved the time 

efficiency of testing.  

4.2.1 Novel tank test 

Individual fish were gently introduced to the novel tank (Figure 4-1A: 28 cm [L] x 11 cm 

[W] x 16 cm [D]), which was filled to 12 cm with water from the recirculation system at 

~27.5°C. The tank was thoroughly illuminated from above with a halogen lamp such that there 
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were ~950 lux across the water’s surface (following Cachat et al. 2010, similar light intensity to 

Maximino et al. 2010). To prevent shoaling responses to a fish’s own reflection (Maximino et al. 

2010), the tank used was made of matte translucent plastic. To prevent visual disturbance during 

the test, three of the four sides of the tank were covered with grey plastic (a neutral colour 

compared with black [putatively preferred] and white [aversive]; see Blaser et al. 2010), the 

fourth and back-facing wall being left transparent. Horizontal gridlines dividing the tank in equal 

top, middle, and bottom sections were drawn on this transparent wall (as in Figure 4-1A [Levin 

et al. 2007, DePasquale et al. 2016, Marcon et al. 2018a]) to facilitate live behavioural 

observations. These were conducted via a mirror mounted behind the tank (so that no observers 

were directly in a given fish’s sightlines, for reasons similar to those mentioned in Chapter 3). 

An observer, blind to housing treatment, recorded the amount of time each fish spent in the 

bottom section of the tank (hereafter referred to as Time in Bottom) within a 5-minute test period 

(similar to DePasquale et al. 2016). At the end of the test period, fish were transferred by net to 

the central compartment of the light-dark preference tank and allowed 1 minute of rest.  

4.2.2 Light-dark preference test 

Following Maximino et al. (2010) the light-dark preference tank (Figure 4-1B: 45 cm [L] 

x 10 cm [W] x 15 cm [D]) was filled to 10 cm with water from the recirculation system at 

~27.5°C. Similar to the novel tank test, the tank was illuminated from above with a halogen 

lamp. To prevent shoaling responses to a fish’s own reflection (Maximino et al. 2010), the tank 

was made of sanded plexiglass, with one end painted with non-toxic white paint (on the dry side) 

and the other painted with black. The central compartment was painted half white and half black 

(as in Figure 4-1B), with removable frosted plexiglass dividers on either side. After 1 minute of 

rest post-novel tank test, the dividers were removed, marking the beginning of the light-dark test. 
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Using a mirror now mounted above the tank (so that no observers needed to reach over the tank 

and cause an unintentional anti-predator response [e.g. Luca & Gerlai 2012]), an observer, blind 

to housing treatment, recorded the amount of time each fish spent in the black half of the tank 

(hereafter referred to as Time in Black) within a 15-minute test period (after Maximino et al. 

2010). At the end of the test period, fish were transferred to a tank containing water and EE (if 

present in their home tank) and allowed 5 minutes recovery before returning to their home tank. 

Water in both test tanks was completely replaced between each fish.  

4.2.3 Additional tests with EE 

 As mentioned in the Introduction, the tests conducted above may be affected by the 

differential loss of enrichment when fish are transferred to the novel or light-dark preference 

tanks: fish from enriched tanks who move to test tanks are suddenly without plants and gravel, 

which may offer hiding places, camouflage, etc., while fish from barren tanks are in a similar 

environment to their home tank. So, to investigate whether this differential enrichment loss may 

have masked housing effects on the anxiety behaviours measured above, a small-scale set of 

opportunistic additional tests were conducted. Approximately 5 months after initially being 

tested as described above, 20 fish from plastic tanks in C3 (thus two fish, one of each sex, from 5 

tanks of either housing treatment) were re-tested according to the same protocol, except that test 

tanks that matched their home tank environment through the addition of two small grass plants 

and gravel inside the novel tank and four grass plants and gravel inside the light-dark preference 

tank. Grass plants were evenly spaced along the length of the test tanks. Ten fish from barren 

home tanks (n=5 of either sex) and 10 fish from enriched home tanks (n=5 of either sex) were 

tested as described above. All behavioural observations were made by an observer who was 

blind to my hypothesis. 
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4.2.4 Statistical methods 

 Prior to analyses, one female fish from a glass enriched tank in C3 was removed from the 

dataset due to disturbances during testing that compromised the quality of the data collected from 

this fish. Both variables Time in Bottom and Time in Black were slightly negatively skewed, so a 

square-root transformation for negative skew was applied with form: √(max(x+1) - x). Data were 

then analyzed using general linear models (GLMs) in JMP (v. 16, SAS Institute 2021). First, a 

model investigating between-test reliability was run with Time in Bottom as the dependent 

variable, and Time in Black, housing treatment, sex, and the interaction of housing and sex as 

fixed effects, with tank (nested in housing) as a random effect. Between-test reliability was also 

assessed using Lin’s Concordance Correlation Coefficient (CCC [Lin 1989], calculated with the 

epiR package in R [R Core Team 2020, Stevenson et al. 2018]). 

Models of C3 Time in Bottom revealed no significant effects of tank material (see 

Chapter 3). So, for full analyses of Time in Bottom, housing treatment, sex, and cohort were 

included as fixed effects, with interactions between housing treatment and sex and cohort as 

well. Tank (nested in housing treatment and cohort) was included as a random factor. Models of 

C3 Time in Black revealed a significant effect of tank material (see Results, Chapter 3). So, for 

full analyses of Time in Black, housing treatment, sex, tank material, and cohort were included 

as fixed effects, with interactions between housing treatment, sex, tank material, and cohort as 

well. Tank (nested in housing treatment, cohort, and tank material) was included as a random 

factor. For additional tests with EE (using fish from only the plastic tanks in C3), Time in 

Bottom and Time in Black were again slightly negatively skewed, so a square-root 

transformation for negative skew was applied as above. Models investigating the effect of 

housing treatment and sex (and their interaction) on Time in Bottom and Time in Black were run 
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with and tank (nested in housing treatment) included as a random factor. Normality and 

homogeneity of the residuals for all models were confirmed through graphical inspection. 
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Figure 4-1. Schematics of the test tanks used in A) the novel tank test and B) the light-dark 
preference test. Horizontal gridlines drawn on the novel tank to divide it into equal top, middle, 
and bottom sections, to facilitate live behavioural observations, are indicated in A) and plexiglass 
dividers containing fish in the central compartment of the light-dark preference tank are 
indicated in B). Depths to which both tanks were filled with system water are also shown. 
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4.3 Results 

 Analyses of between-test reliability revealed that individuals’ square-root transformed 

Time in Black significantly predicted their square-root transformed Time in Bottom responses 

(Table 4-3). Lin’s CCC analyses (rho = 0.336) indicated that their responses across tests 

positively co-varied with fair agreement (similar to Altman’s [1991] interpretation of Cohen’s 

kappa, where 0.21-0.4 is considered “fair” agreement).  

4.3.1 Novel tank test 

 Analyses revealed a significant effect of housing (Table 4-4), such that fish from 

enriched tanks spent more time in the bottom third of the novel tank (Figure 4-2). No other main 

or interactive effects or interactions had significant effects (Table 4-4).   

4.3.2 Light-dark preference test 

Analyses revealed no significant main effect of housing (Figure 4-3), but a significant 

interaction with sex (Table 4-5) caused by females from enriched tanks spending more Time in 

Black than females from barren tanks, but males exhibiting the opposite pattern. There were no 

other significant main or interactive effects (Table 4-5). 

4.3.3 Additional tests with EE 

 Analyses of data from the additional tests with EE revealed no significant effects of 

housing treatment on either Time in Bottom or Time in Black, and no other significant main or 

interactive effects (Figure 4-4, Tables 4-4 and 4-5).  

  



 

87 

 

 

Figure 4-2. Time spent in the bottom third of the novel tank (in seconds) by fish from Cohorts 2 
(yellow) and 3 (purple) over five minutes of testing, split by housing treatment (barren vs. 
enriched). GLM analyses of square-root transformed Time in Bottom revealed a significant 
effect of housing treatment (F(1, 29.41)=9.32, p=0.0048). Each point in the jittered striplots 
represents a fish: males as triangles and females as circles. Boxplots in black show: the median 
(midline), 1st and 3rd quartiles (hinges), the smallest and largest values within 1.5 times the 
interquartile range from the hinge (whiskers), and outliers, classified as points outside 1.5 times 
the interquartile range (black points). 
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Figure 4-3. Time spent in the black half of the light-dark preference tank (in seconds) by fish 
from Cohorts 2 (yellow) and 3 (purple) over 15 minutes of testing, split by sex and housing 
treatment. GLM analyses of square-root transformed Time in Black revealed a significant 
interaction between sex and housing treatment (F(1, 31.47)=8.29, p=0.0071). Each point in the 
jittered striplots represents either a male (triangle) or female (circle) fish. Boxplots in black 
show: the median (midline), 1st and 3rd quartiles (hinges), the smallest and largest values within 
1.5 times the interquartile range from the hinge (whiskers), and outliers, classified as points 
outside 1.5 times the interquartile range (black points).   
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Figure 4-4. Results of the additional novel tank and light-dark preference tests (wherein test 
tanks contained EE matching the focal fish’s home tank conditions) performed with fish only 
from plastic tanks in Cohort 3, split by housing treatment (barren vs. enriched). GLM analyses of 
square-root transformed Time in Bottom and Time in Black revealed no significant effect of 
housing treatment (see Tables 4-4 and 4-5). Each point in the jittered striplots represents a fish: 
males as triangles and females as circles. Boxplots in black show: the median (midline), 1st and 
3rd quartiles (hinges), the smallest and largest values within 1.5 times the interquartile range 
from the hinge (whiskers), and outliers, classified as points outside 1.5 times the interquartile 
range (black points). A) Time spent in the bottom third of the novel tank (in seconds) over five 
minutes of testing. B) Time spent in the black half of the light-dark tank (in seconds) over 15 
minutes of testing. 
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Table 4-3. Summary of GLM analyses investigating between-test reliability, where square-root 
transformed Time in Bottom was the dependent variable. Effects or interactions with p-values < 
0.05 are indicated in bold. 

Fixed Effect / Interaction DF DFdenominator F ratio p value 

Time in Black 1 46.3271 12.5609 0.0009* 

Housing 1 0.6140 7.3401 0.3347 
Sex 1 60.1201 3.2568 0.0761 
Housing*Sex 1 61.5000 0.3207 0.5733 

 

Table 4-4. Summary of GLM analyses in which square-root transformed Time in Bottom was 
the dependent variable. Effects or interactions with p-values < 0.05 are indicated in bold. 

Fixed Effect / Interaction DF DFdenominator F ratio p value 

Dataset: C2 and C3     
Housing 1 29.41 9.3242 0.0048* 

Sex 1 31.45 3.2923 0.0792 
Cohort 1 29.41 0.0365 0.8498 
Housing*Sex 1 31.45 0.6189 0.4373 
Housing*Cohort 1 29.41 0.6469 0.4277 
Dataset: Additional Tests     
Housing 1 8 0.1040 0.7554 
Sex 1 8 2.2848 0.1691 
Housing*Sex 1 8 0.1537 0.7053 

 

Table 4-5. Summary of GLM analyses in which Time in Black was the dependent variable. 
Effects or interactions with p-values < 0.05 are indicated in bold. 

Fixed Effect / Interaction DF DFdenominator F ratio p value 

Dataset: C2 and C3     

Housing 1 27.00 0.7630 0.3901 
Sex 1 31.47 0.1056 0.7474 
Cohort 1 27.65 0.0253 0.8748 
Tank Material 1 27.55 3.1042 0.0892 
Housing*Sex 1 31.47 8.2920 0.0071* 
Housing*Cohort 1 27.65 1.0512 0.3141 
Housing*Tank Material 1 27.55 0.1248 0.7266 
Dataset: Additional Tests     
Housing 1 8 0.2051 0.6627 
Sex 1 8 1.7693 0.2201 
Housing*Sex 1 8 0.0149 0.9058 
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4.4 Discussion 

Bottom- and dark-dwelling responses did not follow expected housing-related patterns, 

satisfying neither prediction of my hypothesis. Further, observed patterns of responses were not 

the same across tests, despite individual responses co-varying between tests to a “fair” degree 

(Altman 1991). In the novel tank test, fish raised with highly preferred EE spent more time 

bottom-dwelling and thus seemed more anxious than their barren-housed counterparts. This is 

inconsistent with previous research that reports either a decrease in bottom-dwelling after 

housing with EE (e.g. Lee et al. 2019, DePasquale et al. 2016) or no housing condition-based 

differences in bottom-dwelling (e.g. Collymore et al. 2015, Dos Santos et al. 2020, Estes et al. 

2021). However, fish responded to the light-dark preference test differently depending on their 

sex. Males raised with highly preferred EE spent more time dark-dwelling compared with their 

barren-housed counterparts, appearing to mirror results from the novel tank test, but females 

raised with EE spent less time dark-dwelling, suggesting potential sex differences in anxiety due 

to housing. 

To date, I am unaware of research that reports an increase in bottom-dwelling as a result 

of EE provision, though Marcon et al. (2018a) found that, using other measures assumed to be 

related to anxiety (e.g. time spent in and number of entries to the upper zone of the novel test 

tank), anxiety increased when 6-month-old fish were housed with EE for 21-28 days. In contrast, 

that I found no main effect of housing treatment on dark-dwelling is consistent with some studies 

where EE was provided to adult fish for a short period of time (e.g. 21 days: Collymore et al. 

2015, 7 days: Dos Santos et al. 2020), but oddly inconsistent with the present study’s bottom-

dwelling results, as well as studies where fish were exposed to EE for longer periods of time (e.g. 

2-6 months) and spent less time dark-dwelling (e.g. 2 months: Maximino 2010, 6 months: 
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Manuel et al. 2015) or indeed more time dark-dwelling (e.g. Estes et al. 2021) than their barren-

housed counterparts.  

In previous studies of fish housed in conventional barren tanks, reported sex differences 

in dark-dwelling in the light-dark preference test conflict: some find that female fish spend more 

time dark-dwelling than males (e.g. Devaud et al. 2019, Fontana et al. 2020) and yet others find 

the opposite (e.g. wild zebrafish: Mustafa et al. 2019, domestic zebrafish but only after the 

second day of repeated testing: Dos Santos et al. 2021) or no pattern (e.g. Wong et al. 2012, AB 

strain: Mustafa et al. 2019). And published sex difference patterns in bottom-dwelling are also 

inconsistent (again in studies of fish from conventional barren tanks): some find that females 

spend more time bottom-dwelling (e.g. Fontana et al. 2020, AB strain: Mustafa et al. 2019) yet 

others find no sex differences (e.g. Wong et al. 2012, Soares et al. 2020). Other studies assume 

that more time spent in the upper zone of the novel tank, and shorter latencies to reach the upper 

zone initially, reflect lower levels of anxiety: patterns relating to sex are variable here too (males 

spend more time in the upper zone: e.g. Dos Santos et al. 2021, Genario et al. 2020 [but cf. 

higher rates of “freezing” behaviour in males]; females spend more time in the top portion: e.g. 

Soares et al. 2020; females have shorter latencies to reach top portion: e.g. Ampatzis & Dermon 

2016; no differences: e.g. Wong et al. 2019). These conflicting patterns make the literature on 

sex differences in anxiety difficult to navigate, but it is possible that strain differences (e.g. 

Mustafa et al. 2019) and variation in experimental design (as suggested by Wong et al. 2019) or 

tank design (as for the light-dark preference test: e.g. DePasquale & Leri 2018) between studies 

are contributing to the discordance.  
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As yet, the present study is the only report of sex differences in anxiety specifically 

relating to EE provision. However, there is some preliminary evidence of sex differences in 

preference for and response to EE that may have impacted its potential anxiolytic effect: 

Schroeder et al. (2014) found that males had stronger preferences for floating plants over 

submerged ones than females did (though they found no sex differences in preference for other 

EE items like substrate, etc.) and Lee et al. (2019) report an improvement in female body 

condition with EE provision, but no such change for males. The limited information currently 

available makes the significant interaction between sex and housing treatment in the present 

study difficult to interpret, though deeper investigations of sex differences in response to EE are 

clearly warranted, since results from the present study (see also Chapter 5) suggest that the 

sexes may be differentially affected by EE. 

