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Abstract 
 

Flexibility in behaviour can be crucial to the survival and success of fish in fast-shifting 

variable environments, both natural and human-induced. Grouping or shoaling behaviours are 

affected by numerous factors acting in parallel, including evolutionary history, experience, and 

current conditions, and can be particularly consequential when fish are faced with novel threats. 

Here, I present studies investigating how previous experience moulds grouping behaviour in 

Trinidadian guppies (Poecilia reticulata). In a first set of experiments (Chapter 2), I investigate 

how reinforcement training with food reward can alter an individual’s preference to shoal with 

a group of conspecifics. I find that female guppies show some evidence of learning an 

association between a social cue and reward, but this learning is not transferred to a subsequent 

test in the form of an increase in shoaling, pointing to the context-dependent nature of learning 

and flexible grouping. In a second set of experiments (Chapter 3), I examine how prior 

familiarisation to other individuals influences shoal choice. Previous studies have shown that 

shoals of familiar individuals are often preferred as grouping partners. Using a binary-choice 

paradigm, I investigate the preference of female guppies to group with familiar versus 

unfamiliar shoals. I find no evidence of a familiarity preference in my experiments, though 

subjects did show a significant preference to join a shoal. I consider potential explanations for 

this discrepancy with previous work, including population and methodological differences, the 

context-specificity of learning, and subjects’ past experiences. Investigating the flexibility of 

social grouping and the factors that underlie it can provide valuable insights on more general 

ecological and evolutionary questions such as how sociality can be modified in the wild under 

varying selection pressures as well as how different species and populations adapt and learn in 

fast changing environmental conditions. 
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Résumé 
 

La flexibilité du comportement peut être cruciale pour la survie et le succès des poissons dans 

des environnements hautement variables, à la fois naturels et induits par l'homme. Les 

comportements de regroupement ou de formation de bancs sont affectés par de nombreux 

facteurs agissant en parallèle, notamment l'histoire évolutive, l'expérience et les conditions 

écologiques, et peuvent avoir des conséquences particulièrement importantes lorsque les 

poissons sont confrontés à de nouvelles menaces. Ici, je présente des études examinant 

comment l'expérience antérieure façonne le comportement de regroupement chez les guppys 

Trinidadiens (Poecilia reticulata). Dans une première série d’expériences (Chapitre 2), j’étudie 

comment l’entraînement par renforcement avec récompense alimentaire peut modifier la 

préférence d’un individu à se regrouper avec un groupe de congénères. Je trouve que les guppys 

femelles montrent des signes d'apprentissage d'une association entre un signal social et une 

récompense, mais cet apprentissage n'est pas transféré à un test ultérieur sous la forme d'une 

augmentation du temps passé en groupe, ce qui souligne la nature dépendante du contexte de 

l'apprentissage et du regroupement flexible. Dans une deuxième série d’expériences (Chapitre 

3), j’examine comment la familiarisation préalable avec d’autres individus influence le choix 

du banc. Des études antérieures ont montré que les groupes d'individus familiers sont souvent 

préférés comme partenaires de regroupement. En utilisant un paradigme de choix binaire, 

j'étudie la préférence des guppys femelles à se regrouper avec des bancs familiers ou inconnus. 

Je ne trouve aucune preuve d'une préférence de familiarité dans mes expériences, bien que les 

sujets aient montré une préférence significative à rejoindre un banc. J’examine les explications 

potentielles de cet écart avec des travaux antérieurs, notamment les différences de populations 

et de méthodologies, la spécificité du contexte de l’apprentissage et les expériences passées des 

sujets. L'étude de la flexibilité des groupements sociaux et des facteurs qui les sous-tendent 

peut éclairer des questions évolutives et écologiques plus générales telles que la manière dont 

la socialité peut être modifiée dans la nature sous diverses pressions de sélection, ainsi que la 

manière dont différentes espèces et populations s'adaptent et apprennent dans des conditions 

environnementales en évolution rapide. 
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Grouping and social behaviours 
 

Social living is ubiquitous in the animal kingdom, extending between taxa, regions and 

environmental conditions. However, while social living is widespread, there is incredible 

diversity in its extent and expression, with variation both across and within species. It extends 

from simple mutual attraction to more complex behaviours such as joint defence, joint brood 

care, dominance and submissive displays, and intraspecific communication (Haynes and 

Yeargan 1999; Korb et al. 2012; Manara et al. 2022). Even in species that engage in relatively 

fewer social interactions, group living can be pivotal to their fitness, with many species 

aggregating at least for part of their lives (e.g., Wagner et al. 2008, Lodé et al. 2021). Therefore, 

social attraction, which promotes proximity among individuals across space and time, is the 

underlying mechanism of group living (Ward and Webster 2016).  

 

The prevalence of social grouping in nature can be explained by the fitness advantages it 

confers to individuals. Under the right conditions, individuals can gain fitness benefits such as 

enhanced anti-predator strategies, access to mating opportunities, and a reduction in the 

energetic costs of locomotion (Krause and Ruxton 2002; Markham and Gesquiere 2017). In 

terms of predator protection, associating with a larger group can dilute the likelihood of getting 

captured, as well as increase the chances of detecting approaching predators faster (Cresswell 

and Quinn 2011; Sorato et al. 2012). This is both because there are probably a greater number 

of individuals scanning for threat at any given moment, and because individuals can pool their 

information to maximize the accuracy of correctly identifying threats - the ‘many-eyes effect’ 

(Ward et al. 2011; Hammer et al. 2023). Of course, group living can also arise through other 

means, such as aggregation around shared resources, and the causes of association can have 

implications for competition, social recognition and other social interactions (Ebensperger and 

Hayes 2016). 

 

However, in addition to constraints on grouping such as the inability to keep up with or being 

excluded from a group, grouping behaviours can carry significant costs for individuals. For 

example, grouping often creates the ideal set of conditions for increased transmission of 

parasites between individuals (Schmid-Hempel 2021). This can potentially be made even 

worse owing to the injury and stress associated with competing group members (Ward and 

Webster 2016). Other costs of grouping include competition for mates and resources, 
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misdirected parental care, and increased rates of predator attacks (Lachlan et al. 1998; Krause 

and Ruxton 2002; Wilson et al. 2003).  

 

Because of these costs and benefits to grouping, individuals can maximize net benefits by 

making choices about joining or leaving a group as well as considering whom to group with, 

making grouping typically non-random (Pitcher and Parish 1993; Whitehead 2003; Proops et 

al. 2021). Extensive research on grouping tendencies and preferences has examined the impact 

of factors such as individual morphology (e.g. body length, colour, size), group characteristics 

such as parasite load and group size, and characteristics such as relatedness or familiarity with 

individuals (Krause and Godin 1994; Griffiths and Magurran 1998; Lachlan et al. 1998; 

McRobert and Bradner 1998; Hoare and Krause 2003; Jones et al. 2010; Patterson and 

Ruckstuhl 2013).  

 

Grouping is particularly well-studied in teleost fish. Their social structures can range from fully 

solitary, to simple aggregations of individuals or “shoals”, to polarized and synchronized 

“schooling” groups (Pitcher and Parish 1993; Miller and Gerlai 2012). In general, fish group 

preferentially with conspecifics over heterospecifics, individuals of similar body size over ones 

of varying sizes, and familiar over unfamiliar individuals (Barber et al. 2000; Krause and 

Ruxton 2002; Griffiths and Ward 2011). This wide spectrum of grouping behaviour is one of 

many reasons fish are a valuable system in which to study sociality. For example, one can 

investigate the impact of environmental factors such as food availability and predation pressure 

on the evolution of social behaviour (Brännäs et al. 2001) or even the co-evolution of multiple 

traits simultaneously (Endler 1995). In addition, flexibility and plasticity in grouping 

behaviours can be examined as a function of experience and environment.   

 

There have been past investigations into the flexibility in grouping behaviours and decisions 

(e.g. Hoare et al. 2004), including in our research group (see e.g. Mühlhoff and Reader 2011, 

Lindeyer et al. 2015, Swaney et al. 2015, Vassileva 2019). Other studies that have investigated 

behavioural flexibility in shoaling have focussed on how contextual environmental factors such 

as predation or competition influence grouping (Krause and Ruxton 2002). For instance, it is 

known that local ecological factors such as high predation result in increased cohesion and 

lower variability in behaviour (Ioannou et al. 2017). However, few studies examine the effects 

of direct manipulation of the costs and benefits experienced with grouping. Vassileva (2019), 

in particular, found that female guppies’ baseline shoaling propensities can be changed through 
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reinforcement training, which has implications on our understanding of the flexibility in 

shoaling and its adaptability in the wild. When thinking about whether we can modify 

individuals’ tendency to group, an important consideration becomes that of the factors affecting 

their preference to shoal in the first place. Since it is known that individuals prefer familiar 

conspecifics over unfamiliar ones (Griffiths and Magurran 1997a), it raises the question of the 

presence of such a preference across populations and time periods.  

 

Learning in groups and cue association 
 

A benefit to grouping is the possibility of gaining information and learning from groupmates; 

this includes socially learning about danger, foraging locations, or even forming social 

associations that can provide useful information making future encounters more effective 

(Reader 2016; Ward and Webster 2016). For example, ungulate bighorn sheep (Ovis 

canadensis) are likely to learn about the seasonal distribution of high-quality forage in the form 

of culturally transmitted information (Jesmer et al. 2018). Similarly, wild meerkat (Suricata 

suricatta) pups learn their prey-handling skills from more experienced adults (Thornton and 

McAuliffe 2006). In addition to this, learning itself can be shaped through social interaction 

and grouping. The social intelligence hypothesis for instance proposes that social complexity 

is cognitively demanding and is therefore a major selective force shaping the evolution of 

intelligence and large brains in certain groups of extant animals (Shultz and Dunbar 2006; 

Johnson-Ulrich 2017). There is also some such work on fish species (Triki et al. 2024). Many 

animals including fish species have been shown to possess a large repertoire of social cognitive 

skills such as reciprocation, coordination and cooperation, as well as transitive inference 

(Bshary et al. 2014). Therefore, there is a significant role of learning in grouping itself, as well 

as learning in turn facilitated through grouping, both of which make learning an important 

factor to consider.  

 

Social interactions play a crucial role in acquiring and developing learned behaviours (Lefebvre 

and Palameta 1988) and can certainly help in enabling animals to learn about their 

environments efficiently and quickly without having to engage in possibly dangerous or 

energetically costly learning trials (Reader 2016). There are numerous areas where learning 

may play a pivotal role in the development of fish behaviour, such as learning about predation, 

foraging, and group member characteristics (Brown and Laland 2001). For instance, juvenile, 
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naïve fish might not initially recognize predators or respond correctly in their presence like 

experienced individuals would. But through repeated exposure to predators and experienced 

conspecifics, they are able to improve their anti-predator responses (Brown and Smith 1996; 

Mirza and Chivers 2000). Similarly, fish are able to learn the location of food patches and the 

most efficient route to get there directly from conspecifics, with this foraging information 

diffusing through the population (Laland and Williams 1997; Reader and Laland 2000). It is 

thus clear that fish are capable of learning not just through trial and error but also through social 

interaction and observation (Suboski and Templeton 1989; Brown and Laland 2003; Kendal et 

al. 2018). However, in addition to learning from conspecifics, animals can also learn about their 

surroundings individually. 

 

An example of this individual learning is spatial learning. Edward Tolman marked the 

beginning of spatial cognition research on animals with work on maze learning in rats, 

demonstrating concepts such as latent learning (a type of learning that might not have 

immediate utility) and cognitive maps (a mental representation of one’s physical environment) 

(Tolman 1948). Rats (Rattus norvegicus) can rapidly learn to solve complex problems such as 

mazes (reviewed in Thinus-Blanc 1996). In the classic set-up, a rat is released into a maze with 

no reward, where they tend to explore the maze with no set goal. When a reward is later 

included in the maze, the rats previously exposed to the maze were able to locate the reward 

much faster than their naïve counterparts; they had learnt the maze and created a cognitive map 

latently (Wang and Hayden 2021). Studies of maze performance have also been performed in 

fish species such as guppies (Warren 1957; Odling-Smee and Braithwaite 2003a; Lucon-

Xiccato and Bisazza 2017a; Hong et al. 2019; Jones et al. 2023), though typically with an 

explicit reward. Lucon-Xiccato and Bisazza (2017a) found that guppies are able to solve 

complex mazes, indicating that this ability might be more common across taxa than previously 

thought. Similarly, goldfish (Carassius auratus) can remember the spatial locations of multiple 

food patches using landmarks and also use visual cues to orient themselves (Ingle and Sahagian 

1973; Warburton 1990; Rodríguez et al. 2021). Indeed, in their natural environments, 

individuals are exposed to a huge diversity of stimuli from which they must not only extract 

information about their current spatial location, but also prioritize various cues; however, there 

is still work to be done to uncover the exact learning and memory mechanisms that underpin 

this cue prioritization  (Healy 1998; Odling-Smee and Braithwaite 2003a).  
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Familiarity as a determinant of grouping  
 

As discussed previously, there is great diversity in the extent of social organisation across 

populations and species. This organisation often requires individuals to adapt their behaviours 

and responses to different individuals that they interact with. For this reason, social 

organisation is built on the foundation of social recognition, at least to some extent (Mateo 

2004). The ability to recognize others allows for differentiation between the numerous 

individuals in an animal’s environment: conspecifics or otherwise. For various animal 

interactions, including some of the largest aggregations of fish or krill, individuals often only 

require a primitive level of discrimination and basic social attraction rather than sophisticated 

recognition systems (Ward and Webster 2016). However, there are other instances of significant 

complexity in social aggregations; while not necessary for all animal grouping behaviour, this 

complexity encourages and develops associations among individuals (Kappeler 2019).  

 

Social recognition is thus something individuals of numerous species are capable of. However, 

the extent to which they are able to recognize and discriminate between conspecifics is variable 

between species (Wiley 2013; Tumulty and Sheehan 2020). ‘True’ individual recognition, the 

ability to discriminate between multiple individuals, involves learning the unique identifying 

traits of another individual and allocating these characteristics to that specific individual. This 

type of recognition is especially seen in species that form stable hierarchical societies in which 

individuals encounter each other repeatedly, making it beneficial to recognize one another 

(Tibbetts and Dale 2007; Tibbetts et al. 2022). For example, the dwarf mongoose (Helogale 

parvula) is a cooperative mammal that might associate unique characteristics of vocalizations 

to individuals, showing ‘true’ recognition (Sharpe et al. 2013). Similarly, ring-tailed lemurs 

(Lemur catta) can form a mental representation of specific individuals by their unique scents 

(Palagi and Dapporto 2006). The ability to identify others might ultimately depend upon 

individuals’ society structure and species ecology; indeed, it is probably minimally 

advantageous to identify every individual in large fission-fusion groups where the chances of 

encountering the same conspecific multiple times is relatively low.  

 

Grouping based on familiarity might act as a time-saving mechanism by releasing some of the 

constraints on a single individual (Griffiths et al. 2004). Early familiarity studies regarding 

territoriality mention the ‘dear enemy’ effect (Ydenberg et al. 1988) where familiar 

neighbouring territory holders are less aggressive toward one another to instead focus their 
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attention on dealing with unfamiliar intruders. This way, costly aggression can be avoided with 

familiar existing neighbours who are less likely to represent a threat to territory holders, owing 

to their existing territory (Tumulty 2022). Familiarity with conspecifics can provide stability 

to dominance hierarchies through allowing individuals to remember the outcome of previous 

altercations and avoid further aggression and associated costs (reviewed in Griffiths and Ward 

2011). In fact, this even stretches to third-party observers where individuals may settle conflicts 

faster and with less aggression with familiar opponents that they have observed in previous 

altercations with other opponents than with unfamiliar counterparts (Johnsson and Åkerman 

1998; Arnott and Elwood 2009). There are also other benefits to associating with familiar 

conspecifics. For example, Swaney et al. (2001) found that familiarity among grouping 

conspecifics facilitated the social learning of foraging information in guppies. Broadly, stability 

in social conditions and the reduction in aggression in familiar groups allows individuals to 

allocate time and energy to other crucial activities such as foraging or anti-predator behaviours 

(Griffiths and Ward 2011). 