4.4.1 Do tests of anxiety assess transient or fundamental housing effects?  

The effects of housing and its interaction with sex discussed above disappeared in 

additional tests where test apparatuses matched home-tank housing treatments. This could be due 

to the small sample size used in this opportunistic study (n=5 tanks of each housing treatment). 

For example, Mead’s resource equation suggests that, for the additional tests to be appropriately 

powered, they would have required 6 tanks minimum in each housing treatment or, more ideally, 

10 (Gaskill & Garner 2020), and sample size calculations indicate that to detect an effect of 

similar magnitude observed in original tests of bottom-dwelling, 15 tanks of each treatment 

would have been required (https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html). However, if this 

is not a Type II error, these results suggest that the anxiety measured in initial novel tank and 

light-dark preference tests may be a transient response to EE loss. It is possible that enriched-

housed fish are experiencing a similar phenomenon to mice, who suffer more from the loss of EE 
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than from never experiencing it in the first place (Latham & Mason 2010). If temporary EE loss 

indeed represents an acute stressor for fish, this may explain two results from the original tests. 

First, fish from enriched tanks tested in barren novel tanks exhibited increased bottom-dwelling, 

possibly because of temporary EE loss. Second, evidence suggests that, after exposure to an 

acute stressor like being chased with a net or crowded, male zebrafish exhibit more pronounced 

cortisol responses than females (Wong et al. 2019, Rambo et al. 2017, Oswald et al. 2012, but cf. 

Ramsay et al. 2006). Thus, it is possible that males may be selectively affected by the acute 

stress of EE loss and would spend more time dark-dwelling than females, as observed in the 

present study (though this phenomenon would not explain observed patterns in bottom-

dwelling). If this result were replicated with an increased sample size and more robust 

experimental design, it could both refine future studies and pose intriguing new research 

questions. For example, are there sex differences in how adult zebrafish cope with EE loss? Can 

we determine the impact of EE loss on adult zebrafish by titrating its effects against other 

anxiolytic manipulations (e.g. treatment with fluoxetine at different doses, etc.)? 

But another question remains with respect to the results of my additional tests: once the 

testing environment matched the home tank to mitigate the effects of EE loss, why did bottom- 

and dark-dwelling responses not satisfy my hypothesis’ predictions? Again, this may simply be 

due to the small sample size; however, if it is not, an alternative explanation is possible. As 

discussed in the Introduction, another effect may be masking differences in baseline anxiety: 

boredom, possibly causing an increase in stimulation-seeking in barren-housed fish. If a 

replication study were to be conducted examining the effects of differential EE loss on anxiety, I 

would encourage a parallel study examining whether differentially-housed fish suffer from 

differential boredom, based on the operationalized definition developed by Meagher and Mason 
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(2012 p. 1). They propose that boredom is a negative affective state caused by under-stimulation 

that “should increase interest in stimuli of all kinds”, as opposed to apathy, which “should 

manifest as decreased interest in all stimuli”, and anhedonia, which “should specifically decrease 

interest in normally rewarding stimuli”. Thus, by presenting differentially-housed zebrafish with 

a variety of stimuli categorized as aversive, rewarding, or neutral, future researchers could assess 

whether their responses to these stimuli suggest boredom (or indeed apathy or anhedonia, as 

well).  

Finally, it is possible that entirely different tests might be better suited to detection of the 

potentially anxiolytic or resilience-boosting effects of enriched housing. For example, Giacomini 

et al. (2016) assessed zebrafish recovery after application of an acute stressor (120 second net 

chase) and found that EE blunted cortisol responses in a manner similar to treatment with 

fluoxetine and diazepam. Another option might be assessment of shoal cohesion and polarization 

(e.g. as in Miller et al. 2013), since there is evidence that stress tends to increase shoal cohesion, 

and anxiolytic manipulations tend to loosen or disrupt shoals (reviewed by Miller 2020). And 

still other tests may emerge, as the body of research on zebrafish behaviour and welfare 

continues to expand.  

4.4.2 Conclusions 

This chapter’s results do not support my hypothesis and are inconsistent with other 

literature on the anxiolytic effects of EE. However, my additional tests raise questions about 

whether EE loss in the novel tank and light-dark preference tests represents an acute stressor that 

prevented detection of housing effects. Further, along with conflicting findings in the literature, 

my results underscore the need for replication. For example, of the existing studies examining 

EE effects on anxiety, this one provides EE for the longest period of time (11-16 months vs. 6 
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months [Manuel et al. 2015] or less). Continued efforts to interrogate what the novel tank and 

light-dark preference tests are and are not sensitive to (e.g. experimental work by Blaser & 

Rosemberg 2012, Blaser & Peñalosa 2011, and Blaser et al. 2010) are also valuable as we 

expand the range of possible affective state manipulations (e.g. pharmacological, environmental, 

social, etc.) we wish to assess and compare with these behavioural assays. But it may also be that 

entirely different tests are more useful for determining the potential anxiolytic effects of enriched 

housing.   
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5 Survival and growth of zebrafish (Danio rerio) reared in 
differentially-preferred environments  

5.1 Introduction 

Expanding on the hypothesis tested in Chapter 4, the present study sought to further 

investigate whether providing highly preferred EE long-term reduces negative affective states 

that might be caused by barren housing, this time focusing on its effects on zebrafish survival 

and growth.  

5.1.1 Stress effects on survival and lifespan 

Negative affective states are known to affect lifespan, survival, and aging across a variety 

of species. As summarized by Juster et al. (2010 p. 2): “chronic psychosocial stress and 

consequent physiological dysregulations are increasingly viewed as catalysts of accelerated 

aging and agitators of disease trajectories”. In humans, negative affective states predict elevated 

morbidity and mortality (reviewed in Walker et al. 2012), as does lower socioeconomic status 

(Stringhini et al. 2017) and social isolation (Steptoe et al. 2013). Similar effects exist for a 

variety of non-human animals in compromised states of welfare (also reviewed in Walker et al. 

2012, Cait et al. 2022). The physiological dysregulation that negative affective states can 

produce is complex and involves a number of interdependent systems, but generally causes 

“wear and tear” on bodily systems that accelerates aging (e.g. McEwen & Wingfield 2003, 

Romero et al. 2009, Juster et al. 2010). This burden can manifest in a variety of pathological 

outcomes, some of which include: adverse changes in immune function (e.g. Gouin 2011, and in 

fish: Tort 2011) that can result in increased susceptibility to infectious disease agents (e.g. Biondi 

& Zannino 1997), compromised wound healing (e.g. Christian et al. 2006), auto-immune 

disorders (e.g. Stojanovich & Marisavljevich 2008), and tumorigenesis (e.g. Dai et al. 2020); 
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changes to the gut and gut microbiome (e.g. as in mice [Mus musculus]: e.g. Bailey et al. 2011, 

and Atlantic salmon [Salmo salar]: Uren Webster et al. 2020) that can compromise nutrient 

absorption (suggested for fish by Sadoul & Vijayan 2016), cause gastrointestinal disorders (e.g. 

colitis: Gao et al. 2018), and possibly affect neurological function (e.g. depression: Dinan & 

Cryan 2013); accelerated age-related neurological decline (e.g. Alzheimer’s disease: Machado et 

al. 2014); and increased risk of cardiovascular disease (e.g. Golbidi et al. 2015).  

In the context of housing-related negative affective states, a meta-analysis by Cait et al. 

(2022) revealed that conventional, barren laboratory housing significantly increases stress-related 

morbidity and mortality in lab rodents, compared with well-resourced cages (known to be 

preferred and welfare-improving). However for fish, the effects of non-preferred environments 

on lifespan remain uncharacterized, since studies often do not last long enough to track such 

long-term outcomes. So far, only Lee et al. (2019) report improved zebrafish survival rates at 30 

days post fertilization in tanks with gravel and aquatic plants that are known to be preferred 

relative to barren ones (Chapter 2). But in studies of other fish species, where environmental 

preferences are not yet clearly characterized, the addition of “complexity” and/or substrate tends 

to reduce mortality (reviewed in Nåslund & Johnsson 2014, Arechavala-Lopez et al. 2021) and 

have beneficial effects on some of the relevant physiological systems (e.g. improved infection 

resistance in Atlantic salmon [Salmo salar]: Karvonen et al. 2016, Raïha et al. 2019; improved 

skin healing in Atlantic halibut [Hippoglossus hippoglossus]: Ottesen et al. 2007). Thus is it 

possible that the provision of EE for zebrafish may have stress-relieving benefits that parallel the 

benefits of well-resourced cages on rodent survival (Cait et al. 2022) by mitigating some of the 

“wear and tear” that can be induced by non-preferred housing conditions.  
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One feature of the EE provided in the present study may also improve survival more 

specifically. Zebrafish females prefer gravel to silt for oviposition (e.g. Spence et al. 2007) and 

substrates like marbles have been commonly used during laboratory-based breeding to prompt 

egg-release from females (e.g. Nasiadka & Clark 2012). Female zebrafish can withhold their 

eggs (e.g. Skinner & Watt 2007), which may have problematic consequences in non-optimal 

environments. Females can become “eggbound”: a life-threatening condition where a plug of 

necrotic clumped eggs clogs their oviduct and prevents further oviposition (originally observed 

in females housed without males present: Spence et al. 2008, Nasiadka & Clark 2012). Thus, in 

addition to the negative affective states that might drive a decrease in survival in non-preferred 

environments such as barren tanks (as discussed above), becoming eggbound due to a missing 

resource like gravel (their preferred spawning substrate) may also cause impaired survival in 

tanks lacking this resource.  

5.1.2 Growth under stress 

For fish, it is generally assumed that chronic stress suppresses growth (e.g. Pickering 

1993, Schreck & Tort 2016, Balasch & Tort 2019), which is relevant to the negative affective 

states that barren housing may induce, as summarized in Table 5-1. Briefly, for zebrafish and 

some salmonid species, housing at high, non-optimal densities (i.e. crowding that may induce 

stress), exposure to unpredictable chronic stressors (i.e. repeated exposure to aversive stimuli), 

and social stress (i.e. subordination or intimidation) cause decreases in body size. Importantly, in 

studies of social stress, subordinates’ access to feed could be restricted by dominant fish. The 

only studies of social stress reported in Table 5-1 were therefore those that employed methods to 

mitigate this confound by feeding to satiation/ad libitum (e.g. Filby et al. 2010), feeding 

dominant and subordinate fish equal rations while they were temporarily separated (e.g. Abbott 



 

100 

 

& Dill 1989), or feeding at a high temporal resolution (e.g. Tea et al. 2019) – yet subordinate, 

chronically stressed fish still exhibited impaired growth. But there are also some examples where 

chronic stress does not appear to affect body size: zebrafish who were socially isolated for two 

months exhibited no changes in growth (Forsatkar et al. 2017), nor did rainbow trout exposed to 

unpredictable chronic stressors (Barton et al. 1987).  

 A number of studies have also investigated the effects of EE provision on fish growth, 

but their results are “sharply contradictory” (Zhang et al. 2021, echoed by Johnsson et al. 2014 

and Arechavala-Lopez et al. 2021), and do not present as unified a pattern as the studies 

summarized in Table 5-1. For zebrafish provided with some preferred EE (mainly artificial 

plants: see Chapter 2), four studies reporting growth effects are summarized in Table 5-2. Only 

one found that that fish housed with EE become larger than their barren-reared counterparts 

(Estes et al. 2021), while two found the opposite pattern (Spence et al. 2011, Woodward et al. 

2019). Similarly conflicting results exist for other fish species, though whether they prefer the 

putative EE with which they were provided remains largely unknown (reviewed in Nåslund & 

Johnsson 2014, Arechavala-Lopez et al. 2021, and Zhang et al. 2021). On a practical level, it is 

possible that EE might limit fishes’ visual contact with food items or affect the efficiency of food 

dispersal throughout the tank (as suggested by Johnsson et al. 2014), masking its potential effects 

on negative affect-relevant growth. The lack of housing effects on body size variation (Chapter 

3) suggests that feeding until fish exhibit behavioural signs of satiety, as in the present study, 

may help mitigate this issue (for three of the four previous studies of EE provision and its effect 

on growth, it is unknown whether zebrafish were fed a fixed ration or to satiation: Table 5-2).  

It is also important to note that the mechanisms linking chronic stress to suppressed 

growth are not yet well-characterized for fish (e.g. our understanding of how fish appetite is 
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physiologically mediated is “very limited” [Conde-Sieira et al. 2018], models of hypothalamic-

pituitary-interrenal [HPI] axis effects on energy reallocation and anabolism are hypotheses 

[Sadoul & Vijayan 2016], etc.). Further, the use of measures of productivity (e.g. growth, 

reproduction, milk yield, etc.) as indicators of welfare has been criticized, since they can be 

decoupled from welfare state via the process of domestication (e.g. Brambell 1965 and Ekesbo 

1966, both reviewed in Fraser 2009, pp. 84-103; Appleby et al. 2018, pp. 25-27). There is some 

evidence that artificial selection for fast growth (for the purposes of improving and accelerating 

reproductive output) has occurred in laboratory zebrafish (e.g. Eaton & Farley 1974, discussed 

by Spence et al. 2007, 2008), which may complicate interpretation of growth as an indicator of 

welfare. Therefore in this chapter, the effects of EE on growth will be assessed as a 

supplementary measure of fishes’ physical responses to housing-related stress, with the 

understanding that results should not be interpreted without the context of other measures, such 

as survival.   

5.1.3 Objective and specific predictions 

The objective of this chapter was thus to further test the hypothesis that the long-term 

provision of highly preferred EE reduces the stress-related negative affect that zebrafish 

experience in barren housing. This hypothesis predicts that highly preferred EE will improve 

survival, and that the mortality and morbidity observed in barren housing will be driven by 

causes likely related to pathological dysfunction (e.g. infection, injury, etc). Because of female 

zebrafishes’ ability to withhold laying eggs in sub-optimal environments, it also predicts that 

barren tanks without preferred spawning substrate (i.e. gravel) will produce higher rates of 

mortality and morbidity due to being eggbound. Chronic stress in barren tanks may also reduce 
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growth, especially if all animals are fed to satiety so that abilities to find food in EE tanks do not 

act as confounds.  
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Table 5-1. Overview of literature indicating that growth is sensitive to negative affective states in zebrafish, and fish more generally. 
The column labelled “body size response” indicates treated fishes’ responses relative to untreated fish. 

Reference(s) Species Manipulation Body size 
response 

Consistent with the 
hypothesis that 

growth is negatively 
impacted by stress? 