 

Many shoaling teleost species often exert a high level of choice regarding preferred group 

members. Familiarity is a crucial factor that shapes their interactions (Griffiths and Magurran 

1999). However, Ward and Webster (2016) point out that we are still not aware of whether the 

mechanism underpinning familiarity development in fish involves complex, ‘true’ individual 

recognition, or merely the distinction of individuals into the categories of ‘familiar’ and 

‘unfamiliar’. These two possibilities are difficult to disentangle by testing for in isolation; the 

focus of existing research has been largely on the implications of familiarity, rather than the 

mechanisms that underpin it. Ward et al. (2009) addressed this gap by investigating recognition 

of familiar conspecifics through a specific form of recognition as well as a broader, group-level 

label in sticklebacks (Gasterosteus aculeatus) and guppies (Poecilia reticulata). They found 

that guppies seem to utilize both general and more specific means of recognition (thereby 

individually recognizing conspecifics as well as differentiating between groups of conspecifics 

based on resource and habitat-use cues) using a series of binary-choice experiments. The 

sticklebacks on the other hand demonstrated no evidence of individual recognition abilities 

following prior social interactions, instead only using broader labels (Ward et al. 2009). 

Similarly, Webster and Laland (2020) also found no evidence for individual recognition in 

three-spine or nine-spine sticklebacks (Gasterosteus aculeatus and Pungitius pungitius). This 

could be, in part, attributed to differences in social structures; the sticklebacks live in gregarious 

fission-fusion social groups that might not favour individual recognition, whereas guppies can 
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form more hierarchical structures under the right conditions (Gorlick 1976; Wilson et al. 2014; 

Webster and Laland 2020). 

 

Therefore, the body of work examining conspecific grouping preferences with regard to 

familiarity in teleost species does not exclusively find that fish prefer familiar individuals. 

Early research indicated that shoals comprising familiar individuals are more cohesive than 

shoals of unfamiliar conspecifics (Chivers et al. 1995; Ward and Hart 2003), providing anti-

predator advantages to all group members. However, Griffiths (1997) found no increase in the 

preference of European minnows (Phoxinus phoxinus) for familiar conspecifics in the presence 

of a model predator. In theory, since the tendency to associate with familiar conspecifics varies 

with predator densities (Magurran et al. 1994), the benefits of familiarity should increase with 

predation threat (Godin et al. 2003). Brown (2002) reported results with rainbowfish 

(Melanotaenia spp.) and posited that in habitats where individuals experience predation risk 

relatively frequently, it might be adaptive to maintain a consistent preference for familiar 

individuals regardless of prevailing predation conditions. Kydd and Brown (2009) found that 

rainbowfish caught in the wild did indeed show a shoaling preference for familiar conspecifics, 

while captive-reared fish did not. As pointed out by Griffiths and Ward (2011), this follows the 

idea that domestication and artificial selection may have large impacts on social behaviour and 

therefore fishes’ responses to prevailing conditions such as predation (Solberg et al. 2020), 

which need to be factored in when considering the implications of this research.  

 

Thesis overview and study species 
 

In this thesis, I study the Trinidadian guppy, Poecilia reticulata, to investigate flexibility in 

shoaling tendencies (Chapter 2) and examine the role of familiarity, which typically refers to 

the recognition of unrelated conspecifics than an individual has had experience with (Griffiths 

2003), in these grouping behaviours (Chapter 3).  The Trinidadian guppy is an extremely well-

studied tropical freshwater fish (Magurran 2005) and is regularly used to investigate questions 

on social interaction and learning (Reznik et al. 2001; Song et al. 2001; Swaney et al. 2001; 

Brown & Laland 2002; Reader et al. 2003; Fox et al. 2024). The guppy is native to Trinidad 

and Tobago, Venezuela, Surinam and Guyana, though they are also reported to invade 

freshwater habitats worldwide (Deacon et al. 2011). It is largely their ability to thrive in 

drastically different ecosystems and environments worldwide and particularly in Trinidad that 



 18 

makes them ideal to study key evolutionary theories (Magurran 2005; for overviews, see Houde 

1997, Travis et al. 2014, Reznick and Travis 2019). In Trinidad, these fish are found in 

numerous rivers and streams, with relatively little mixing between populations. This 

segregation creates a number of distinct habitats with diverse selective pressures, resulting in 

the formation of different populations (Magurran 2005).  

 

Guppies generally have a stark preference to shoal with larger, more familiar groups, and 

individuals known to be poor competitors (Krause and Godin 1994; Metcalfe and Thomson 

1995; Griffiths and Magurran 1997a; Lachlan et al. 1998; Morrell et al. 2007). Typically, 

upstream guppy populations contain fewer predators, higher competition, low primary 

productivity and high biomass, whereas downstream regions have a higher predator density, 

lower competition, high productivity, and low biomass. This variation, specifically in aquatic 

predator abundance, results in rapid evolution of behavioural and morphological traits in the 

various populations (Reznick et al. 2001). For instance, while downstream guppies shoal more, 

take fewer risks and are less aggressive to conspecifics, their upstream counterparts are the 

opposite (Seghers 1974; Templeton and Shriner 2004; Song et al. 2011; Heathcote et al. 2017). 

These striking differences in sociality can have important implications on other factors such as 

social learning, grouping, recognition, and the spread of information (Griffiths and Magurran 

1997b; Hasenjager and Dugatkin 2016, 2017; Chouinard-Thuly & Reader 2019). 

 

Their tractability in the laboratory setting as well as in the wild is part of what makes them a 

great model system. Guppies have been extensively studied, giving us valuable knowledge 

regarding their behaviours, evolution and life history (Templeton and Shriner 2004; Magurran 

2005; Reznick and Travis 2019). Literature on their sociality is widespread, including work on 

dominance, innovation, learning, and information use (Gorlick 1976; Magurran and Seghers 

1991; Trompf and Brown 2014; Chouinard-Thuly and Reader 2019). Guppies are known to 

socially learn in numerous contexts including regarding foraging locations, escape routes, anti-

predator defences and mate choice (Dugatkin and Godin 1992a; Brown and Laland 2003; 

Kelley et al. 2003; Reader et al. 2003; Fan et al. 2022; Earl et al. 2024). Further, their ability to 

learn and use information from conspecifics differs across populations (Chouinard-Thuly and 

Reader 2019), and importantly, their behavioural preferences in the wild are preserved in the 

laboratory (Magurran and Seghers 1994; Huizinga et al. 2009).  
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In Chapter 2, I utilize food reinforcement training to manipulate the direct benefits of grouping 

while keeping prevailing conditions such as predation and competition unchanged. With 

preexisting knowledge of the wide array of variation in their shoaling behaviours in the wild, I 

ask whether these tendencies can be changed in a directed way. In Chapter 3, I examine 

familiarity preferences in guppies. While past studies have examined the development of a 

familiarity preference over short timespans (Griffiths and Magurran 1997a), an open question 

is whether this can be extrapolated to multiple guppy populations. Using two different 

experimental set-ups and populations, I measure familiarity preference at two separate time 

points following cohabitation with conspecifics.  

 

In this thesis, I study only female guppies. Guppies demonstrate sexual and behavioural 

dimorphism, with differences in size, shape, colour, as well as characteristics such as grouping 

and sexual behaviours (Magurran 2005). Females have larger and less colourful bodies than 

males and are known to shoal more often and for longer periods of time (Magurran 2005). They 

are also more innovative, exploratory, and tend to utilize social information to a greater extent 

(Reader and Laland 2000; Piyapong et al. 2010; Lucon-Xiccato et al. 2016), making them good 

candidates in which to study grouping. Additionally, using only females ensures  that we might 

avoid any confounding results caused by sexual interaction. 

 

The guppy’s diverse behavioural repertoire including contextual grouping and social 

information use, as well as their ease of manipulation, makes them a very valuable system to 

study social behaviour. Here, I attempt to lay the groundwork to answer some of these broader 

questions by first examining flexibility in shoaling propensities in guppies in the absence of 

natural drivers such as predation and competition, and then investigating the role of familiarity 

as a factor affecting this shoaling tendency. Further investigation into these topics can have 

wide-reaching implications on teleost sociality, potentially giving us more information on the 

evolution of sociality in the wild and how this changes across populations and conditions. 

 

 

[See Bibliography, page 83, for Chapter 1 and 4 citation lists] 
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Abstract 
 

Grouping behaviours offer widespread benefits to individuals across numerous taxa, such as 

information transfer, foraging advantages, and predator protection. However, grouping can also 

come with associated costs such as increased competition and disease transmission, which 

makes it crucial that individuals “balance” these costs and benefits. Freshwater guppies 

(Poecilia reticulata) exhibit considerable variation in shoaling behaviours, making them an 

ideal model in which to study these trade-offs. While guppies generally prefer larger shoals, 

they can form smaller ones or are even solitary under certain predation conditions. We 

investigated shoaling flexibility in female guppies from two different populations through 

controlled food reinforcement training. Subjects were rewarded for associating with a shoal 

versus an asocial cue in two different experiments aiming to vary the direct benefits associated 

with grouping. Our first experiment was inconclusive, but our second experiment provided 

some evidence of learning, with subjects approaching the shoal faster than the asocial cue, but 

not significantly so. However, this effect was only observed during training, and did not 

translate into a stronger subsequent preference for shoals. Strikingly, despite reinforcement 

training to approach a shoal, guppies demonstrated a significant decrease in shoaling across 

preference tests. Thus, guppy shoaling tendencies may be flexible but the conditions under 

which this flexibility exists are more specific than previously thought.  

 

Introduction 
 

Many species benefit from living in groups for a variety of reasons, including efficient sharing 

of social information, increased foraging efficiency, and predator avoidance (Krause and 

Ruxton 2002; Hoare and Krause 2003). The complexity of animal groups varies from basic 

mutual temporary attraction to stable communities with complex division of labour (Wilson 

1971; Ward and Webster 2016), and this has been studied in numerous animal taxa including 

insects, fish, birds and mammals (Meunier 2015; Couzin 2018). However, grouping is also 

associated with certain costs, such as increased competition for resources, food, and mates 

(Pitcher and Parish 1993), as well as heightened disease transmission (Wilson et al. 2003; 

Schmid-Hempel 2021). To optimize net benefits, individuals often have to be selective in 

when, with whom, and under what circumstances they group (Pitcher and Parish 1993; Proops 

et al. 2021). Examining this flexibility in grouping will give us valuable information regarding 
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not only the effects of the environment on behaviour, but also aid in our understanding of the 

evolution of sociality in the wild.  

 

Group living has been particularly well-studied in teleost fish. Fish generally prefer to group 

(or ‘shoal’) with larger over smaller groups of conspecifics (Lachlan et al. 1998; Sorato et al. 

2012), likely due to the fitness advantages it confers. Freshwater Trinidadian guppies, Poecilia 

reticulata, typically demonstrate high propensities to shoal. They too tend to prefer larger 

shoals over smaller shoals (Magurran 2005; Cabrera-Alvarez et al. 2017). However, this 

preference varies across populations, with females observed even as singletons in the Paria 

river to a maximum group size of around 40 individuals (Croft et al. 2003; Magurran 2005). 

Geographical isolation and physical barriers between upstream and downstream populations 

and the consequent reduction in geneflow, differences in predation, biomass and productivity 

in the wild are proposed to underlie population variation in shoaling propensities (Reznick et 

al. 2001). Guppies in high predation downstream sites tend to form larger shoals, whereas 

individuals from low predation upstream sites form smaller, less cohesive groups. This 

variation in shoaling (partially genetic – see Magurran 2005; Huizinga et al. 2009; Hockley et 

al. 2014) makes Trinidadian guppies a useful system for revealing the factors that shape 

sociality. 

 

Much like other species (see Webster and Hart 2006), guppies have been shown to utilize a 

variety of factors when making grouping decisions, including composition and familiarity of 

shoal mates and their morphology (body length, colour, size), shoal size, parasite load, and 

predation risk (Krause and Godin 1994; Griffiths and Magurran 1998; McRobert and Bradner 

1998; Jones et al. 2010; Patterson and Ruckstuhl 2013). Recent research has indicated that one 

of these factors – group size preferences – can be varied by directly manipulating the benefits 

of grouping using food reinforcement. Vassileva (2019) rewarded subjects with food over 20 

trials for joining either a 6-fish or 2-fish shoal and found an increase or decrease in relative 

preference for the large shoal, despite there being no changes in external factors such as 

competition and predation. This rapid learning is in line with previous research on fish 

including guppies, with regard to foraging, orientation, and threat (reviewed in Odling-Smee 

and Braithwaite 2003; Warburton 2003; Lucon-Xiccato and Bisazza 2017a; Fan et al. 2022). 

 

To examine flexibility in shoaling propensities in female guppies as well as to see if the 

Vassileva (2019) finding extended to training to approach or avoid a shoal with a modified 



 23 

design, here we manipulated the benefits associated with shoaling using a binary-choice 

paradigm. Being aware of their broad range of shoaling preferences, we used two different 

populations of guppies – Paria-origin (from the Paria river in Trinidad) and a “domestic” 

population. Though there is value in studying both sexes of guppies and their interactions 

(Lucon-Xiccato et al. 2020), we used exclusively female guppies for our experiments, as 

females tend to be more exploratory and innovative, shoal more in general, and are more likely 

to use social information (Lindström and Ranta 1993; Reader and Laland 2000; Lucon-Xiccato 

et al. 2016). Additionally, using females alone could avoid any possible effects of sexual 

interaction between individuals, which may impact behaviour (Houde 1988). 

 

We ran two experiments (hereafter ‘Experiment 1’ and ‘Experiment 2’). In Experiment 1 

(shoal/no shoal), we tested the shoaling preferences of adult female guppies before, during, and 

after a 15-day, 30-trial reinforcement training period. We trained guppies to selectively 

approach or to not approach a shoal of 4 fish, using food as a reward. We chose four fish as the 

midpoint between the large and small shoals used by Vassileva (2019). A third of the 

experimental fish were rewarded for approaching the shoal, another third were rewarded for 

approaching the side without fish or the “isolation side”, and the final third served as a control 

that were rewarded in the middle of the tank. This experiment differs from Vassileva (2019) in 

that we are training for shoal/no shoal, as opposed to a larger/smaller shoal. In Experiment 2, 

we used the shoal as a social cue once more but contrasted it with an asocial cue. Based on the 

results of Experiment 1, Experiment 2 exclusively investigated whether we could increase 

shoaling preference through food reward. Therefore, all subjects were rewarded when exposed 

to the social cue and not rewarded in the presence of the asocial cue.  

 

We expected individuals from the domestic population to have a high initial preference to shoal 

(Krause and Ruxton 2002; Cabrera-Alvarez et al. 2017), which the training would either 

increase or decrease based on treatment. Rewarding the fish to seek out isolation was predicted 

to decrease shoal preference while rewarding them to shoal should in turn increase shoal 

preference. While a similar experiment has been performed with a different strain of domestic 

guppies (Vassileva 2019), there is a lack of literature on the Paria population and how flexible 

their preferences might be. While Paria are asocial in the wild (with a median group size of 1) 

as well as in captivity (Magurran and Seghers, 1991; Seghers et al. 1995; Jacquin et al. 2017), 

the individuals we used have been housed in group tanks for many generations. For this reason, 
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we expect that they might also prefer shoaling over isolating, pre-training, but to a lesser degree 

than the domestic strain.  