     
Filby et al. 2010, Tea et 
al. 2019 

zebrafish (WIK, strain not 
reported) 

Social stress (subordination, intimidation, non-optimal [low] 
biodensities) – fed to satiation  

Decreased ü 

Vianello et al. 2003, and 
reviewed by Andersson & 
Kettunen 2021 

zebrafish  
(strains not reported)  

Crowding (non-optimal [high] biodensities) Decreased ü 

Abdollahpour et al. 2020 
zebrafish  
(strain not reported) Net chasing (once or twice daily for 42 days) 

Decreased 
(females only) 

ü 

Ramsay et al. 2009 zebrafish (AB) 
Unpredictable chronic stress (crowding, net handling with air 
exposure, simulated transport, anesthesia with aversive MS-222: 
applied 5 times weekly for 20 weeks) 

Decreased ü 

Golla et al. 2020 zebrafish (nacre, Tg) 
Unpredictable chronic stress (net chasing, tank turbulence, 
hyperosmotic shock, pH drop, light flashes: applied twice daily for 7 
days) as juveniles 

Decreased ü 

Forsatkar et al. 2017 
zebrafish  
(longfin albino) Social isolation (60 days) No difference û 

Abbott & Dill 1989, 
Cubitt et al. 2008, and 
reviewed by Volpato & 
Fernandes 1994 

rainbow trout 
(Oncorhynchus mykiss), 
Atlantic salmon (Salmo 
salar), multiple others 

Social stress (subordination, intimidation) – fed equal rations or ad 
libitum Decreased ü 

Madaro et al. 2015, 
Madaro et al. 2016 

Atlantic salmon (Salmo 
salar) 

Unpredictable chronic stress (chasing, netting, cooling/heating 
outside optimal range, body exposure due to low water levels, loud 
noises, light flashes: applied three times daily over 23 days) OR 
repeated net chase (twice daily for 23 days) 

Decreased ü 

Barton et al. 1987 rainbow trout 
(Oncorhynchus mykiss) 

Unpredictable chronic stress (chasing, suspension in air, tank 
draining: applied daily over 10 weeks) 

No difference û 

Damsgård et al. 2019, and 
reviewed by Castanheira 
et al. 2017 

Atlantic salmon (Salmo 
salar), multiple others Stress-reactive coping style  Decreased ü 

Laakkonen 2006 
Arctic charr (Salvelinus 
alpinus) Predator chemical cue exposure 

Decreased  
(body condition) 

ü 

Chatzifotis et al. 2008 
gilthead seabream 
(Spaurus aurata) Anxiogenic in feed (caffeine, ≥1g/kg feed) Decreased ü 

Belal & Assem 2011 Nile tilapia (Oreochromis 
niloticus) Anxiolytic in feed (diazepam ≥1.5 mg/100g feed) Increased ü 
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Table 5-2. Summary of reported effects of EE on zebrafish body size. 

 

Reference Sample size Strain Home-tank enrichment 
Duration of 
enrichment 
provision 

Stocking density, water 
temperature, & feeding 

regime 
Growth/body size result 

       

Spence et al. 
2011 

10 tanks of 
12 fish per 
treatment 

WIK + 
wild type 

Complex (50 haphazardly 
placed 50 mm lengths of 
artificial Elodea canadensis) 
and simple (barren)  

6 months Low, 25°C, 2x daily (flake 
food in feeding ring) 

Fish of both strains from 
“complex” tanks were shorter 
than those in “simple” ones 

Woodward et al. 
2019 

5 tanks of 10 
mixed-sex 
fish per 
treatment 

Nacre Very enhanced (a plant, a pot, 
and a seascape background), 
mildly enhanced (blue 
seascape background), and 
control (barren) 

10 weeks Low, 25-27°C, 2x daily 
(flake food and brine 
shrimp)  

 

Fish from “very enhanced” 
environments were shorter than 
those from control tanks, but 
no significant difference in 
mass 

Lee et al. 2019 5 tanks of 11 
mixed-sex 
fish per 
treatment 

WIK Enriched (aquatic plants  
[vallis and water trumpet]) and 
barren tanks 

18 weeks Medium, 28°C, 5-30 dpf: 
5x daily (brine shrimp and 
ZM000), 30 dpf onwards: 
4x daily (brine shrimp & 
ZM100) - rations 

At 60 days old, fish from 
enriched tanks were shorter 
than fish from bare tanks. 
At 120 days old, fish were the 
same length but females from 
enriched tanks had higher 
condition factors  

Estes et al. 2021 12 tanks of 
2-5 fish per 
tank 

AB Enriched (plastic plants [3 
boxwood 
sprigs attached to mats and 3 
floating boxwood sprigs]) or 
barren tanks 

19.5 weeks Medium, 27-29°C, 5-21 
dpf: rotifers, 21-65 dpf: 
Gemma Micro 150, 65 dpf 
onwards: Gemma Micro 
300 
 

Fish from enriched tanks were 
longer than fish from barren 
ones 
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5.2 Methods 

 Study subjects were part of the differential-rearing experiment described in Chapter 3.  

5.2.1 Mortality and morbidity data collection 

Mortality and morbidity data were collected over the course of differential rearing. Fish 

health status was determined via daily visual observations and any fish found dead were 

immediately removed from their home tanks. For live fish, out of consideration for fish welfare 

and biosecurity, severe morbidity (rather than death) was considered a humane endpoint (and 

note that it was typically severe morbidity, rather than actual death, through which I tested my 

hypothesis): euthanasia decisions were made by myself, according to the decision tree outlined in 

Figure 5-1. Fish were euthanized via rapid cooling (Wilson et al. 2009, Matthews & Varga 

2012, Köhler et al. 2017, Thurman et al. 2019). For ~90% of euthanasia decisions (i.e. those 

made when I was not conducting my own health checks), I was blind to housing treatment. 

Research assistants, who were blind to hypothesis, reported signs of fish morbidity to me via text 

without indicating tank ID, or sent me videos of sick or injured fish in holding tanks rather than 

their home tanks. Upon euthanizing a fish or finding a fish dead, the date, tank ID, and suspected 

cause of morbidity were recorded. Where cause of morbidity was not clear from external 

examination or fish health history, a post mortem dissection was performed by myself, while I 

was blind to housing treatment. Guiding questions and diagnostic indicators used to categorize 

causes of mortality or morbidity are summarized in Table 5-3. Fish surviving to the end of the 

study spent a total of 786 (C1), 701 (C2), or 648 (C3) days in their housing treatments and lived 

to ~2-2.5 years old, which represents 60-70% of their mean lifespan of 3.5 years (HAGRID: 

03544 [Tacutu et al. 2018]). 
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5.2.2 Body size measurements 

 Fish were fed daily until behavioural signs of satiation were apparent. Satiation was 

assumed when fish stopped chasing floating food and each other, and swimming activity slowed, 

with fish no longer swimming towards the water’s surface. If in doubt, excess food remaining on 

the tank bottom after 10 minutes was used as a supporting indicator of satiation. Feeding 

occurred at ~10:00am EST each day with previously frozen Artemia spp. (Hikari® Bio-Pure 

Brine Shrimp), and on weekday afternoons at ~ 4:00pm EST with Skretting Gemma Micro 

pellets (sizes 75-300, depending on gape size during growth). Body size measurements of fish 

from C2 and C3 were taken at three timepoints (1, 32-36, and 61-69 weeks spent in their housing 

treatments), while C1 measurements were taken at only two timepoints (49 and 82 weeks in 

housing treatments: see methodological details in Chapter 3). At the Middle and After 

timepoints, fish were also sexed (morphological sex differences were not yet apparent in 3-

month-old juvenile fish at the Before timepoint).  

5.2.3 Statistical methods 

5.2.3.1 Survival  

Mortality and morbidity data were compiled, and otherwise healthy fish who died due to 

sampling for other studies or human accident during research or routine husbandry were right-

censored appropriately. Lifespan since introduction to housing treatment (hereafter “lifespan”: 

time from introduction to housing treatment as juveniles until death) was then calculated in 

preparation for survival analyses, which were performed with R statistical software (R Core 

Team 2020), using the survival (Therneau 2020) and survminer (Kassambara et al. 2021) 

packages. Data were analyzed using a Cox Proportional Hazards shared frailty model with 

housing treatment and cohort as fixed effects and tank (nested in housing treatment) included as 
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the frailty term. Satisfaction of model assumptions was confirmed through graphical inspection 

of the residuals. A Kaplan-Meier model was then used to further investigate and visualize 

significant main effects. To test for the effect of tank material on survival (see Chapter 3), data 

from C3 only were also analyzed using a Cox Proportional Hazards shared frailty model with 

housing treatment, tank material and cohort as fixed effects (as well as the interaction between 

housing and tank material), and tank (nested in housing treatment) included as the frailty term.  

5.2.3.2 Type of mortality/severe morbidity 

For descriptive plotting, outside of sampling or human accident, type of severe morbidity 

was categorized into 7 groups, summarized in Table 5-3. For analyses, morbidity was 

categorized into 2 groups: 1) eggbound (considered to be more sensitive to a lack of resources 

than to the potential cost of chronic physiological dysregulation due to negative affect), 2) other 

(encompassing all other categories, as they likely reflect pathological changes due to chronic 

stress, such as immune suppression, poor healing rates, etc.: see Introduction). Of the total fish 

who died per tank, the percentage of fish dead due to each of these two types of morbidity was 

calculated and analyzed using GLMs in JMP (v. 16, SAS Institute 2021). A model was run for 

each, with housing treatment and cohort as fixed effects, as well as their interaction. Normality 

and homogeneity of the residuals for each model were confirmed through graphical inspection.  

5.2.3.3 Growth 

 SL and WW data were used to calculate condition factor (see Chapter 3) for each fish at 

each timepoint. Since fish could not be individually identified, tank-level mean SL and condition 

factor, split by sex where possible, were used for analyses such that tank was the unit of 

replication. SL and condition factor were analyzed using GLMs in JMP (v. 16, SAS Institute 

2021). Since C2 and C3 fish could not be reliably sexed while juveniles at the Before timepoint, 
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a repeated measures analysis of the three timepoints together was only possible without 

examination of sex effects.  

Models of C3 SL and condition factor revealed no significant effects of tank material (see 

Chapter 3). So, using data from C2 and C3 and all three timepoints, SL (not split by sex) was 

analyzed with a repeated measures model, with housing treatment, timepoint, and cohort as fixed 

effects, along with the interactions of timepoint and cohort with housing treatment. Then using 

data from all cohorts at the Middle and After timepoints, models of SL and condition factor (both 

split by sex) were run with housing treatment, timepoint, sex, and cohort as fixed effects, along 

with the interactions of timepoint, sex, and cohort with housing treatment, the interaction of sex 

and timepoint, and the three-way housing treatment, sex, and timepoint interaction, with tank as 

a random effect (nested in housing treatment and cohort). Normality and homogeneity of the 

residuals for each model were confirmed through graphical inspection.  
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Figure 5-1. Tree used to guide decisions about euthanasia of experimental fish. Group health and biosecurity was the immediate 
priority upon observation of a symptom of morbidity (see Table 5-3), and guiding questions used to assess potential contagiousness 
are noted. Where qualitative, subjective assessments were made (e.g. the severity of a symptom, or its likelihood to compromise 
welfare), illustrative examples are provided.  
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Table 5-3. Summary of mortality and severe morbidity types, based on information gathered during daily health checks (i.e. 
answering “yes” to guiding questions) and symptoms/diagnostic indicators assessed prior to euthanasia and, when the cause of 
morbidity was not apparent from live assessment, during post mortem dissections. Alternative causes and categorizations are noted 
where live assessment was overridden by post mortem dissection findings or fish health history. Where two co-occurring symptoms 
were the impetus for euthanasia (see Figure 5-1), the more severe (subjectively assessed) was used for categorization. Categories 
represent causes observed > 5 times over the course of the study. 
Type Guiding questions during daily health checks Symptoms/diagnostic indicators (assessed live & post mortem) 
Eggbound Is the abdomen swollen laterally? 

Are there lesions or bruising present on the abdomen? 
Extreme lateral abdominal swelling, abdominal bruising, ≥ 2 unsuccessful 
abdominal massage attempts, swollen abdomen filled with eggs, necrotic 
ovipositor plug, egg adhesion to abdominal wall 
alternative: impacted bowel [Other], abdominal mass [Tumour] 

Buoyancy issue Is the fish swimming in a tilted orientation, with its head 
higher than its tail or vice versa?  
Does the fish appear to lack control, bobbing while 
swimming, unable to change depth in the water column, 
or buffeted by the water inflow current? 

Persistent upward or downward tilted swimming pattern (for ≥ 2 days), 
uncontrolled swimming pattern, necrotic/inflamed/damaged swim bladder 
alternative: neurological issue [Other] 

Injury Are there visible wounds or bruises? 
Are any fins ripped, eroded, or missing?  
Are the opercula missing (if initially present)? 
Is there red or pink apparent beneath the brain case or 
near the eyes?  

Acute onset: usually with bleeding, bruising on face, head, or back, 
and/or ripped/missing body part 

Skin lesion Are there visible lesions? Externally visible red or pink ulcer, sometimes with white centre 
alternative: egg adhesion to abdominal wall [Eggbound], secondarily 
infected known injury [Injury] 

Deformity Is the jaw deformed or the spine bent, without any 
bruising present? 

Abnormal jaw, bent spine 

Tumour Are there any areas of localized swelling or obvious 
protrusions, particularly in the abdomen or throat? 

Localized protrusion visible beneath skin (usually in abdomen or throat) 
containing mass of white or pink tissue 
alternative: enlarged heart [Other] 

Other  
e.g. emaciation, 
persistent unspecified 
lethargy, impacted 
bowel, enlarged 
heart, unknown 

Additional guiding questions: 
Body: Are there any areas of discolouration/darkness or spots of white, red, or black? Are the eyes cloudy rather than clear, or 
protruding from the eye sockets? If visible, do the gills appear fuzzy or inflamed? Are there any rough areas of raised scales, which 
under direct light look matte rather than shiny? Are colours dull rather than vivid, or stripe edges fuzzy rather than crisp? 
Activity: Does the fish appear to be drifting or resting near the tank bottom, rather than swimming actively? Does the fish actively 
seek food when it is present? Does the fish appear uncoordinated during attempts to feed, aiming poorly or having difficulty holding 
food items inside the mouth?  
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5.3 Results 

5.3.1 Survival and type of mortality/morbidity 

 Data met Cox Proportional Hazards model assumptions. A model was first run on C3 

data alone to test for an effect of tank material: no significant effect of it was detected 

(Appendix 2). Subsequent analyses of the full dataset revealed a significant main effect of 

housing treatment (Table 5-4, Figure 5-2), with enriched fish having a 34% lower risk of death 

and severe morbidity than their barren counterparts (hazard ratio [enriched:barren] = 0.66, 95% 

confidence interval [CI]: 0.49-0.89). The mean percentages of fish who died from each of the 7 

identified types of mortality and severe morbidity (Table 5-3) are shown in Figure 5-3, with 

counts listed in Appendix 2. Models investigating whether the prevalence of death/morbidity 

due to being eggbound or an “other” cause revealed no significant effects of housing treatment, 

cohort, or their interaction (Table 5-5).  

5.3.2 Growth 

 Tank-level mean SL and WW for C2 and C3, and C1, are shown in Figure 5-4. In the 

repeated measures model using SL data from Cohorts 2 and 3, analyses revealed a significant 

interaction between housing treatment and timepoint (Table 5-6), indicating that body lengths 

diverged with increasing time spent in housing treatments, but not in the predicted way. A post-

hoc Tukey test showed that fish started out at similar lengths across housing treatments (Before: 

p=0.9996), but fish from barren tanks grew significantly longer as time in housing treatment 

increased (Figure 5-5, Middle: p=0.0005, After: p<0.0001). Using data from all cohorts at the 

Middle and After timepoints, analyses of SL revealed a significant interaction of sex and housing 

treatment (Table 5-6) indicating that the difference in female length between barren and 

enriched housing treatments was greater than the difference in male length (Figure 5-6). The 
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interaction of housing treatment and cohort was also significant, but it merely reflected that the 

difference in length between enriched and barren housing was greatest for fish from C1, and that 

they were generally bigger than fish from C2 or C3 (because they were also older when 

measured: see Chapter 3). Condition factor did not differ significantly between housing 

treatments: indeed, no main effects or interactions were significant in this model (Table 5-7).  
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Figure 5-2. Kaplan-Meier curves comparing zebrafish survival in enriched and barren housing 
treatments. Curves are significantly different from each other (log-rank test, p=0.005) and shaded 
areas of each curve represent 95% CIs. Dotted black lines indicate median survival for each 
curve: 785 (95% CI: 752-818) and 666 (95% CI: 629-703) days for enriched and barren 
conditions, respectively. 

 

Table 5-4. Summary of Cox Proportional Hazards model of survival. Effects with p-values < 
0.05 are indicated in bold. 
Main Effect DF Chi squared p value 
Housing Treatment 1 7.719 0.005* 
Cohort 2 0.167 0.920 
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Figure 5-3. Of the total number of fish who died, mean percentage who succumbed to seven 
types of mortality/severe morbidity (see Table 5-3) in enriched and barren housing treatments 
during differential rearing. Error bars indicate standard error of the mean. Fish who survived to 
the end of the experiment or were otherwise healthy but killed for sampling or by human 
accident are not represented. 
 