 

Experiment 1 
 

Materials and Methods 
 

Overview 
 

This experiment consists of two alternating phases – training and testing (Figure 1). In the 

training phase, subject fish were presented with a shoal tank on one side of their home tank and 

an empty tank on the other (Figure 2). Fish were rewarded with food for making a particular 

choice based on pre-assigned treatments. The three reinforcement conditions were reward for 

approaching the shoal (“shoal-reinforcing”), reward for isolating (“isolation-reinforcing” or 

moving away from the shoal), and a control treatment. This training took place for 15 

consecutive days (2 trials per day for a total of 30 trials). Preference tests took place before 

(PT0 or initial preference test), during (PT1 and PT2), and after (PT3 or final preference test) 

training in order to determine initial and post-training shoaling propensity (Figure 1).  

 
 
 
 
 
 
 
 
 
 
 

Test Subjects 
 

We used 24 female guppies, Poecilia reticulata (12 Paria-origin and 12 domestic-origin, 

henceforth referred to as ‘Paria’ and ‘domestics’). Paria-origin guppies were gifts of the Rodd 

Laboratory (University of Toronto, Canada);  descendants of guppies brought from the “Houde” 

tributary of the Paria river in Trinidad in 2008 (and supplemented in 2016), considered a low-

predation locality (Houde 1997; Magurran 2005; Li et al. 2022). Domestic-origin guppies, termed 

the “greenhouse” strain, were of mixed domestic origin. Given the variation in generation times 
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in this species, it is difficult to calculate the exact number of generations that individuals have 

been housed in captivity. All subjects were outbred in laboratory conditions in mixed-sex tanks; 

they had not previously been used in any other studies. They were housed in 150L stock tanks 

with filters, gravel substrate, a heater, and artificial aquarium plants and a terracotta pot for 

enrichment. The tanks were maintained at 25OC and a 12:12 light-dark cycle. Weekly 30% 

water changes with conditioned water and water testing (pH, hardness, nitrites, nitrates, and 

ammonia) were performed on stock tanks. The fish were fed daily with tropical fish flakes 

(TetraMin, Tetra, Germany), and supplemented with decapsulated brine shrimp eggs (Artemia 

sp., Brine Shrimp Direct, USA) three times a week before the experiment. 

 

The subjects in our experiment were housed in trios and placed in home tanks (l 40 x w 20 x h 

25 cm; water depth 15 cm). Fish were grouped according to relative body size - with one large, 

one medium, and one small female in each tank, allowing individual recognition without 

subjecting fish to potentially stressful marking procedures. Social housing was done to avoid 

any isolation stress throughout the experiment. Over the course of the experiment, fish were 

fed TetraMin flake food every three days and on each day preceding a preference test, and a 

mixture of TetraMin flakes and bloodworms (Chironomidae spp., Nutrafin basix, Canada) as 

the food reward during daily reinforcement training. 

 

Every housing tank contained sand to provide substrate and increase the visibility of the fish. 

An artificial plant and an inverted terracotta pot for enrichment, a thermometer, as well as a 

filter and heaters were included. Tanks were lined with opaque white plastic boards to avoid 

the fish being able to see their reflections or other tanks/conspecifics through the glass. The 

front of the tanks was divided and marked into 3 sections at different distances from the side 

of the tank with a shoal - shoaling (S) (within 10 cm of the shoal), a central neutral zone (N) 

(10-30 cm from the shoal), and isolation zone (I) (within 10 cm of the empty side, 30 cm from 

the shoal) (Figure 2). The 10 cm shoaling zone was defined as “shoaling” since fish being 

within 4 body lengths can be classified as shoaling following Pitcher and Parish (1993) and 

Morrell et al. (2008). The fish were video recorded with a Sony 4K Camcorder from the front 

for behavioural scoring, the markings were visible clearly from the outside of the tanks. 

Subjects were given 5-7 days to acclimatize to the new housing set-up before the start of the 

experiment.  
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The subject fish were ranked by shoaling tendency (see below) and pseudo-randomly allocated 

into three groups (shoal-reinforcing group, isolation-reinforcing group, and control) such that 

initial shoaling tendencies were not different across groups.  

 

Stimulus Fish 
 

28 female stimulus fish originally from the same population stock tanks (14 Paria and 14 

domestics) were housed in two groups of 14, in two home tanks of dimensions l 30 x w 15 x h 

20 cm, with the water depth at 15 cm. The Paria population stimulus fish were used for the 

Paria subjects, and the domestics as stimulus fish for the domestic subjects. Housing for 

stimulus fish was similar to that of the subjects’ (including the artificial plant and terracotta 

pot). We ensured that each 4-fish shoal we used as social stimuli consisted of fish of similar 

body size range to the subject fish. For each trial, a subset of 4 fish was chosen from the 

respective population’s stimulus fish home tank, and once they were used as stimuli for a 

particular day, they were mixed back into their home tank to avoid reuse of exactly the same 

shoal on the same day for the same subject. This set up allows for the same stimulus fish to be 

used more than once per day but reduces the likelihood of familiarity (or avoidance of a 

particular individual) from developing between the subjects and stimulus fish. Further, since 

we use medium-sized shoals, we are potentially less likely to encounter a ceiling effect (caused 

by guppies’ predisposition to shoal with larger groups). An initial strong preference for large 

shoals could act as a ceiling, preventing detection of a further shoaling increase (see Vassileva 

2019). 

 

Preference Test 
 

Preference tests were performed in the subjects’ home tanks. A medium-sized shoal (4 fish) 

was revealed on one side of the home tank, and the tank on the other side remained empty 

(Figure 2a). In both stimulus tanks, we included airstones so that there was motion on each 

side. The individual subject was gently separated from its companions with an opaque plastic 

barrier and covered with a transparent glass cylinder in the centre of the home tank. The 

companions were constrained behind this barrier for the duration of the test, out of visual 

contact with the subject and test procedure. After a 5-minute acclimation period during which 

both stimuli were visible, the subject was released from the cylinder in a single smooth motion. 

When the fish was released, observation began for 5 minutes (and was video recorded). Latency 
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(time to make a choice - i.e., move into either of the side zones) and overall choice (side on 

which the subject spent a greater amount of time) was measured. In the 2 days prior to the first 

preference test, subjects had been habituated to the testing procedure twice daily, for a total of 

four habituation sessions. This minimized the chance that the initial preference test was a novel 

and therefore highly stressful situation. Preference tests were performed before the 

commencement of training, as well as every 5 days of training, to examine changes in subjects’ 

shoaling preferences over time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2: Experiment 1 set-up. Subject in central cylinder habituating, then released. a) Preference 

test apparatus with shoal on one side and other side empty. b) Training apparatus identical to 

preference testing apparatus but including feeders (F) for reinforcement. Reward accessible on 

reinforcing side, based on pre-assigned treatments. S - shoaling zone; N - neutral zone; I - isolation 

zone. Airstones on both sides to reduce differences in visual motion. 
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Training 
 

For the training, the subjects’ home tank was positioned between two stimulus tanks as in the 

preference tests (Figure 2b). Each subject was tested individually, with its companions (the two 

other subjects it was housed with) behind an opaque barrier. During training, a shoal of four 

guppies was revealed on one side of the home tank, and the stimulus tank on the other side 

remained empty (with airstones on both sides). Following a 5-minute habituation, the subject 

was rewarded with food for approaching either the shoal or the empty tank (n = 8 per treatment). 

The control group (n = 8) went through the same “training”, but the food reward was 

administered by placing the feeder in the middle of the tank - the rationale for this was to 

examine consistency in shoaling propensities and examine the baseline level with identical 

feeding regimes. This training was done twice daily for 15 days, between 08:00 and 12:00 in 

the morning, and 13:00 and 17:00 in the afternoon. The location of the shoal was randomized 

daily, but with the constraint of not being on the same side for more than two days (four trials) 

in a row.  

  

Instead of utilizing feeders wherein the food was visible to the subjects from the centre of the 

tank, we crafted a feeder that allowed food to either be accessible or inaccessible through a 

mesh depending on where in the feeder the food was dropped. On the reward side, the food 

was made accessible, and the non-reward side had the same amount of food, inaccessible to 

the subject (in the mesh pocket). This way, the subjects were unable to view the reward before 

they made a decision, and the set-up equalized any odour cues since the amount of food on 

both sides was kept constant.  

 

All testing and training was recorded from behind a blind to avoid disturbing the subjects. 

Immediately following each trial, subjects were reintroduced to their companion fish. 

 

Behavioural Measures and Statistical Analysis 
 

For the preference test we noted the time spent by the subject in each zone. We calculated 

shoaling preference - a measure of the preference for the shoal, relative to no shoal - by 

subtracting the time spent on the empty side from time spent with the shoal. This measure takes 

into account the time spent on both sides, which provides a better overall picture of the subjects’ 

behaviour. The difference between the shoaling preference from before training and after 
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training gives us insight into the effects of the training treatment on the individual’s shoaling 

preference. All statistical analyses were performed in R, with the R base package (R Core 

Team, 2022), using the lmerTest and lmer4 packages (Bates et al. 2015) to fit the linear and 

multi-level mixed models. Residual diagnostics were performed to assess model fit, including 

checks for normality (Shapiro-Wilk test) and homoscedasticity of residuals. 

 

Initially, we compared baseline shoaling preferences within and between the two populations 

using two-sample and one-sample t-tests. Next, we quantified shoaling preference (time with 

shoal minus time with empty tank) across four preference tests throughout training and 

analysed how shoaling preference varied as a function of treatment (shoal-reinforcing, 

isolation-reinforcing, vs. control), population (Paria vs. domestics) and time or preference test 

number (PT0, PT1, PT2, PT3) using a mixed effects model (with fish ID as a random factor). 

 

Results and Discussion 
 

We did not observe the predicted shoaling difference between the Paria and domestic 

populations during the baseline test (two-sample t-test: t(18) = 0.278, p = 0.78) (Figure 3). 

While domestic population guppies had a significant baseline preference for the shoal (one-

sample t-test: t(23) = 3.857, p < 0.001), the Paria population individuals did not (one-sample t-

test: t(11) = 1.800, p = 0.09). 

 

We next assessed how differential reinforcement for associating with a shoal or with an empty 

tank (away from shoal) affected shoaling propensities over time in the two populations of 

guppies. Overall, there were no significant effects of test number, population, treatment or their 

interactions on shoaling preference. Regardless of the experimental treatment or population, 

shoaling preferences seemed to decrease across the repeated tests, although this effect was not 

statistically significant (F(3,71) = 0.728; p = 0.54) (Figure 4).  

 

A pertinent question when using more than one population in a study such as ours is whether 

there is a difference in their respective baseline behaviours. Given Paria guppies’ asociality in 

the wild (Seghers et al. 1995), we predicted a lower shoaling baseline preference, but did not 

observe this. This might be attributed in part to the group rearing conditions of the Paria 

population. However, this population did not show a significant preference to shoal, potentially  
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Figure 3: Boxplot of baseline shoaling preference of subjects in Experiment 1, colour-coded by 

guppy population - Domestics (red) and Paria (blue). Each dot represents a single subject. 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 4: Faceted line graph of shoaling preference (time shoaling minus time on empty side) 

across 4 preference tests for both populations - domestics and Paria, Experiment 1. PT0 - initial 

preference test prior to day 1 of training; PT1 - following 5 days (10 trials) of training; PT2 - following 10 

days (20 trials) of training; PT3 - final preference test following 15 days (30 trials) of training. Each line 

represents a subject, colour-coded by treatment assigned where red - control (n = 8), green - isolation-

reinforcing (n = 8) and blue - shoal-reinforcing (n = 8). 
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the result of a small sample size. As there was no significant difference in baseline shoaling 

propensity across both populations, we used a domestic population for all following 

experiments. While Vassileva (2019) also used domestic guppies, note that it was a different 

strain.  

 

Although we only tested 8 individuals for each condition in Experiment 1, there is no 

compelling evidence that the individuals have learned to associate cue (shoal/no shoal) with 

reward, despite a general reduction in variability in shoaling tendencies as training progressed. 

This could be due to numerous potential reasons, but we focussed on methodological changes 

for Experiment 2.  

 

Of the modifications we made in Experiment 2, the most pertinent one was changing the 

stimuli. While the subjects may have been able to begin associating reward with the shoal in 

Experiment 1, the no-shoal side might not have been recognizable as a second stimulus. Instead 

of using shoal/no shoal stimuli as in Experiment 1, we used shoal/Lego blocks. In using blue 

Lego blocks (Toure and Reader 2022), we hoped to make the contrast between the two stimuli 

clearer to the subjects. Another key change was training the subjects in the presence of a single 

cue at a time. Individuals in Experiment 1 seemed to have developed an alternative strategy to 

access the reward as efficiently as possible. Instead of associating the intended cue with the 

reward, they appeared to pick a side at random and dart back and forth across the tank until 

they located the reward in one of the two feeders during training. Instead of exposing the 

subject to both stimuli and two feeders simultaneously during training, we ran the training trials 

with each stimulus independently. Since there was now only a single feeder in the tank per 

training trial, we hoped to strengthen the stimulus-reward association and ensure that the 

subjects would no longer attempt to swim back and forth between two stimuli as they did in 

Experiment 1. Finally, to attempt to increase the salience of the food reward and motivation to 

learn through hunger, we fed the subjects solely during training (and on the evening before the 

preference tests, since they do not receive food on testing days). Importantly, individuals in 

Experiment 2 also went through double the number of training trials (4 sub-trials a day per 

individual) in an attempt to further enhance learning. 
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Experiment 2 
 

Materials and Methods 
 

Overview 
 

This experiment also consisted of a training and testing phase (Figure 1). There were initially 

the following conditions planned: “shoal-reinforcing” and “asocial-reinforcing”, with each 

individual being trained in the presence of both stimuli. In the training phase, subject fish in a 

cylinder were exposed to a 4-fish shoal, and a 4-Lego block stimulus in an adjacent tank 

successively, and then released post acclimation. Since we were yet to observe any increase in 

shoaling propensity (Figure 4), we decided to only run a single condition, and trained all 

individuals to associate reward with the shoal side. Fish were rewarded with food in the feeder 

after entering the shoal zone (described below) in the presence of the social stimulus and 

received no reward in the presence of the asocial stimulus. This training took place twice daily 

for 15 days (30 trials, 60 sub-trials). Preference tests took place before (PT0 or initial preference 

test), during (PT1 and PT2), and after (PT3 or final preference test) training to determine initial 

and post-training shoaling propensity. 

 

Set-up and Housing 
 

Set-up and housing was identical to Experiment 1 of this study, including tank sizes and 

contents, as well as pre-experiment feeding and cleaning regime.  

 

Test Subjects 
 

This iteration utilized 12 “greenhouse” domestic female guppies (mean body length: X + SE = 

20.55 + 0.904 mm). Unlike Experiment 1, the subjects were not fed outside of training. They 

were fed a mixture of freeze-dried bloodworm and TetraMin flakes during reinforcement 

training. This was done to increase the salience (not measured) of food, thereby potentially 

increasing the impact of training. The front of the subject home tanks were marked into 5 

sections at different distances - two outermost ‘tight’ shoaling/Lego zones measuring 5 cm from 

the shoal, two ‘loose’ shoaling/Lego zones a further 5 cm from the shoal (Pitcher and Parish 

1993; Morrell et al. 2008), and the central ‘neutral’ zone measuring 20 cm. We recorded both 
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tight and loose shoaling measures (two and four body lengths respectively) to verify the 

robustness of the measures. Once again, subjects were housed in trios according to body length. 