Table 5-5. Summary of GLM analyses in which of total fish who died, the percentage of fish 
dead due to being eggbound or an “other” cause, was the dependent variable. Effects or 
interactions with p-values < 0.05 are indicated in bold. 

Fixed Effect / Interaction DF SS F ratio p value 
Death due to being eggbound 
Housing Treatment 1 13.8368 0.0157 0.9009 
Cohort 2 1211.3013 0.6880 0.5087 
Housing*Cohort 2 259.3186 0.1473 0.8635 
     
Death due to an “other” cause 
Housing Treatment 1 13.8368 0.0157 0.9009 
Cohort 2 1211.3013 0.6880 0.5087 
Housing*Cohort 2 259.3186 0.1473 0.8635 
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Figure 5-4. Scatterplots of tank-level mean standard length (mm) and wet weight (mg) of zebrafish raised in enriched (orange) and 
barren (blue) housing environments. Large labelled points represent timepoint-level mean standard length and wet weight for each 
housing treatment, with error bars representing standard deviation. A) Data from Cohorts 2 and 3, where Before, Middle, and After 
timepoints represent 1, 32-36, and 61-69 weeks in housing treatment, respectively. B) Data from Cohort 1, where Middle and After 
timepoints represent 49 and 82 weeks in housing treatment, respectively. 
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Figure 5-5. GLM repeated measures analysis of standard length from Cohorts 2 and 3 revealed a 
significant interaction (F(2, 64)=10.98, p<0.0001) between housing treatment (barren vs. 
enriched) and timepoint (Before, Middle, and After: 1, 32-36, and 61-69 in housing treatment, 
respectively), indicating that fish body size diverged over time spent in housing treatment. The 
interaction is represented in terms of the least squared mean (LSM) standard length (mm), and 
error bars indicate standard error of the LSM. Asterisks indicate significant differences (Tukey 
post-hoc test, Middle: p=0.0005 and After: p<0.0001) from one another.  

 
Figure 5-6. GLM analysis of standard length from all cohorts revealed a significant interaction 
(F(1, 125.74)=17.61, p<0.0001) between housing treatment (barren vs. enriched) and sex (male 
vs. female). The interaction is represented in terms of the least squared mean (LSM) standard 
length (mm), and error bars indicate standard error of the LSM.   
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Table 5-6. Summary of GLM analyses in which standard length (mm) was the dependent 
variable. Effects or interactions with p-values < 0.05 are indicated in bold. 

 

Table 5-7. Summary of GLM analysis in which condition factor was the dependent variable. 
Effects or interactions with p-values < 0.05 are indicated in bold. 

 

  

Fixed Effect / Interaction DF DFdenominator F ratio p value 
All three timepoints, Cohorts 2 and 3 
Housing 1 30 32.1417 <0.0001* 
Cohort 1 30 5.9084 0.0213* 
Time 2 64 1018.9235 <0.0001* 
Housing*Time 2 64 10.9769 <0.0001* 
Housing*Cohort 1 30 1.8376 0.1854 
     
Last two timepoints, all Cohorts 
Housing 1 37.9460 100.6334 <0.0001* 
Cohort 2 37.9665 31.6572 <0.0001* 
Time 1 124.3091 429.9172 <0.0001* 
Sex 1 125.7416 0.7029 0.4034 
Housing*Cohort 2 37.9665 6.5276 0.0037* 
Housing*Time 1 124.3091 1.4740 0.2270 
Housing*Sex 1 125.7416 17.6141 <0.0001* 
Sex*Time 1 124.3091 16.2698 <0.0001* 
Housing*Time*Sex 1 124.3091 0.0598 0.8072 

Fixed Effect / Interaction DF DFdenominator F ratio p value 
Last two timepoints, all Cohorts 
Housing 1 38.2829 0.2592 0.6136 
Cohort 2 38.3031 0.3437 0.7113 
Time 1 124.7157 0.9263 0.3377 
Sex 1 126.1647 0.0911 0.7632 
Housing*Cohort 2 38.3031 0.5679 0.5714 
Housing*Time 1 124.7157 0.7486 0.3886 
Housing*Sex 1 126.1647 1.0248 0.3133 
Sex*Time 1 124.7157 0.8986 0.3450 
Housing*Time*Sex 1 124.7157 0.9603 0.3290 
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5.4 Discussion 

The present study sought to test the hypothesis that the long-term provision of highly 

preferred EE reduces the stress-related negative affect that zebrafish likely experience in barren 

housing, which predicted that EE would improve survival and growth relative to non-preferred 

barren tanks. 

Predictions about survival and lifespan were satisfied: more fish housed in barren tanks 

died than did fish housed in enriched ones. In comparing the two housing treatments, fish housed 

in barren tanks have a ~34% increased risk of instantaneous death/morbidity and their median 

survival is 119 days (almost 4 months) shorter. This aligns with recent findings from research 

using laboratory rodents, who suffer greater mortality when conventionally housed in barren 

cages, as opposed to well-resourced, preferred ones (Cait et al. 2022). My data could not reveal 

why: being eggbound was not a more common cause of death in one housing treatment 

compared with the other, for instance. So, pending replication (suggestions below), barren tanks 

may not cause health problems due to the absence of a specific feature like substrate that could 

impact the prevalence of being eggbound (though it is worth noting that aspects of being 

eggbound may indeed be exacerbated by chronic stress [e.g. healing from abdominal wall 

adhesions, fighting secondary infections, etc.], and that teasing the effects of chronic stress vs. 

missing resources apart is challenging), but instead might impose a more generalized “cost” to 

fish overall, possibly via allostatic overload. Allostasis refers to the superordinate system by 

which stability is achieved through change: in other words, the group of physiological mediators 

that produce changes to help other systems maintain or return to homeostatic set points (e.g. 

McEwen & Wingfield 2003). Allostatic overload (or, in terms of Romero et al.’s [2009] Reactive 

Scope Model, “homeostatic overload”) can occur when there are prolonged challenges to the 
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maintenance of homeostasis, and allostatic mediators force body systems to compensate by 

shifting their operating ranges to maintain function, which can cause “wear and tear” on these 

body systems (e.g. McEwen & Wingfield 2003, Juster et al. 2010, Schreck & Tort 2016).  

Ideally, this result should now be replicated with more detailed post mortem assessments 

to clearly identify finer-scale and more specific causes of death (e.g. specific pathogen infection, 

tumour pathogenicity, etc.), and over a longer period to allow more fish to senesce. Specifically, 

I would recommend that, using humane endpoints, such a study plan to keep fish in their 

respective housing treatments for at least 3 years (i.e. ~ 85% of the mean expected lifespan of 

zebrafish) or longer, such that larger sample sizes for testing hypotheses about the causes of 

mortality and morbidity might be collected. Further, differences in relative allostatic load 

between housing treatments might be inferred from: differences in telomere length, which often 

reflects rate of aging (e.g. Anchelin et al. 2011, Carneiro et al. 2016); differences in the amount 

of DNA damage sustained via oxidative stress (e.g. as for socially isolated mice: Nishio et al. 

2007); and differences in the long-term activity of the HPI axis, which could be investigated via 

scale cortisol content (e.g. Laberge et al. 2019).  

It is also important to note that the present study’s results are likely a conservative 

estimate of the effect that non-preferred, barren housing can have on zebrafish survival and 

lifespan, since husbandry was performed to a very high standard and fish in the present study did 

not repeatedly undergo stressful research procedures such as surgery, avoidance conditioning, 

etc. (e.g. Lidster et al. 2017). Repeated exposure to such stressors might exacerbate the effects of 

a non-preferred home tank environment: recovery from acute stressors (e.g. Giacomini et al. 

2016), as well as physiological responses to unpredictable chronic stress (e.g. Marcon et al. 
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2018a, 2018b), are known to be compromised by barren tanks relative to enriched ones, so their 

exacerbated cumulative impact would likely add to the “cost” already imposed by barren tanks.  

Opposite to what was predicted, fish from barren tanks grew longer than those in 

enriched ones, with a significant difference in body length apparent as early as 32-36 weeks after 

fish were introduced to their housing treatments that persisted up to 61-82 weeks. However, there 

was no significant difference in condition factor between housing conditions, suggesting that that 

fish from barren tanks did not differ in terms of body proportions relative to their enriched-

housed counterparts. That is, barren-housed fish were not skinnier or more rotund, but instead 

simply larger overall. This finding aligns with two of four existing studies that report housing 

effects on zebrafish size (Table 5-2: Spence et al. 2011, Woodward et al. 2019). In those studies, 

the size difference was hypothesized to result from differences in food dispersal efficiency or 

visual disturbances caused by vertically-oriented plastic plants (suggested by Woodward et al. 

2019) or heterogeneous growth in enriched tanks that led to stronger dominance hierarchies 

(suggested by Spence et al. 2011) and higher rates of aggression that suppressed growth overall 

(suggested by Woodward et al. 2019). However, results from the present study suggest that those 

proposed explanations do not apply. It is unlikely EE in the present study presented challenges to 

seeing or accessing feed that were sufficient to suppress growth, since I fed fish to satiation, 

distributed feed across the entire water surface, and was careful to ensure each fish was actively 

feeding at every meal. It might be that barren tanks make food easier to see once it has settled out 

of the water column, but unpublished data indicate that the observed growth patterns track EE 

preference (Chapter 2) such that tanks containing only gravel substrate or only grass plants, 

which would present similar visual challenges, produce fish who are larger than those from 

enriched tanks in the present study (but still smaller than those from barren tanks). Further, 
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findings from Chapter 3 indicate that, between housing treatments, rates of aggression and 

dominance hierarchy strengths did not differ. Why fish in barren tanks grew larger thus remains 

unknown, though a few hypotheses deserving of future research are discussed below.  

5.4.1 Housing effects on growth and body size  

  If barren tanks indeed induce negative affective states that burden fish with an associated 

physiological cost, as might be inferred from the present study’s observations of survival (though 

cf. discussions of growth effects on longevity, below), why are they also producing larger fish? 

The present study is not designed to test more nuanced mechanisms by which non-preferred 

housing might be affecting growth and body size, but several opportunities for future 

investigation exist. First, it is possible that barren tanks reduce rates of cell proliferation in the 

brain via chronic stress. There is some evidence that long-term negative affective states affect 

brain cell proliferation in fish: for example, social stress has been shown to suppress the number 

of bromodeoxyuridine (BrdU)-positive cells in the brains of subordinate male zebrafish (Tea et 

al. 2019), male cichlids, (Astatotilapia burtoni: Maruska et al. 2012) and rainbow trout (Sørensen 

et al. 2012). When coupled with confinement, long-term social stress also produces rainbow trout 

with lower levels of proneural gene expression in their brains (pcna [proliferating cell nuclear 

antigen], neurod1 neuronal differentiation 1], bdnf [brain-derived neurotrophic factor], and dcx 

[doublecortin]: Johansen et al. 2012). Similarly, the persistent presence of simulated predators 

and injury from predation reduce the number of PCNA-positive cells in electric fish brains (e.g. 

Brachyhypopomus occidentalis; Dunlap et al. 2016). Some researchers have hypothesized that a 

reduction in brain cell proliferation during chronic stress changes an animal’s energy budget, 

shifting energy from the brain to peripheral tissues instead, causing an apparent increase in 

somatic growth (S.L. Alderman, pers. comm.). So, are rates of brain cell proliferation different 
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between housing treatments in the present study? Previous research on enrichment provision for 

fish suggests this might be the case (zebrafish: von Krogh et al. 2010, Atlantic salmon: Salvanes 

et al. 2013, and black rockfish [Sebastes schlegelii]: Zhang et al. 2020), and a discussion of 

possible neurogenesis and brain cell proliferation markers that could be assessed in the future is 

presented in Chapter 7. And do fish housed in barren tanks have higher metabolic rates in their 

somatic tissues like the liver and muscle than in their brains, which could suggest that this 

hypothesized energy shift is occurring? Zebrafish are used for a wide variety of research on 

metabolism, so there are several useful markers already characterized for use in future research 

(e.g. those reviewed by Schlegel & Gut 2015, Gut et al. 2017). 

Second, McEwen and Wingfield (2003) distinguish between two types of allostatic 

overload that may occur: Type 1, when the energy demands of allostatic overload exceed supply, 

and Type 2, when allostatic overload occurs but there are sufficient resources to maintain that 

load. Growth suppression might be expected in Type 1 allostatic overload, if energy is diverted 

away from growth, reproduction, and ontogenetic processes to systems essential for life. But in 

Type 2, when energy is abundant and a costly physical response to a perceived threat is not 

required (i.e. the stressor is mainly psychological, and does not required escape responses, 

shelter-seeking, etc.), as is the case for many chronically stressed humans and captive animals, a 

persistent stress response and elevated glucocorticoid levels can disrupt insulin and glucagon 

production and increase appetite, resulting in hyperphagia and obesity in humans (due to an 

increase in visceral abdominal fat), and increased food-seeking behaviours in other mammals 

(e.g. La Fleur 2006). Fish housed in barren tanks in the present study did not exhibit higher 

condition factors than their enriched-housed counterparts, suggesting that Type 2 allostatic 

overload may not be occurring. However, though condition factor positively correlates with body 
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fat content for other fish species (e.g. Atlantic salmon: Herbinger & Friars 1991, northern pike 

[Esox lucius]: Salam & Davies 1994, Atlantic croaker [Micropogonias undulatus]: Schloesser & 

Fabrizio 2017, but cf. e.g. Simpson et al. 1992, Sutton et al. 2000, Moszár et al. 2014), in future, 

assessing whether fish from barren tanks exhibit hyperphagia (e.g. via quantification of the 

amount of food required for fish to reach satiation) and/or have higher amounts of visceral fat 

(e.g. via bioelectric impedance analyses: Hartman et al. 2015) like stressed, obese humans in 

Type 2 allostatic overload would represent more direct ways of testing this hypothesis. However, 

it is also possible that zebrafish may not reflect this mammalian phenomenon, depending on 

whether they exhibit determinate or indeterminate growth (a question that remains unresolved: 

cf. e.g. Biga & Goetz 2006, Tsai et al. 2007, Heubel et al. 2021).   

 Third, two factors relevant to body size that were not assessed in the present study may 

have been altered by housing treatment, pending future investigations. First, I did not measure 

potential differences in activity level between housing conditions. Whether EE affects activity 

level for zebrafish is not well-established in the literature, with only one study by von Krogh et 

al. (2010) reporting that EE causes a decrease in activity in isolated individuals. However, 

exercise can enhance growth in zebrafish (e.g. Palstra et al. 2010) and decrease anxiety (e.g. 

DePasquale & Leri 2018). Thus in addition to the confounds outlined in Chapter 4 that should 

be accounted for in future tests of anxiety and EE, activity level represents another potential 

factor to consider, especially if body size results from the present study are replicated. Further, 

an increase in mortality in barren tanks would have caused a gradual decrease in stocking 

densities relative to enriched tanks over time. Higher densities (e.g. 30 vs 2.5 fish/L [Hazlerigg et 

al. 2012], 16.6 vs. 4.2 fish/L [Egge et al. 2008]) generally tend to produce reductions in zebrafish 

growth (though cf. Rabbane et al. 2016, who found no difference in growth between 2.5 and 7.5 
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fish/L, and that body size increased with increasing densities from 7.5 up to 22.5 fish/L). 

However, the effects of a subtle change between already quite low densities, like the one 

occurring in this study (e.g. a drop from ~0.3 to ~0.1 fish/L over 24 months), on zebrafish 

growth have yet to be studied, so it is unknown whether density effects may have played a role in 

the patterns of growth observed between housing treatments. I therefore strongly encourage 

future work to assess whether exercise or density may interact with housing to produce the 

patterns of body size I observed between housing treatments.  