Housing and acclimatization was identical to Experiment 1, but the sociality ranking was not 

required since this experiment only involved a single condition.  

 

Stimulus Fish 
 

The same domestic stimulus fish used in Experiment 1 were also used as shoal fish in this 

experiment (with 4 replaced before the start of Experiment 2 due to natural deaths over the 

course of the study). Housing for stimulus fish was similar to that of the subjects’ (including 

the artificial plant and terracotta pot for enrichment). 

 

Preference Test 
 

Preference test procedure for this iteration was identical to Experiment 1, except that the two 

stimuli were the social (shoal) and asocial (Lego blocks) stimuli, as opposed to shoal and no 

shoal as in Experiment 1 (Figure 5a). Once again, in the 2 days prior to the first preference test, 

subjects were habituated to the testing procedure twice daily for a total of four habituation 

sessions. 

 

Training 
  

Subjects were trained in their home tanks (Figure 5b), after being gently separated from their 

companion fish using a net and an opaque plastic barrier as separation. Training involved two 

sub-trials: in one sub-trial the subject was exposed to a 4-fish stimulus shoal in an adjacent 

container on one side and in the following sub-trial, the subject was exposed to 4 blue one-by-

three studded Lego blocks in the adjacent container. For both stimuli, a ring feeder was placed 

adjacent to the stimulus compartment in the subject’s tank.   

  

The subject was initially placed in a glass cylinder (with the feeder and stimulus visible next 

to it). Once the 5-minute acclimation period had passed, the subject was released. If the subject 

entered the shoal zone in the shoal stimulus trial, a mixture of bloodworm and TetraFlakes was 

added to the feeder manually. To feed, the subject needed to swim into the ring feeder. After a 

5-minute period, the trial ended. In the non-rewarded asocial stimulus (Lego blocks), the feeder 

remained empty throughout the sub-trial. For both stimuli, we included airstones to provide 
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motion. The feeder was not removed in the Lego block trials to avoid fish potentially 

developing an aversion to it. The side as well as order of the stimuli was randomized daily with 

the constraint that it could not be on the same side for more than two sub-trials in a row. Note 

that during training, the subject was always only exposed to a single stimulus tank/feeder at a 

time, and not both simultaneously (as in Experiment 1). Each subject was exposed to the shoal 

and Lego blocks in pseudorandom order, comprising two sub-trials per trial.  

  

This was repeated twice (four sub-trials) for every subject for 15 days, between 07:00 and 12:00 

in the morning, and 13:00 and 18:00 in the afternoon.  As before, all testing and training was 

recorded from behind a blind to avoid disturbing the subjects. Immediately following each trial, 

subjects were reintroduced to their companion fish. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5: Experiment 2 set-up. Subject in central cylinder habituating, then released. a) Preference 

test apparatus with shoal on one side and asocial cue (Lego blocks) on the other. ST - tight shoaling; 

SL - loose shoaling; N - neutral; LL - Lego loose shoaling, LT - Lego tight shoaling. b) Training 
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apparatus including feeders (F) for reinforcement. Same subjects trained with each cue individually, 

successively. Reward dropped into shoal feeder; Lego feeder remains empty. SZ - shoal zone; LZ - 

Lego zone. Airstones included to control for motion.  
 

Behavioural Measures and Statistical Analysis 
 

Again, the test subjects were recorded from the front of the tank. Following initial data analysis, 

the tight and loose shoaling zones were combined; therefore, as in Experiment 1, any instance 

where the individual was in the 10 cm shoaling zone was defined as shoaling. Once more, we 

noted time spent in each zone and measured shoaling preference as the preference for the social 

stimulus, relative to the asocial stimulus. We predicted that the reinforcement to shoal would 

increase their overall shoaling tendency and therefore the amount of time they spent with the 

social stimulus in the preference tests.  

 

All statistical analyses were performed in R, with the R base package (R Core Team, 2022), 

using the lmerTest and lmer4 packages (Bates et al. 2015) to fit the linear and multi-level mixed 

models, and post hoc Tukey pair-wise comparisons (when applicable) were conducted with the 

help of the emmeans package (Lenth et al. 2018). Residual diagnostics were performed to 

assess model fit, including checks for normality (Shapiro-Wilk test) and homoscedasticity of 

residuals. Where applicable, non-normal distributions were modelled using generalized linear 

mixed models with an appropriate link function. 

 

We measured shoal preference (time with social stimulus minus time with asocial stimulus) in 

the four preference tests throughout training and investigated the extent to which shoal 

preference changed across tests using a mixed effects model (with fish ID as a random factor). 

The random intercept variance for fish ID was estimated at 75.33 (SD = 8.68). We then ran 

post-hoc analyses using Tukey's method with a Kenward-Roger degrees-of-freedom 

adjustment to compare the four different tests (PT0, PT1, PT2, PT3). The estimated marginal 

means were computed for each level of the 'test' variable in the linear mixed model.  

 

We next explored the effect of the day of training and stimulus (shoal or Lego blocks) on the 

latency to enter the feeder, with fish ID as a random factor using a linear mixed-effects model 

followed by pairwise comparisons. The random intercept variance for fish ID was estimated at 

0.21 (SD = 0.46). 
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Finally, to quantify whether for the final preference test behaviour during testing can be 

affected by trials immediately preceding the testing day, we performed a chi-squared analysis. 

We classified the response of the subjects in PT3 – i.e., whether they preferred the side that 

was previously associated with food reward (scored as “1”) or the side that was not associated 

with reward (scored as “0”) in the last training trial (“side choice”).  

 

Results 
 

In Experiment 2, we exposed subjects to only a single cue (stimulus) and single feeder during 

each training sub-trial. Specifically, we rewarded subjects with food for approaching a shoal 

of 4 fish and did not reward them for approaching a group of 4 Lego blocks, the asocial stimulus 

(30 sub-trials for each stimulus).  We observed a significant difference in shoaling preference 

across tests (Figure 6; mixed effects model: F(3, 33) = 3.705; p = 0.02). Post-hoc comparison 

results revealed a significant decrease in shoaling propensity between PT0 and PT3 (p = 0.01). 

No other pairwise comparisons revealed significant differences. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Line graph of shoaling preference (time shoaling minus time on empty side) across 4 

preference tests, Experiment 2. PT0 - initial preference test prior to day 1 of training; PT1 - following 

5 days (20 trials) of training; PT2 - following 10 days (40 trials) of training; PT3 - final preference test 

following 15 days (60 trials) of training. Each line represents a single subject, Domestic population. 
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Another measure of learning is a change in the latency to make a choice during training. 

Therefore, we measured the latency of the subjects to enter the feeder associated with a shoal 

or the feeder associated with Lego blocks during training days 2, 5, 10, and 15 (the last training 

day). Video data were not available for day 1. There was a significant effect of day of training 

on mean latency (F(3,83) = 22.183, p < 0.001) with coefficients of -1.487 (day 2 vs. day 5), -

1.812 (day 2 vs. day 10), and -1.276 (day 2 vs. day 15), all p < 0.001. Latencies were shorter 

to enter the feeder associated with the shoal than to enter the feeder associated with the Lego 

blocks, but not significantly so (F(1,83) = 3.649, p = 0.06). There was no significant interaction 

between day of training and stimulus on the latency to enter the feeder (F(3,83) = 1.032, p = 

0.38).  

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 7: Line graph of shoaling latency to enter the feeder during training across the 15 training 

days, for each stimulus (left) shoal; (right) Lego blocks (asocial cue) in Experiment 2. Each line 

represents a single subject, Domestic population. 
 

 

We then investigated for the final preference test whether behaviour during testing can be 

affected by trials immediately preceding the testing day. We found that in PT3, 11 out of 12 

subjects had an overall preference for the side on which they last received food reward, a 

significant difference from the chance expectation (X2(1, N = 12) = 8.333, p = 0.004).  