5.4.2 Growth and body size effects on lifespan 

Regardless of how or why barren tanks are producing larger fish, it is possible that their 

accelerated growth contributed to the observed differences in survival and lifespan, either in 

concert with chronic stress or independent of it. Higher body sizes, growth rates, and associated 

elevated metabolic rates are linked to compromised longevity in endotherms (e.g. reviewed by 

Metcalfe & Monaghan 2003, Speakman 2005, Monaghan & Ozanne 2018, and others), as well as 

fish (e.g. Lebistes reticularis: Comfort 1963, perch [Perca fluviatilis]: Metcalfe & Monaghan 

2003, brown trout [S. trutta]: Debes et al. 2016) and lizards (Tasmanian snow skinks 

[Niveoscincus mircolepidotus]: Olsson & Shine 2002). At least two hypothesized mechanisms 

exist: 1) that energy allocated to growth might come at the expense of self-maintenance and 

longevity (e.g. Monaghan & Ozanne 2018), via elevated metabolic rates and increased 

production of free radicals that can damage telomeres (e.g. Metcalfe & Monaghan 2003); and 2) 

that energy expenditure per gram of tissue is dependent on overall body size, with tissue in 

smaller animals expending more energy before expiring than tissue in larger animals (e.g. 

Speakman 2005). However, Monaghan and Ozanne (2018 p. 11) succinctly outline two 

competing predictions linking growth rate and longevity (as inferred from telomere length): “(i) 
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that faster growing individuals will have relatively shorter telomeres as a result of more cell 

division and/or oxidative stress exposure or (ii) that faster growing individuals will have longer 

telomeres since the faster growth indicates better environmental conditions and less exposure to 

hormonal or oxidative stress”. Thus, assessment of telomere length, as well as measurements of 

telomerase activity (an enzyme that repairs and maintains telomeres: Autexier & Lue 2006) and 

other markers of bodily maintenance, would be useful for investigating stress effects on growth 

and tradeoffs between body maintenance and growth that may be impacting longevity (e.g. 

Hatakeyama et al. 2016).   

5.4.3 Conclusions 

 This chapter’s results reveal two things. First, relative to tanks with highly preferred EE, 

barren tanks cause an overall decrease in zebrafish survival and lifespan, suggesting that they 

compromise welfare via the imposition of a generalized “cost”. This is a novel observation that 

has ethical implications: we now know that barren tanks are both not preferred by zebrafish 

(Chapter 2: also Kistler et al. 2011, Schroeder et al. 2014, DePasquale et al. 2019, Tan et al. 

2020) and compromise their survival. This is also crucial information for researchers using 

zebrafish as models of human senescence, since conventional, barren lab housing may be 

causing chronic stress that affects zebrafish aging processes. Second, at the same time, barren 

tanks produce larger zebrafish, which suggests a variety of hypotheses for future testing relating 

to chronic stress-mediated energy tradeoffs between the brain and peripheral tissues, different 

types of allostatic overload, relationships between growth and longevity, and potential exercise 

and/or density effects.   
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6 Zebrafish (Danio rerio) reared in highly-preferred environments 
exhibit accelerated learning 

6.1 Introduction 

Environmental enrichment tends to improve cognitive performance in zebrafish (and 

other animals: e.g. rats: Nilsson et al. 1999, pigs: Grimberg-Henrici et al. 2016). For example, 

compared with fish housed in barren tanks, zebrafish from tanks with artificial plants exhibited 

shorter latencies, earlier in their training, to find food rewards in a 4-arm maze (marked with a 

red landmark that did not change position: Spence et al. 2011) and a circular exploration maze 

requiring them to learn either a right-then-left turn sequence or a left-then-right turn sequence 

(Roy & Bhat 2016). In a similar 4-arm maze, zebrafish housed with artificial plants, gravel, 

shelter, and a novel object that was changed weekly, had shorter mean latencies (averaged over 

all 9 days of trials) to reach the maze’s exit, where they had access to a rewarding stimulus shoal, 

and made fewer mistakes (i.e. explored fewer dead-end maze arms: DePasquale et al. 2016). 

However, though acquisition rate (the speed at which subjects successfully learn a given task) 

appears reliably accelerated by EE for zebrafish, as noted below and in the Discussion, studies of 

other fish species do not always find such consistent housing effects on cognitive performance.  

There are several mechanisms by which EE might enhance cognition. EE’s cognitive 

effects may be related to increased environmental complexity and associated neurological 

changes (e.g. Petrosini et al. 2009, Baroncelli et al. 2010, Clemenson et al. 2015, Fischer 2016, 

Macartney et al. 2022). Indeed, researchers sometimes use an increase environmental 

complexity, regardless of whether it constitutes EE specifically (i.e. is preferred and welfare-

improving), to experimentally manipulate the cognitive abilities of their subjects (e.g. Hamm et 

al. 1996). Complex environments requiring spatial cognition skills to navigate may, when 
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experienced during early life, promote the allocation of resources towards cognitive development 

(e.g. the predictive adaptive response hypothesis: Bateson et al. 2014), or complexity may simply 

offer more opportunities for stimulation that assist in the development of cognitive abilities and 

promote neural plasticity into adulthood (e.g. Wood et al. 2011). However, when known to be 

preferred and welfare-improving, EE may also modify cognition via improved affective states. 

Stress can impair cognition (e.g. McEwen & Sapolsky 1995, Hart et al. 2003, Quesada et al. 

2012), an effect which might be alleviated by EE via protection against detrimental neurological 

changes resulting from the chronic stress of deprivation (e.g. reviewed by Würbel 2001) and/or 

by enhancing individuals’ resilience to acute stressors (e.g. Harris et al. 2009, Sampedro-Piquero 

et al. 2013). For example in rodents, a recent meta-analysis revealed that EE can “fully 

compensate for the negative effects of stress" on cognitive performance: Macartney et al. (2022) 

found that EE improves cognitive performance by 19%, and rodents subjected to a stress 

manipulation and EE have no detectable difference in their abilities compared with those 

exposed only to EE. It is thus possible that EE improves cognition via increases in environmental 

complexity that promote cognitive development and stress relief, though the independent effects 

of these are challenging to disentangle. 

In mammals, the hippocampus is involved in the response to stress (e.g. Jankord & 

Herman 2008), but can also be altered by long-term exposure to negative affective states, which 

can cause atrophy, suppressed neurogenesis, and changes to neurochemistry and neuronal 

morphology (reviewed in McEwen et al. 1997, Howland et al. 2008, Kim et al. 2015). Thus 

cognition that implicates the hippocampus, often involving a spatial component, tends to be 

chronic stress-sensitive for mammals. Though fish lack a hippocampus, they do possess a 

putatively analogous region called the dorsolateral telencephalon (Dl: Portavella et al. 2002). 
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Furthermore, fish cognition could be affected by chronic stress, as in rodents. For example, fish 

with different stress-coping styles can be categorized as 1) “reactive” (hereafter “stress-prone”), 

individuals who tend to be more sensitive to environmental cues with reduced exploration of 

novel environments and a higher glucocorticoid stress response; or 2) “proactive” (hereafter 

“stress-resilient”), individuals who actively engage stressors, and have a low glucocorticoid 

stress response (Koolhaas et al. 2010). Stress-prone individuals are assumed to suffer higher 

levels of stress generally, and exhibit differences in their cognitive ability. For example, stress-

resilient juvenile mulloway (Argyrosomus japonicus) who are trained to associate one 

compartment in a three-chambered tank with a food reward learn the association in a shorter 

amount of time than stress-prone fish (Raoult et al. 2017). Additionally, in a T-maze task where 

fish had to find a food reward, stress-resilient Nile tilapia (Oreochromis niloticus) shorten their 

reward search time at a quicker rate over the course of 10 trials than their stress-prone 

counterparts (Mesquita et al. 2016). Further, stress due to chronic isolation impairs social 

cichlids’ (Cichlasoma paranaense) abilities to find a food reward in a T-maze, with more 

socially-housed fish reaching learning criterion than isolated fish (Brandão et al. 2015).  

In addition to speed of acquisition, behavioural flexibility may be an additional chronic 

stress-sensitive measure of cognition (reviewed by Hurtubise & Howland 2017). Behavioural 

flexibility is inferred mostly from performance in reversal learning or intra/extra-dimensional 

set-shifting tasks. For example, rodents housed in welfare-improving, well-resourced cages 

exhibit not only improved acquisition, but also improved reversal learning performance relative 

to their barren-housed counterparts in a 4-arm radial water maze (rats: Sampedro-Piquero et al. 

2015) and enhanced reversal and intra-dimensional shift performance in a nonspatial olfactory 

temporal order discrimination task (mice: Rountree-Harrison et al. 2018). When given access to 
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valued running wheels, rats exhibit not only improved acquisition, but also faster reversal 

learning and extra-dimensional shift performance (Brockett et al. 2015). And sometimes the 

cognitive benefits of improved affective states manifest only in assessments of reversal learning. 

For example, socially-housed dairy calves exhibit improved reversal learning but not initial 

acquisition in a Y-maze task (Meagher et al. 2015), and likewise mice housed in well-resourced 

cages for 2.5 months show no enhanced acquisition in a two-choice visual discrimination task, 

but perform better than their barren-housed counterparts when the association is reversed 

(Zeleznikow-Johnston et al. 2017). Further, studies of rodents subjected to a suite of chronic 

unpredictable stressors report that reversal learning in the Morris water maze is impaired relative 

to unstressed controls, even though acquisition at the beginning of the studies is not (Hill et al. 

2005, Quan et al. 2011, Yu et al. 2016); and again, though acquisition is unaffected, reversal 

learning and extra-dimensional shift performance is also impaired in an olfactory associated task 

(Bondi et al. 2008).  

However, three relevant studies of reversal learning in fish found more equivocal results. 

Social cichlids (Neolamprologus pulcher) reared without conspecifics present and regularly 

exposed to predators actually outperform their socially-housed or predator experience-free 

counterparts in terms of reversal learning in a spatial foraging task (Bannier et al. 2017). And in 

two studies of EE and flexibility in fish, one found that striped knifejaws (Oplegnathus fasciatus) 

housed with bricks, artificial sea grass and plastic pipes took fewer days to learn to discriminate 

between LED cues in a Y-maze for a food reward and did so more flexibly (i.e. made more 

correct choices after cues were reversed) than their barren-housed counterparts (Makino et al. 

2015: though note this study used a limited sample size of only 5 individuals). In the other study 

of young-of-the-year three-spined stickleback (Gasterosteus aculeatus) housed with artificial 
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plants, gravel, and clay pots did not learn to discriminate between two chambers (one rewarded 

with food) faster, nor did they recover from cue reversal any faster than fish housed in barren 

tanks (Brydges & Braithwaite 2009). Thus, it is possible that reversal learning in fish does not 

reflect chronic stress or housing effects as consistently as it does for mammals.  

Given that results from Chapter 5 suggest that barren tanks may be inducing chronic 

stress, the objective of the present chapter was to test the hypothesis that non-preferred, barren 

tanks cause impaired cognition in a task with a spatial component. This hypothesis specifically 

predicts that in such a task, fish from barren tanks will exhibit impaired acquisition and 

performance during reversal training, relative to fish housed with enrichment. The present 

chapter’s methods also make use of findings from Chapter 4: I employed an extensive 

habituation period prior to cognition testing, to mitigate the potentially acutely stressful effects of 

EE loss on the learning rates of fish from enriched tanks. I also tested fish in groups, so that the 

stress of isolation did not mask housing effects on cognition (similar to Spence et al. 2011). 
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6.2  Methods 

Study subjects were part of the differential-rearing experiment described in Chapter 3. 

The T-maze apparatus used for cognition testing is described in Figure 6-1 (similar to that used 

by Carbia & Brown 2019). Fish were tested after 445-623 days in their respective housing 

treatments, in five testing “batches” based on their cohort and tank material (Table 6-1). 

Variation in the time spent in housing prior to testing was due to logistical constraints. Each 

testing batch involved an equal number of shoals from both housing treatments (n=3-5 per 

treatment, per batch). However, due to differences in mortality between tanks, participating shoal 

sizes ranged from 6 to 10 individuals. During testing, the normal morning Artemia spp. feed of 

participating shoals was withheld to enhance their motivation to learn the task. In addition to 

food rewards obtained during trials, the fish were fed Skretting’s Gemma Micro 350 in the 

afternoon (~ 4:00 PM EST), after daily training was complete. All fish were fed within one hour 

of a given day’s final trial. All initial training and reversal trials took place twice daily, in a 

“morning” and “afternoon” experimental session (separated by ~ 2-3 hours). The “morning” 

session was approximately 16 hours from their last feed on the previous afternoon. 

6.2.1 Habituation 

For four days prior to training, fish were habituated to several aspects of the cognition 

test in two ways. First, the participating shoals had their daily feeds (~ 10:00 AM EST and ~ 

4:00 PM EST) delivered in the home tank via feeding rings identical to the ones used in the 

testing apparatus for four consecutive days. Second, shoals were allowed to explore the empty T-

maze (with no card cues, landmarks, feeding rings, or Artemia spp. feed present) for four daily 

sessions of 15 minutes each (Figure 6-1C), during which Skretting Gemma Micro 350 pellet 

feed was provided at the junction of the three maze arms as a treat. To mitigate the potential 



 

132 

 

effects of differential EE loss between fish from the two housing treatments (see discussion in 

Chapter 5), habituation sessions for shoals housed with EE included gradual reductions in EE 

within the testing apparatus. Thus for shoals housed with EE, the first habituation session took 

place with plants and gravel present throughout the maze, the second session included only 

plants in the maze, and the last two were conducted in a bare apparatus, as it would appear 

during training and testing. For shoals housed in barren tanks, in contrast, all habituation sessions 

took place in a bare apparatus.  

6.2.2 Initial training 

Each trial involved the following. An entire shoal (i.e. all fish from a single tank) was 

gently transferred by net to the start box, located in the short arm of the T-maze (Figure 6-1). A 

mesh door was used to keep fish in the start box for a one-minute acclimation period, after which 

the door was raised using a pulley system, to avoid anti-predator responses to humans reaching 

over the apparatus. The correct (rewarded) arm was marked with a landmark (a sunken ship 

aquarium ornament) visible from the start box that shoals were trained to turn towards; this 

landmark was equally unfamiliar to both fish raised in barren and enriched tanks (as in Carbia & 

Brown 2019, DePasquale et al. 2016, Spence et al. 2011). The correct arm was also marked with 

a coloured card at the end of the arm, behind a feeding ring through which the food reward 

would be delivered via a tube. Food reward delivery (i.e. a single drop of Artemia spp.-dense 

solution) was triggered when a fish’s head passed into the central area delineated by the feeding 

ring in the correct arm (as detected by an assistant using a mirror mounted overhead). A feeding 

ring and delivery tube were also present in the incorrect (unrewarded) arm, as was as a different 

coloured card. Trials lasted 5 minutes upon opening the start door, and an observer blind to 

housing treatment scored the first arm choice made by the first fish out of the start box, as well as 
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the number of fish present in the rewarded and unrewarded arms every 30 seconds over the 

course of the trial (thus generating 10 scores). Fish were observed via a mirror mounted 

overhead, again to limit fish responses to human activity occurring above the apparatus.  

The order in which shoals were tested within a given day’s two trials was randomized 

each morning by assigning a random number to each participating shoal. Card cues were either 

yellow or green (de Abreu et al. 2021), and their association with the rewarded and unrewarded 

arms was counterbalanced across shoals. Food was delivered to the rewarded feeding ring via a 

syringe and tube system, to avoid anti-predator responses to human shadows passing over the 

apparatus. In all trials, Artemia spp. feed was present in stainless steel tea strainers placed just 

outside the ends of both arms of the maze, behind perforated PVC walls such that olfactory cues 

were detectable in both arms, but food was not accessible except via the rewarded feeding ring. 

Prior to training, each shoal was semi-randomly assigned to right-side or left-side training (such 

that right- and left-side training were evenly dispersed across testing batches and housing 

treatments) to avoid potential lateralization bias (e.g. Halpern et al. 2003, Brown & Braithwaite 

2005, Carbia & Brown 2019). 

6.2.3 Learning criterion 

 Using the number of fish in each arm recorded every 30 seconds over 5 minutes, the 

mean percentage of each shoal in the rewarded and unrewarded arms was calculated for each 

trial. For shoals to meet learning criterion, they needed to meet two sub-criteria: 1) the % of the 

shoal in the rewarded arm had to be significantly greater than in the unrewarded arm across the 

previous 10 trials and 2) shoals were then subject to a probe test, where they were tested in 

extinction, on the day immediately following successful achievement of the first sub-criterion 

(Figure 6-1C). Whether fish met the first sub-criterion was assessed via a check on each of two 
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consecutive days (see “1st and 2nd check”, Figure 6-1C) that tested whether the mean percentage 

of the shoal in the rewarded arm was significantly greater than the mean percentage in the 

unrewarded arm across the 8 consecutive trials immediately before the check was conducted. 

These checks were conducted using paired t-tests or Wilcoxon signed rank tests, depending on 

the distribution of the data. As an example, a shoal could pass the 1st check after 4 days of 

training if the mean % of the shoal was higher in the rewarded arm across trials 1-8, but needed 

to maintain that performance the following day such that the mean percentage was higher in the 

rewarded arm across trials 2-10 to meet the second part of criterion. Probe tests were similar to 

initial training trials, except they involved no food reward, lasted only 2.5 minutes (thus 

generating only 5 scores), and only occurred in the “morning” session. They were conducted to 

ensure that the shoal had successfully acquired the association of a reward with a specific 

location in the apparatus, and were not simply following cues related to conspecifics consuming 

food, etc. Here, the mean percentage of the shoal in the correct (i.e. rewarded during initial 

training) arm over the 2.5-minute probe test had to be significantly greater than the mean 

percentage in the incorrect arm (tested with a paired t-test or Wilcoxon signed rank test) for 

shoals to pass. Only once shoals had met the two requirements were they considered to have met 

learning criterion. Shoals that did not meet criterion were tested in the acquisition phase for a 

maximum of 15 days (30 trials) before they were removed from the experiments.  

6.2.4 Reversal training 

Once shoals met learning criterion, they entered five days (10 trials) of reversal training, 

where the location of the food reward and associated landmark were switched (left vs. right), 

along with the colour of the cue card (green vs. yellow), so that now fish had to learn a new 

colour and a new location. Reversal trials were conducted as for initial training. 
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6.2.5 Statistical methods 

 For each shoal that completed reversal training, the mean percentage of the shoal on the 

newly rewarded side during each reversal trial (also referred to as “reversal performance”) was 

calculated. There was no significant difference in shoal size between housing treatments or 

testing batches (Table 6-2), though there was an almost significant interactive effect of housing 

and test-batch on shoal size driven by a significant difference between the size of enriched shoals 

tested in batch A and barren shoals tested in batch E (Tukey HSD, p=0.0477). Shoal size was 

therefore not included in any models, but they both included test batch. Including test batch in 

models also meant that no prior checks using only C3 data (see Chapter 3) were required for 

any of the dependent variables, since tank material was deliberately confounded with testing 

batch (Table 6-1).  

Number of trials to criterion were count-based data, so a Poisson loglinear model (Coxe 

et al. 2009, St-Pierre et al. 2018) was used for analysis in JMP (v. 16, SAS Institute 2021). 

Housing treatment and testing batch (along with their interaction), as well as cue colour and 

reward side, were included in the model as fixed effects. The model was checked for over- and 

under-dispersion, and model fit was assessed via graphical inspection in JMP and AIC 

comparison with a comparable negative binomial regression model using the MASS (Venables 

& Ripley 2002) and DHARMa (Hartig 2022) packages in R statistical software (R Core Team 

2020). Mean percent of shoal on rewarded side during reversal training was analyzed with a 

repeated measures GLM in JMP (v. 16, SAS Institute 2021). Housing treatment, reversal trial (as 

a continuous variable), and testing batch (along with both their interactions with housing 

treatment), as well as cue colour and reward side were included in the model as fixed effects, 
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with tank (nested in housing and test batch) as a random effect. Normality and homogeneity of 

the residuals were confirmed through graphical inspection.  

 

Figure 6-1. A) Schematic describing the cognition testing T-maze apparatus, with a red arrow 
indicating the path of a shoal that has successfully learned that, in this case, the left side of the 
apparatus is rewarded. B) Photograph of the apparatus during the initial one-minute acclimation 
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period, set such that the left side of the apparatus is rewarded. C) Conceptual diagram 
demonstrating the cognition testing timeline for a shoal that successfully met learning criteria as 
early as possible during training.   
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Table 6-1. Summary of fish demographic information relevant to each batch of cognition testing. 
Fish age and time in treatment were calculated to test batch start date. 

Test batch Cohort Tank material Age (months) 
Time in housing 
treatment (days) 

A 1 Plastic 22 563 
B 3 Plastic 18 445 
C 3 Glass 18.5 463 
D 2 Plastic 22 588 
E 2 Plastic 23 623 

 

Table 6-2. Summary of GLM analysis in which shoal size was the dependent variable. Effects or 
interactions with p-values < 0.05 are indicated in bold. 
Fixed Effect / Interaction DF SS F ratio p value 
Housing Treatment  1 3.243860 2.3450 0.1355 
Test Batch 4 10.571429 1.9105 0.1328 
Housing*Test Batch 4 14.685714 2.6540 0.0509 
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6.3 Results 

One enriched tank from C1, test batch A, experienced a probe test too early due to human 

error that may have compromised assessment of acquisition and performance in reversal training. 

This tank was removed from all analyses. 

 Significantly (Fisher’s exact test: p=0.0448) more shoals from enriched tanks reached 

learning criterion in initial trials (19 of 20) than did shoals from barren tanks (14 of 21). 

Furthermore, within shoals that reached criterion, there was a significant effect of housing 

treatment (Table 6-3, Figure 6-2) on the number of trials taken to reach criterion. Compared 

with shoals from enriched tanks, shoals from barren tanks took longer (incidence risk ratio 

[IRR]=1.182 [95% CI: 1.054-1.324], p=0.0041). Barren-housed shoals took 13 ± 9.5 trials 

(median ± interquartile range [IQR]) to reach criterion, while enriched-housed shoals tended to 

reach learning criterion as early as was possible, in 8 ± 0 trials (median ± IQR). In contrast, 

housing did not significantly affect reversal performance; indeed, results instead suggest that 

shoals were not able to master reversal within 10 trials, since reversal trial also did not have a 

significant effect on reversal performance (Table 6-4, Figure 6-3).  
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Figure 6-2. Number of trials taken to reach learning criterion for shoals from Cohorts 1 
(magenta), 2 (yellow) and 3 (purple) in test batches A (squares), B (triangles), C (circles), D 
(diamonds), and E (stars), split by housing treatment. Poisson loglinear analyses revealed a 
significant effect of housing treatment on the number of trials taken to reach learning criterion 
(LR chi-square=8.2553, p=0.0041). Boxplots in black show: the median (midline), 1st and 3rd 
quartiles (hinges), the smallest and largest values within 1.5 times the interquartile range from 
the hinge (whiskers), and outliers, classified as points outside 1.5 times the interquartile range 
(black points). 
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Figure 6-3. Mean % of shoal on the new rewarded side over the 10, 5-minute reversal trials, 
averaged over shoals within each of the two housing treatments. Error bars show the standard 
error of the mean, and dashed lines represent the lines of best fit for each housing treatment. 
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Table 6-3. Summary of Poisson loglinear analyses in which the number of trials to reach 
criterion was the dependent variable. Effects or interactions with p-values < 0.05 are indicated in 
bold. 
Fixed Effect / Interaction DF LR Chi-square p value 
Housing 1 8.2553 0.0041* 
Testing Batch 4 17.6457 0.0014* 
Housing*Testing Batch 4 7.7753 0.1002 
Cue Colour 1 0.1774 0.6736 
Reward Side 1 0.0456 0.8310 

 

Table 6-4. Summary of repeated measures GLM analysis in which mean percent of shoal on the 
new rewarded side over 10 reversal trials was the dependent variable. Effects or interactions with 
p-values < 0.05 are indicated in bold. 
Fixed Effect / Interaction DF DFdenominator F ratio p value 
Housing  1 21 2.4178 0.1349 
Test Batch 4 21 1.9447 0.1403 
Reversal Trial 1 295 0.9046 0.3423 
Housing*Test Batch 4 21 1.4856 0.2423 
Housing*Reversal Trial 1 295 0.2257 0.6351 
Cue Colour 1 21 0.4672 0.5018 
Reward Side 1 21 1.4320 0.2448 
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6.4 Discussion 

Results reveal that the provision of highly-preferred EE accelerates shoals’ acquisition of 

a T-maze-based learning task, meeting the first of my hypothesis’ two predictions. That 

cognition is improved by EE aligns with findings from three previous studies of zebrafish 

provided with EE known to be preferred (Spence et al. 2011, DePasquale et al. 2016, Roy & 

Bhat 2016) and at least five studies of other fish species provided with naturalistic tank additions 

that may (or may not) be enriching (Atlantic salmon: Salvanes et al. 2013, intertidal gobies 

[Bathygobius cocosensis]: Carbia & Brown 2018, striped knifejaws [Oplegnathus fasciatus]: 

Makino et al. 2015, goldfish [Carassius aurata]: Abreu et al. 2019, Colossoma macropomum: 

Pereira et al. 2020). However, in comparing only the most highly preferred EE with barren 

housing conditions (Chapter 2), the present study cannot parse out whether the cognitive 

benefits of EE are due to stress relief or an increase in the complexity of the housing 

environment (see Introduction); I return to this issue below.   

 I was not able to assess my hypothesis’ second prediction, because participating shoals 

could not master the reversal task during the experimental period. It is possible that a housing 

effect on reversal performance would have become apparent if shoals were trained in reversal 

until they reached learning criterion, rather than stopping after only 10 trials; something I 

strongly suggest for future replication efforts. However, to train shoals in reversal until they 

reach criterion on the scale of the tests I conducted here (which took a total of ~100 days to 

complete) could be physically taxing for future experimenters. Instead, it would be useful to 

conduct a smaller-scale replication study, to investigate if there might indeed be housing effects 

on reversal learning that I was unable to detect. To be sufficiently powered, such a study would 

require testing at least 15 tanks of each housing treatment 
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(https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html), which would require only two test batches 

(instead of the five conducted here). At present, there are only a few studies reporting on 

flexibility and stress or EE in fish, and published results do not present a clear pattern (Bannier et 

al. 2017, Makino et al. 2015, Brydges & Braithwaite 2009), yet evidence from other species 

reviewed in the Introduction suggests that hypotheses about behavioural flexibility are still worth 

testing, especially since my attempt here was not successful. 

6.4.1 Shoal as the unit of replication 

 Typically, cognitive tasks similar to the one I conducted test fish individually. My choice 

to test shoals, rather than individuals, thus involved consideration of several benefits and 

drawbacks. For a gregarious species like zebrafish, isolation can be stressful. From a welfare 

perspective, isolation stress is something I wished to avoid as much as possible. But beyond the 

welfare implications, acute stress from isolation that might impair cognition or exploratory 

behaviour (e.g. Pagnussat et al. 2013, R. Spence pers. comm.) could have clouded housing 

differences in cognitive ability. Further, conventional repeated training at the individual level 

requires a method of individual identification and, for zebrafish, unfortunately a welfare-friendly 

method for doing so does not yet exist. Current identification methods can be invasive (e.g. 

passive integrated transponder and p-Chips tags: Cousin et al. 2012, Chen et al. 2013; visible 

implant elastomer [VIE] and ink injections: Rácz et al. 2021, Cheung et al. 2014; coloured 

monofilaments threaded through dorsal musculature: Teles & Oliveira 2016; fin clipping/scale 

removal: Sire et al. 2000, reviewed in Delcourt et al. 2018), may affect behaviour (as for VIE 

tags: Hohn & Petrie-Hanson 2013, Frommen et al. 2015), are sometimes only useful short-term 

(e.g. tattoo ink fades within one month: Cheung et al. 2014, fins and scales regenerate: reviewed 

in Delcourt et al. 2018), and/or require expensive equipment/software (e.g. video tracking: 
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reviewed in Delcourt et al. 2018). Thus efforts to develop non-invasive, cost-effective methods 

for identifying individuals (e.g. via mixed strain housing, as for mice: Walker et al. 2016) would 

be of considerable value. If developed, individual identification could be used in shoal-level 

assessments of cognitive ability that minimize stress, but also permit determination of which fish 

within a shoal are receiving rewards, making correct decisions, etc.  

 Using shoals for a cognitive test like the one I conducted also has disadvantages. The data 

collected from these tests was noisy, and some conventional measures of learning at the 

individual level like latency to find the reward, error rate, etc. were not scalable to the shoal 

level, which limits the depth of possible inter-study comparisons. I also could not tell if all fish 

were experiencing reinforcement with food rewards; indeed, it is possible that dominants may 

even have prevented subordinate access to food rewards (Hamilton & Dill 2002). Though such 

effects would likely not have interacted with housing treatment effects (Chapter 3), a lack of 

reinforcement may have slowed learning rates overall and prevented successful reversal training 

within the experimental period. Further, testing fish in groups also limits what claims can be 

made about the present study’s results: I am not able to determine if highly-preferred EE 

improved all fishes’ cognitive abilities, or just the abilities of some shoal members who then lead 

others to the rewarded location (e.g. the “passenger effect”, as in some groups of homing pigeons 

[de Perera & Guilford 1999]). However, other studies have found EE-related differences in 

cognition when fish not previously identified as dominant or shoal “leaders” are tested 

individually (e.g. Roy & Bhat 2016, DePasquale et al. 2016), so this may be an irrelevant 

concern. That said, development of welfare-friendly individual identification methods would 

facilitate experiments designed to parse these possible effects out. 
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6.4.2 Other methodological considerations 

As mentioned previously, the present study’s design does not permit assessment whether 

the cognitive benefits of EE are due to its affective benefits, an increase in the complexity of the 

housing environment (see Introduction), or both. The interpretation of some previous studies of 

zebrafish that have detected significant differences in cognitive ability (e.g. Spence et al. 2011, 

Roy & Bhat 2016) is complicated by the same problem. Two previous studies in other fish 

species suggest that at least the ecological relevance of tank additions may affect whether 

cognitive benefits are conferred. In a 4-arm maze with a static exit and either a social or food 

reward, subyearling Chinook salmon (Oncorhynchus tshawytscha) housed with pipe frames and 

mesh for 8 months (Cogliati et al. 2019) and brown trout (Salmo trutta) housed with submerged 

green plastic bags (Brockmark et al. 2010) do not exit the maze faster with experience or make 

any fewer mistakes than their counterparts housed in empty tanks. And results from Chapter 2 

present an opportunity to investigate how preference might affect the cognitive effects of EE. 

Future work could house fish with EE that was found to be preferred to intermediary degrees in 

Chapter 2 (i.e. grass plants only and gravel only) and investigate whether cognitive 

improvements co-vary with fishes’ preferences. Preliminary unpublished results from such a 

study indicate that the number of trials shoals take to reach learning criterion increases with 

decreasing preference for EE treatment: fish reared in tanks with only grass took as long to reach 

learning criterion as fish from barren tanks did, while fish from tanks with only gravel reached 

learning criterion almost as quickly as fish from tanks with grass and gravel (see Chapter 7). 

This suggests that the cognitive benefits of EE observed in the present study are likely related to 

its affective relevance to zebrafish. 
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Further, the fish tested in the present study could be considered “old” by conventional 

laboratory zebrafish standards. Zebrafish used in previous studies of EE effects on cognition 

ranged from 70 days (Roy & Bhat 2016) to 6 months old (Spence et al. 2011), while the fish in 

my study ranged from 18-23 months old. Previous research has found evidence of age-related 

cognitive decline occurring when zebrafish are ~2 years old (e.g. Yu et al. 2006, Ruhl et al. 

2016), so it is possible that my study subjects may have been experiencing age-related cognitive 

impairments during testing. If barren tanks accelerate zebrafish aging (as suggested by survival 

analyses in Chapter 5, but pending assessment of other correlates of aging), they may also 

accelerate senescence-related cognitive decline: an effect that might be contributing to the 

observed differences between housing treatments. I would encourage future work to test this 

hypothesis, comparing the cognitive performance of differentially-reared fish at several different 

ages.  

 There remain two other aspects of the present study that are worth discussing for the 

benefit of future research. First, in considering results from Chapter 4, I provided fish with an 

extensive habituation period in the present study, which involved gradually decreasing levels of 

enrichment in the test environment for fish from enriched home tanks. For future studies 

investigating the effects of EE on cognitive abilities, I would recommend habituating fish in a 

similar style since, pending replication of results from Chapter 4, differential EE loss may 

represent a stressor (e.g. as for mice: Latham & Mason 2010, and rats: Smith et al. 2017) that 

could mask housing-related learning rates. I also offered fish food as a reward, similar to many 

other studies (e.g. Spence et al. 2011, Roy & Bhat 2016, Brydges & Braithwaite 2009, Carbia & 

Brown 2019). Individuals and shoals can differ in terms of their motivation for food (e.g. as 

discussed by Blaser & Vira 2014, Daggett et al. 2019). But given growth results from Chapter 5, 
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it is unlikely that the significant number of barren tanks who failed to learn in the present task 

did so due to a lack of motivation for food. That being said, future work may consider using a 

different type of reward: for example, other studies testing fish individually have successfully 

used the sight of a shoal as a reward in cognitive tasks (e.g. Al-Imari & Gerlai 2008, Sison & 

Gerlai 2011, DePasquale et al. 2016, Fernandes et al. 2016). And if visual access to a shoal is 

paired together with a food reward, individuals may be even more motivated to learn a given 

task. However, the use of a shoal reward should not necessarily be considered a refinement 

during individual testing. In the studies mentioned, individual fish only gain access to shoals 

once they had successfully completed the cognitive task, so isolation stress may still affect 

cognition. Future work invested in individual testing, but concerned with the effects of isolation, 

might consider investigating whether offering fish constant visual access to real or video-

recordings (e.g. Qin et al. 2014) of shoals throughout a food-rewarded cognitive task is useful.  

6.4.3 Conclusions 

 The provision of highly-preferred EE to zebrafish accelerates acquisition in a T-maze 

task requiring fish to learn the location of a food reward. Whether this is the result of an EE-

mediated increase in environmental complexity or reduction in stress cannot be determined, but 

results from Chapter 2 facilitate examination of whether cognitive improvements co-vary with 

fishes’ environmental preferences. Though reversal performance was not observed, further 

investigations are recommended to determine whether housing effects on reversal performance 

emerge if fish are tested in reversal trials for longer periods. Additionally, the development of 

welfare-friendly, cost-effective methods of identifying individual zebrafish would facilitate a 

variety of future work building on results from the present study, as well as Chapters 4 and 5, 

including examination of EE-induced changes in behaviour, cognition, brain cell proliferation, 
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and growth at the individual level. Finally, the present study demonstrates that welfare 

consideration is compatible with cognitive testing (depending on the research question of 

interest) and discusses several methodological details such as habituation schemes that consider 

and help mitigate the potential stress of EE loss and testing cognition in groups rather than 

individually and/or using social rewards, to minimize the stress that accompanies isolation in 

social and shoaling species like zebrafish.   



 

150 

 

7 Reflections and future directions 
In this thesis, I sought to investigate the welfare effects of providing highly-preferred EE 

to laboratory zebrafish long term. First, I determined zebrafish preferences for a range of putative 

EEs, discovering that zebrafish have stable and transitive preferences for a subset of EEs (grass, 

gravel, and grass and gravel together [Chapter 2]). Using these findings, I then differentially-

reared fish in non-preferred, barren tanks and tanks with the most highly-preferred EE (which I 

confirmed did not produce differences in rates of home-tank aggression or feeding hierarchy 

strength [Chapter 3]), hypothesizing that the former housing treatment would cause fish chronic 

stress when compared with the latter. This hypothesis was supported by survival analyses that 

indicate fish in barren tanks have an increased risk of severe morbidity and shorter lifespans than 

their counterparts raised with EE (Chapter 5).  

Overall, these findings add to a growing body of literature that suggests EE improves 

zebrafish welfare and should be provided where possible. From a welfare perspective, the results 

of survival analyses presented in Chapter 5 are concerning, showing for the first time that barren 

housing causes compromised survival and longevity in zebrafish. It is possible that zebrafish 

held in conventional housing systems are even more compromised than fish in my study, since 

they may experience stress from C-, D- or E-level procedures (CCAC 1991) in conjunction with 

stress induced by their barren housing conditions. Going forward, a future focus on assessing 

whether EE boosts resilience (discussed below) would be important for understanding how it 

might improve the welfare of research zebrafish. But the results of my survival analyses also 

have implications for researchers who use zebrafish to model human disease. I found higher 

morbidity rates among fish housed in barren tanks, which suggests that such housing might be 

having similar disease-exacerbating effects as non-preferred housing does for mice (Cait et al. 
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2022). Zebrafish are also used to study aging and senescence, which may be accelerated in 

barren tanks: depending on the research question, barren housing may thus represent a potential 

issue or a useful experimental manipulation.  

Investigations of EE’s effects on cognition also revealed that fish from barren tanks took 

significantly longer to learn the location of a food reward in a T-maze than did fish from tanks 

with highly-preferred EE (Chapter 6), a finding that adds to a growing body of literature on 

cognitive ability and EE (Salena et al. 2021). Depending on the species, fish can exhibit a wide 

range of complex cognitive abilities (e.g. tool use by tuskfish [Jones et al. 2011], cooperative 

hunting by moray eels and groupers [Bshary et al. 2006], numerical competency in angelfish 

[Gomez-Laplaza & Gerlai 2011]). Zebrafish are widely used in tests of cognitive ability, and my 

results (along with other literature reviewed in Chapter 6) suggest that the provision of highly-

preferred EE may be useful for improving fishes’ cognitive abilities, either in preparation for 

challenging cognitive experiments or as an experimental manipulation that improves cognitive 

ability. 

The interpretation of other measures I collected were less clear, whether due to confounds 

(e.g. boredom in barren-housed fish and EE loss during tests for enriched-housed fish, for tests of 

anxiety [Chapter 4]), unknowns (whether activity level differs between housing treatments), or 

existing uncertainty around how chronic stress can impact fish growth (Chapter 5). In future, 

accounting for the potential effects of boredom and EE loss may improve interpretation of 

anxiety behaviours, and examination of additional markers may be useful for more concretely 

establishing whether or not barren tanks cause chronic stress. I also highly recommend that 

replication efforts simultaneously assess differences in activity level between housing treatments, 

since exercise has been shown to decrease anxiety in zebrafish (DePasquale & Leri 2018) and 
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enhance growth (e.g. Palstra et al. 2010). Such efforts may be aided by the use of tracking 

software, such idTracker (Pérez-Escudero et al. 2014), which may also be useful for tracking fish 

in the novel tank and light dark preference tests, and in future cognitive tests.  

This work has thus produced several novel results, but it has also been the source of many 

new questions and hypotheses: these are the focus of the rest of this final chapter. First, I discuss 

several methodological considerations and three key improvements that would make future 

efforts to replicate my work more robust. Second, I outline three additional hypotheses I intend 

to test, using either additional data (collected concurrently with the data presented in this thesis) 

or in a future differential rearing experiment. Finally, the work presented in this thesis has 

stimulated new ideas and exposed me to a wide range of fascinating and as-yet unanswered 

questions, so in the third section I propose three broader directions for future research that are of 

particular interest to me.  

7.1 Methodological considerations and improvements for future replication 
efforts 

 There are several welfare-relevant methodological refinements presented throughout this 

thesis that I will continue to use in my future research, and would recommend other researchers 

consider if working with zebrafish. For example, testing in groups where feasible to limit the 

stress of isolation, developing habituation protocols for novel testing arenas that consider the 

potential stress of EE loss, and using humane endpoints to track severe morbidity rather than 

death during housing-related survival analyses. Further, the work presented in Chapters 2 

through 6 used laboratory-strain fish bred in a facility that regularly tests for common pathogens. 

This may not seem like a significant methodological advance or refinement to researchers who 

do not work with zebrafish, but sourcing “clean” fish of specific laboratory strains with known 
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histories is a challenge in Canada. This is, in part, due to import restrictions imposed by the 

Canadian Food Inspection Agency that are a “significant bureaucratic and financial roadblock” 

to zebrafish research (Hanwell et al. 2016 p. 154), particularly to the procurement of fish from 

the Zebrafish International Resource Center, which maintains and provides multiple laboratory-

bred strains to researchers worldwide. Canadian researchers therefore often resort to using more 

easily accessible zebrafish from the pet trade, which is not subject to the same import 

restrictions. However, according to Kent et al. (2020 p. 640) there are “important pathogens 

lurking in pet store fish that are deadly to zebrafish”. Procuring pet store zebrafish thus puts 

existing research colonies to which they are introduced at risk for epizootic events that may 

compromise health and welfare. Further, pet store fish with unknown health histories may also 

compromise the quality and reproducibility of behavioural research subsequently conducted, 

since they may be infected with pathogens that alter behaviour (e.g. Pseudoloma neurophilia: 

Spagnoli et al. 2015, Spagnoli et al. 2017, Midttun et al. 2020) at severities that differ between 

individuals (e.g. Frenette et al. 2020). I therefore strongly encourage future Canadian researchers 

to source fish from reputable suppliers (e.g. the Zebrafish Centre for Advanced Drug Discovery 

at St. Michael’s Hospital, the Zebrafish Genetics and Disease Models Core at SickKids Hospital, 

or the Zebrafish Core Facility at Dalhousie University) who provide colony health records (e.g. 

via IDEXX BioResearch Health Monitoring).  

7.1.1 Improved tests of preference and motivation 

Given the limited number of EE preference studies that currently exist for zebrafish, I 

encourage replication of the results from Chapter 2. Future researchers might consider also 

testing resources that I did not test (e.g. clay pots [cf. Kistler et al. 2011]; pictures of gravel [cf. 

Schroeder et al. 2014]; live prey [e.g. adult Artemia spp.], or other foraging opportunities; and/or 
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social enrichment [as in White et al. 2017]), and/or more carefully considering zebrafish sensory 

biology when re-testing resources from Chapter 2. For example, the “naturalistic walls” I 

provided were produced by a typical printer with a CMYK ink cartridge. However, zebrafish 

have tetrachromatic vision and perceive ultraviolet light (Neuhauss 2010); thus, in future, 

incorporating ultraviolet-specific inks (available for inkjet printers: e.g. those available from 

Hewlett-Packard) into the development of tank wall imagery may make them more interesting to 

zebrafish. Further, investigations into how EE preferences vary with age, sex, strain, or in 

different social contexts (e.g. isolation or pair housing; see Schroeder et al. 2014 for initial 

results) would help refine the provision of EE in conventional laboratory contexts, where fish of 

multiple different strains and ages, with potentially different EE preferences, might be held at 

various stocking densities within a single housing system.  

Future work may also consider conducting preference tests where multiple resources are 

offered at the same time in different areas of a large tank (as in Reijgwart et al. 2018a, 

DePasquale et al. 2019), which could facilitate more robust determination of preference 

transitivity and help mitigate an issue inherent in binary preference tests, like those performed in 

Chapter 2, where animals are potentially forced to choose between two non-preferred options 

(i.e. “the lesser evil” or relative preference, rather than actual preference: Kirkden & Pajor 2006). 

Further, attempts to assess motivation for EE, whereby fish must pay a gradually increasing 

“cost” to access resources (e.g. informed by tests designed for terrestrial animals: e.g. Mason et 

al. 2001, van de Weerd et al. 1998, Tilly et al. 2010, Elmore et al. 2012), would help determine 

their value to zebrafish. An example of a “cost” that could be applied to zebrafish could be 

presenting EE items in increasingly aversive surroundings (e.g. a predator model that is 
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gradually presented closer to the resource, gradually brighter white tank walls surrounding the 

resource, etc.). 

7.1.2 Tests of resilience, rather than anxiety 

Given the challenges to observing anxiety in the novel tank and light-dark preference 

tests presented by the potential effects of boredom and EE loss (Chapter 4), future researchers 

may consider using entirely different tests to investigate the potentially anxiolytic or resilience-

boosting effects of enriched housing. For example, Giacomini et al. (2016) assessed zebrafish 

recovery after application of an acute stressor (120 second net chase) and found that EE blunted 

cortisol responses in a manner similar to treatment with fluoxetine and diazepam. Another option 

might be assessment of shoal cohesion and polarization (e.g. as in Miller et al. 2013, Miller 

2020). And there are also ongoing efforts to develop judgment bias tests for zebrafish (with 

varying success: cf. Tan 2017, Espigares et al. 2022). Here, researchers may wish to consult 

validated mammalian judgment bias paradigms for inspiration (e.g. Harding et al. 2004, 

Maclellan et al. 2022), or consider alternatives such as attention bias (e.g. Tan 2017), which do 

not require reward and punishment-based training that may inherently influence affective state 

(as suggested by Ross 2018 for assessing laying hen resilience). I also strongly encourage efforts 

to develop welfare-friendly methods of individual identification (discussed in Chapter 6), which 

would facilitate assessment of judgment and/or attention bias, as well as a range of other 

behavioural tests, such as those described in the next section.   

7.1.3 Improved tests of behavioural flexibility 

 My assessment of reversal learning presented in Chapter 6 was inconclusive, possibly 

because the reversal phase of the cognition test did not last long enough and/or due to noise in 

the dataset introduced by testing shoals rather than individuals. Going forward, I believe the 
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hypothesis that barren, non-preferred environments could impact behavioural flexibility is still 

worth pursuing, given the previous literature on mammals reviewed in Chapter 6. If the task that 

I conducted is replicated, I would suggest extending the reversal phase such that shoals must 

reach learning criterion a second time, instead of cutting the reversal phase short at 10 trials total. 

However, there may be other existing methods that are also useful for testing the behavioural 

flexibility hypothesis: for example, Parker et al. (2012) describe a promising two-colour choice 

discrimination paradigm specific to reversal learning and attentional set-shifting in zebrafish. If 

conducted before welfare-friendly methods of identification are developed, fish could be tested 

in such a task individually, but with shoals visible to the focal fish through transparent tank walls 

in strategic locations. Thus, individual assessment of learning could occur, but the stress of 

isolation could be minimized for the focal fish (N. Miller, pers. comm.). If such research were 

undertaken, I would recommend also examining sex differences in housing effects on 

behavioural flexibility, since results from Chapters 4 and 5 (discussed below) suggest that there 

may be differences in how the sexes respond to EE, and results from guppies suggest that 

females may have a greater capacity for behavioural flexibility than males (Lucon-Xiccata & 

Bisazza 2014).  

7.2 Additional hypotheses I plan to test 

7.2.1 H1: EE enhances brain cell proliferation  

Results from Chapter 6 showed that shoals from enriched tanks exhibited accelerated 

learning related to their counterparts from barren tanks. I now wish to test whether those 

differences in cognitive ability might be due to altered brain cell proliferation. Several studies 

have reported enhanced brain cell proliferation in fish housed with EE (e.g. coho salmon: Lema 

et al. 2005, zebrafish: von Krogh et al. 2010, Atlantic salmon: Salvanes et al. 2013, black 
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rockfish [Sebastes schlegelii]: Zhang et al. 2020) and decreased proliferation in fish experiencing 

chronic stress (e.g. cichlids [Astatotilapia burtoni]: Maruska et al. 2012; rainbow trout: Sørensen 

et al. 2012; Brachypopomus gauderio and Apteronotus leptorhychus; Dunlap et al. 2017). Over 

the course of the studies presented in Chapters 3 through 6, the brains of a male and female 

from every tank were collected and preserved for analyses of brain cell proliferation. Using these 

brains, I plan to use immunohistochemistry (IHC) to detect cell proliferation- and neuron-

specific markers, with particular focus on the dorsolateral (Dl) and dorsomedial (Dm) 

telencephalon (putatively analogous to the mammalian hippocampus and amygdala, respectively: 

Portavella et al. 2002). Candidate markers of brain cell proliferation being considered include 

PCNA (present in the nucleus during preparation for mitosis: e.g. Kelman 1997, von Krogh et al. 

2010), NeuN (a neuron-specific protein: e.g. Guzel’nikova & Korzhevskiy 2015, though cf. Won 

et al. 2016 for concerns regarding antibody specificity in zebrafish), Hu-proteins (early neuronal 

differentiation markers: e.g. Kim et al. 1996), and BDNF (a protein associated with neuron 

survival and maintenance: e.g. Lucini et al. 2018). 

7.2.2 H2: Zebrafish preferences for EE predict the magnitude of benefits it confers 

 Evidence from ferrets (Reijgwart et al. 2018b), hens (Nicol et al. 2009), and mice (Tilly 

et al. 2010) suggests that the magnitude of an enrichment’s effects on welfare may track how 

much animals prefer it. For example, Tilly et al. (2010) found that mice who valued EE the most 

(inferred from tests of motivation to access EE) experienced the greatest EE-induced reduction in 

stereotypic behaviour. Results from Chapter 2 (specifically how zebrafish rank a series of 

housing treatments, in order of increasing preference: barren<grass<gravel<grass and gravel), 

present an opportunity to test the hypothesis that zebrafish preference for EE predicts the 

magnitude of its potential welfare benefits.  



 

158 

 

During differential rearing of the fish compared in Chapters 3 through 6, additional fish 

from C2 were housed in “intermediate” housing treatments (i.e. those preferred to middling 

degrees by zebrafish: tanks with only grass or only gravel) and while measures were collected 

for the studies detailed in this thesis, they were simultaneously collected from fish in these 

treatments. Measures reported in Chapters 3 through 5 have yet to be analyzed for these fish, 

though preliminary analyses of acquisition phase data from cognition tests reported in Chapter 6 

have been initiated. Six shoals from each of the four housing treatments were tested in batches D 

and E, and six shoals from tanks with grass and gravel, five shoals from tanks with gravel, four 

from tanks with grass and four from barren tanks successfully reached learning criterion in the 

acquisition phase. Preliminary Poisson loglinear analyses (see Chapter 6) indicate a significant 

effect of housing (LR Chi-sq.(3)=10.34, p=0.0159, Figure 7-1) on the number of trials taken to 

reach learning criterion. Shoals from barren tanks took 16 ± 6.5 trials (median ± interquartile 

range [IQR]), those from tanks with grass took 17 ± 8 (median ± IQR) trials, from tanks with 

gravel took 8 ± 2 (median ± IQR) trials, and from tanks with grass and gravel took 8 ± 0 (median 

± IQR) trials. Thus, it is possible that speed of acquisition of differentially-reared fish may be 

related to the degree of preference zebrafish exhibit for their housing conditions, though further 

analyses must be performed before an expanded discussion of this finding is appropriate.  
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Figure 7-1. Number of trials taken to reach learning criterion for shoals from C2 in test batches 
D (diamonds), and E (stars), split by housing treatment (see Chapter 6 for methodological 
details). Zebrafish preference for housing condition increases from left to right on the x-axis 
(Chapter 2). Boxplots in black show: the median (midline), 1st and 3rd quartiles (hinges), the 
smallest and largest values within 1.5 times the interquartile range from the hinge (whiskers), 
and outliers, classified as points outside 1.5 times the interquartile range (black points). 
 

7.2.3 H3: Male zebrafish reared with highly-preferred EE are more attractive to females 

 The chronic stress of barren housing may compromise male attractiveness, as observed in 

mink, where males housed with preferred EE gain more copulations than their barren-housed, 

stereotypic counterparts (Díez-Léon et al. 2013) and in mice, where males housed with EE for 

short periods have higher testosterone levels and are more attractive (i.e. when given the choice, 

females spend more time near them) than their barren-housed counterparts (Mitra & Sapolsky 

2012). This may be because, when selecting a reproductive mate, animals are often attracted by 

phenotypes that indicate health and low stress levels that likely reflect high genetic and gametic 
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quality and/or good abilities to be effective partners and parental caregivers (e.g. Jones et al. 

2001, Nowicki et al. 2002, Husak & Moore 2008, Garratt & Brooks 2012). Such choosiness is 

especially common in females, since in most species they expend the most time and energy in 

offspring development and care (Trivers 1972). Female zebrafish, who lay eggs that are 

externally fertilized, do exhibit mate choice (e.g. for large males: Uusi-Heikkilä et al. 2012) that 

is manifest in several ways ranging from proceptive (courtship) behaviours to controlling the 

number of eggs released to different males (e.g. Skinner & Watt 2007, Uusi-Heikkilä et al. 

2012). I, along with collaborators (K. Snaith, J. Pallarca, K. Raine, & G. Mason), therefore 

hypothesized that male zebrafish raised in tanks with highly-preferred EE are less stressed and 

therefore more attractive to females, relative to males from barren conditions. This predicts that, 

in the presence of enriched males, females will engage in more proceptive behaviour, take less 

time to spawn, and release more eggs to these enriched males.  

To test these predictions, we conducted a pilot study with the differentially-reared fish 

reported on in this thesis, assessing appetitive pre-mating behaviours (proceptivity) in females 

offered a choice between two sets of inaccessible males, and copulation events and the number 

of eggs released in females given free access to one type of male. Mate choice tests took place in 

a plus maze (Figure 7-2), partitioned at two opposite arms with mesh to create compartments for 

two pairs of male fish (one from a barren tank and the other from an enriched one) and a middle 

space for a female trio (n=16 replicate mate choice tests). The mesh allowed for the passage of 

the visual and olfactory cues necessary to induce mating in zebrafish (Spence et al. 2008, 

Nasiadka & Clark 2012). Each male compartment contained a ‘spawning box’ with red gravel 

and plants attached to a mesh grid fitted inside: a feature that attracted egg-laying (e.g. Spence et 

al. 2007) while also collecting released eggs and preventing their cannibalization (Uusi-Heikkilä 
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et al. 2012). Fish were introduced to the apparatus at 5:00pm EST the night immediately before 

behavioural observations, which were made beginning at 9:00am EST, when room lights reached 

their full intensity in the morning. An initial “Choice Phase” lasted 20 minutes, during which 

observations of the number of females present within 10 cm of each of the two male 

compartments were made by an observer blind to housing treatment. Directly after the Choice 

Phase, the females were relocated into one of the two male compartments for a “Spawning 

Phase”, during which they were observed for 40 minutes: behaviours including male courtship 

and quivering (Darrow & Harris 2004), and female egg laying and escape attempts were 

recorded, again by a blind observer. All eggs within the spawning boxes, along with any stray 

eggs in the focal male compartment, were then counted. We found that in the Choice Phase, male 

housing treatment had no significant effect on female behaviour. However, in the Spawning 

Phase, when controlling for male length (Chapter 5), enriched males exhibited more courtship 

(GLM, F(1,9)=5.6, p=0.05) and quiver (GLM, F(1,9)=5.56, p=0.04) behaviour, and tended to 

have more eggs released to them (enriched: 477.78 ± 108.35 [LSM ± SE], barren: 112.56 ± 

119.28 [LSM ± SE]: GLM, F(1,9)=3.66, p=0.09). This suggests that one of our hypothesis’ 

predictions was almost met: females tend to release more eggs to enriched males than to barren 

males. Future work will attempt to replicate this result with a new cohort of differentially-reared 

fish, with methodological improvements informed by challenges experienced during this 

preliminary study.  
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Figure 7-2. The plus-maze apparatus used in preliminary mate choice tests. Male compartments 
in the ends of two arms are separated from the central compartment by mesh dividers and contain 
spawning boxes for egg collection. Drains are present in each male compartment to keep 
pheromones from mixing in the central compartment and confusing females. 

7.3 Future research questions 

7.3.1 Do the effects of EE differ between sexes?  

 Though zebrafish are typically housed in mixed-sex groups, some results suggest that 

preferences for, and the effects of, EE might differ between the sexes. For example, results from 

Chapter 4 (though complicated by boredom and EE loss, discussed above) suggest that females 

from enriched tanks may respond differently to males in the light-dark preference test (such that, 

relative to barren-housed counterparts, females from enriched tanks exhibited lower levels of 

anxiety while males exhibited higher levels). And in Chapter 5, differences in body size 

between barren and enriched tanks were greater for females than males (such that females from 

enriched tanks are the smallest, and those from barren tanks are the biggest). Together, these 

results suggest that females may be more affected by the presence or absence of EE. Though my 

growth findings do not directly align with Lee et al. (2019), their findings also suggest that 
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female zebrafish might be more affected by EE than males: female condition factor was 

improved by the provision of gravel and real aquatic plants, but male body condition was not. 

However, results from Schroeder et al. (2014) indicate that males have stronger preferences for 

floating plants over submerged ones than females do. Thus, more focused investigations into sex 

differences in preference for, and effects of, EE could both enhance our understanding of EE’s 

effects and inform how to deploy it most effectively for mixed- and single-sex groups. The 

possibility that being housed with EE may also affect male zebrafish attractiveness (discussed 

above), if confirmed, also presents opportunities for enhancing spawning success in breeding 

colonies. 

7.3.2 Can preferred EE be adapted to conventional zebrafish housing systems?  

 Efforts are being made to adapt preferred EE to conventional zebrafish housing systems, 

predominantly via the use of gravel images (preferred to plain tank bottoms [Schroeder et al. 

2014], used in e.g. Tecniplast’s “Z-Park tank” and “enrichment runner”). However, results from 

Schroeder et al. (2014) and unpublished data from a preliminary study conducted at Wilfrid 

Laurier University suggest that physical gravel is preferred over an image. Thus, investigations 

into what specific features of the gravel elicit the observed preferences (e.g. Schroeder et al. 

2014, Chapter 2) would be useful, so that more preferred, easily-deployable additions to 

conventional housing systems might be developed. With collaborators (N. Miller and G. Mason), 

pilot preference tests have been conducted comparing an easily-cleaned silicone mat that 

attempts to simulate the texture of gravel (Figure 7-4) to gravel and images of gravel. However, 

these tests were unsuccessful; thus, further experiments examining different colours, patterns, 

textures, and even potentially olfactory cues that might be associated with real gravel, are 

recommended.  
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Figure 7-3. A) A stack of silicone mats with a texture that attempts to simulate the texture of 
gravel. B) A silicone mat being compared to an image of gravel during pilot preference tests 
conducted at Wilfrid Laurier University. 

 Relatedly, one of the most oft-cited challenges to the deployment of EE in conventional 

zebrafish housing systems regards biosecurity, with researchers citing a perceived increased risk 

of disease and additional labour required to keep tanks clean (e.g. Williams et al. 2009, Lidster et 

al. 2017, Stevens et al. 2021) As EE becomes increasingly recommended (e.g. CCAC 2020a, 

Stevens et al. 2021), it is worth considering whether the perceived risks are real. Though why EE 

might increase disease risk is not always clearly outlined by those who worry about it, it possible 

that EE represents additional surface area in the tank on which biofilm can grow and collect 

pathogens. Thus, efforts to design EE items made of materials that are compatible with 

sterilization (e.g. silicone, as for the mats above) and development of associated husbandry 

protocols would be of value. Conventional housing systems are also designed to be “self-

cleaning”, with water flows that direct waste into a baffle near the back of the tank. So, 

development of EE items that do not interfere with the hydrodynamics of conventional tanks 

might also be useful. Finally, though the additional labour that might be associated with EE 
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deployment for zebrafish is a valid personnel and financial concern, as Stevens et al. (2021 p. 16) 

remark, “these concerns should be viewed as challenges to solve, rather than barriers which 

should entirely prevent the use of enrichment”.   

7.3.3 Are fish sentient? 

As mentioned in Chapter 1, investigations of fish welfare are predicated on the 

assumption that fish are sentient: a question that has not yet been philosophically or empirically 

resolved. Debates around fish sentience have been hampered by extreme polarization between 

the minority of researchers who vehemently argue that fish are sentient, and those who argue 

that they aren’t. The origin of this polarization is unclear, but may be related to the main focus of 

most debates about fish sentience: fishes’ abilities to feel pain. This is an emotionally loaded 

issue that regularly attracts considerable public attention. The literature on fish pain is thus 

flooded with literature reviews, commentaries, and responses to commentaries, often rehashing 

the talking points of either “side” of the debate and resulting in considerable research “inertia” 

(Mason & Lavery 2022). For example, of the papers that cite Lynne Sneddon and Victoria 

Braithwaite’s foundational work identifying nociceptors in rainbow trout (Sneddon et al. 2003), 

only 43% report experimental results; the remaining 57% are commentaries and reviews. An 

emerging, more constructive focus on novel experiments, informed by fascinating work on 

human consciousness, will likely assist in moving fish sentience debates forward. Mason & 

Lavery (2022) suggest several possible experimental paradigms probing affectively-relevant 

aspects of working memory, operant conditioning, the self-report of state, and forms of higher 

order cognition (e.g. modified versions of the mirror mark test and tests of episodic memory that 

incorporate components with affective valence) and a recent special issue edited by Birch et al. 

(2022) brings together an inter-disciplinary team of authors to tackle the question of how to 
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scientifically investigate animal sentience. Importantly, research on humans is still needed to 

determine if the proposed experiments actually require sentience. However, if they prove to be 

useful, they are often cognitively challenging and a lack of success should not be taken as 

evidence of a lack of sentience. As a first step, results from Chapter 6 (and other literature 

discussed in that chapter) suggest that the provision of highly-preferred, ecologically-relevant EE 

may be useful for improving fishes’ cognitive abilities in preparation for challenging, possibly 

sentience-relevant experiments.  

7.4 Conclusions  

 Zebrafish have stable, transitive preferences for EE, and prefer an enriched environment 

to the barren ones in which they are most often housed. Being housed long-term with EE that 

they prefer improves their longevity and cognition (while leaving aggression and feeding 

hierarchies relatively unaffected), which suggests that EE improves zebrafish welfare. However, 

fish housed in barren tanks also grow larger than their counterparts housed with highly-preferred 

EE, though why remains to be determined. Whether long-term highly-preferred EE has 

anxiolytic or resilience-enhancing effects for zebrafish also has yet to be determined, but several 

specific directions for future replication efforts are presented in this chapter. As provision of EE 

to conventional housing systems becomes increasing recommended, I also strongly encourage 

more work to develop highly-preferred additions to those environments rather than relying on 

images of gravel, which are not as highly preferred as other types of EE (Schroeder et al. 2014). 

Going forward, this research has highlighted a wide range of fascinating and unanswered 

questions yet to be addressed by those concerned with the well-being of captive fish: there is 

obviously no dearth of relevant research to be done. And if zebrafish are indeed sentient, as they 

become increasingly popular as a model organism across a wide variety of research disciplines, it 
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is ethically essential that we continue to concern ourselves with their welfare and investigations 

into how to improve it.  
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APPENDIX 1 

Summary of tank sex ratios at the time of aggression observations.  

 

  



 

206 

 

APPENDIX 2 

Summary of Cox Proportional Hazards model of survival, using data from C3 to test for the 
effect of tank material. Effects with p-values < 0.05 are indicated in bold. 

Main Effect DF Chi squared p value 
Housing Treatment 1 1.795 0.1804* 
Tank Material 1 0.680 0.4097 
Housing*Tank Material 1 2.400 0.1214 

 

Summary of the number of fish who died due to various putative causes of death. 

 

 Housing Treatment 

 Enriched Barren 

Total fish introduced to housing treatment 250 257 
Total survived or sampled 176 154 
Total morbidities and mortalities 74 103 

Ty
pe
 o
f m
or
ta
lit
y/
m
or
bi
di
ty
 Eggbound 24 40 

Buoyancy issue 19 14 
Injury 5 11 
Lesion 2 5 
Deformity 3 3 
Tumour 4 8 
Other 17 22 

 

 