  

The full dataset is available at: https://doi.org/10.5683/SP3/LVQKZ2. 

 

 

https://doi.org/10.5683/SP3/LVQKZ2
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General Discussion  
 

In this study, we used reinforcement training to vary the benefits associated with grouping, 

which was predicted to change female guppies’ tendency to shoal. In both our experiments, we 

found little evidence that female guppies can be trained to selectively approach or not approach 

a 4-fish shoal. When trained with a stimulus-reward pairing for 15 days, they were unable to 

learn to associate said stimulus with reward; or perhaps if this association had indeed formed 

in training, it did not translate to the testing set-up. Some evidence for learning is seen in 

Experiment 2; although subjects in exposed to both cues got faster to enter the feeder over time, 

subjects’ latency to enter the shoal feeder tended to be lower than the latency to enter the Lego 

block feeder, though not significantly so. However, when later tested in a preference testing 

paradigm, this learning does not seem to translate to an increased preference for the shoal.  

 

Vassileva (2019) was able to increase or decrease subjects’ preferences for a larger shoal 

compared to a smaller one using food reward. While the current study and Vassileva (2019) 

addressed similar questions, some differences exist that could have led to this discrepancy in 

results. First, Vassileva (2019) contrasted a small and large shoal, rather than here a shoal and 

no shoal (Experiment 1) or a shoal and plastic blocks (Experiment 2). Further, Vassileva 2019 

utilized two cylinders containing the stimulus fish that were simultaneously pulled away from 

the subject, for the preference test. In my set-up, however, the stimulus fish were placed in a 

stationary external tank. We know that fish utilize chemical cues and olfaction in conspecific 

detection (Ward et al. 2002; Gherardi and Tiedemann 2003; Campos et al. 2017). Potentially, 

the odour of companion fish held behind an opaque partition in the home tank could have also 

influenced behaviour in the current study. A huge variety of experimental factors can impact 

data acquisition and replicability of behavioural measures across studies (Jones et al. 2023). 

There has been work demonstrating that even factors such as tank size (Stewart et al. 2012) 

and acclimation time (O’Neill et al. 2018) can have effects on behavioural traits like activity 

and its repeatability. For this reason, it is important to disentangle the effects and biases that 

various methodological set-ups introduce into a study such as this one.  

 

Strikingly, in Experiment 2, we see a significant decrease in shoaling propensity following 

training that was intended to increase it. Past work has shown that rapid learning through 

reinforcement training affects shoaling propensities even in preference tests (Vassileva 2019), 

but we did not see direct evidence for this in our subjects and populations. While the shoaling 
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preference decrease we saw was surprising, there have been previously reported instances of 

similar gradual decreases in shoaling over time (Houslay et al. 2019; Schons et al. 2021). We 

know that guppies quickly habituate to experimental set-ups (Schons et al. 2021), especially 

following repeated exposure (Houslay et al. 2019). As habituation to the set-up occurs, a 

reduction in stress levels may well lead to a reduction in shoaling motivation, which is 

ultimately an anti-predator stress response (Dugatkin and Godin 1992; Botham et al. 2006; 

Brown and Irving 2013). This decrease in social motivation corresponding to exposure to an 

unfamiliar tank has also been seen in male guppies in the absence of mating opportunity 

(Lucon-Xiccato and Bisazza 2017a) as well as other teleost species such as sticklebacks, 

Gasterosteus aculeatus (Thünken et al. 2014; Lucon-Xiccato et al. 2016). It is likely that in our 

experiment too, repeated trials caused the set-up to become more familiar to the subjects, 

thereby reducing anti-predator behaviour and motivation to shoal (see Lucon-Xiccato and 

Bisazza 2017a). A possible future direction for this study would be to perform it with negative 

training stimulus rather than a preferred one. Using alarm cue, for instance, might increase 

learning and reduce the likelihood of habituation. Since alarm cue is caused by mechanical 

damage to the prey epithelial tissue, it is a direct indication of real-time danger and is therefore 

a highly salient cue (Brown 2003; Chivers et al. 2007; Ferrari et al. 2010; Fan et al. 2022). 

 

Despite the lack of a shoaling increase in our study, there was a behavioural response difference 

between stimuli, wherein individuals seemed to potentially withhold approaches to the feeder 

in the Lego condition (in addition to getting faster to reach the shoal feeder, perhaps). In other 

words, as the latencies begin to decrease as training progresses, we see an increase in approach 

latencies to the Lego stimulus (but not the shoal) towards the end of training, though this was 

not significant. This might imply that the subjects are learning that they would only be rewarded 

in the presence of the social stimulus and are therefore withholding response to the Lego blocks. 

Note that since rewards were only provided after fish entered a feeder, subjects cannot be 

following visual or odour food cues.  

 

If this is the case, why, then, does the learning not translate to the preference tests? One 

potential reason is the presence of a disconnect between training and testing. It is indeed 

possible that subjects are able to learn to associate the intended cues with reward as seen in 

training latency differences but are unable to translate that learned behaviour to the preference 

tests. There could be numerous reasons for this, including this type of learning potentially being 

more context-dependent than previously thought. Perhaps learning is easier in the context of 
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foraging but does not translate as smoothly to the preference tests, where there is no food 

reward present. This is in line with research that shows that if an individual learns a stimulus-

response-reinforcer relationship in a certain context that is then tested in another context, that 

same stimulus that modified the behaviour in the first context will have a lower effect in the 

new one (Gazit et al. 2005).  

  

Finally, in addition to the changing training latencies, we saw some preservation of memory of 

the last location at which reward was received. In the final preference test of Experiment 2, 11 

out of the 12 subjects spent a significantly larger proportion of time on the same side (right/left) 

they last received a reward on the previous day of training. This memory for spatial cues 

potentially overrides any learned association with the shoal in training. It seems that while in 

the training set-up, subjects are able to utilize the association from reinforcement training but 

when placed in the testing apparatus, they use location instead. There are numerous studies 

showing evidence of spatial memory retention in guppies (see e.g. De Waele et al. 2022). In 

changing environments, it is known that animals rapidly incorporate learned spatial and 

environmental cues to navigate their surroundings. For example, honeybees can locate their 

hives with the use of spatial features they learnt on a prior flight (Degen et al. 2016), and some 

bird species can memorize the locations of multiple food caches (Male and Smulders 2007). 

Spatial learning has also been documented in numerous fish species, examples of which include 

goldfish (Carassius auratus), fifteen-spined stickleback (Spinachia spinachia), and 

butterflyfishes (family Chaetodontidae) (Reese 1989; Hughes and Blight 2000; Rodríguez et 

al. 2021), with a significant amount of work on mazes (Lucon-Xiccato and Bisazza 2017b). 

For instance, goldfish can not only locate food reward through using landmarks as indirect 

reference points, but also remember multiple food patches and use cues to find an endpoint, 

even when approaching it from a novel direction (Ingle and Sahagian 1973; Warburton 1990; 

Rodríguez et al. 1994). This indicates that in addition to learning locations, there is a certain 

degree of prioritization of spatial cues, which could partially explain our results.  

 

Despite the potential context-specificity of learning, this experimental methodology proves 

beneficial in that it allows one to examine the costs and benefits of grouping through direct 

manipulation (Vassileva 2019). Our results seem to suggest that learning is taking place in the 

context of foraging, but a set-up change may be impeding the translation of this learning to the 

choice test. This study fills a valuable gap in knowledge since though it is safe to say that 

flexibility in grouping behaviours is likely to exist, the specific circumstances under which it 
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appears are not fully known. Further integration of research investigating grouping behaviour 

at the individual and population level is necessary to address questions of the extent of learning 

and in what specific contexts this learning is beneficial, as well as how context plays a role in 

flexibility and adaptation. 
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Linking Statement to Chapter 3 
 

In Chapter 2, I found that female guppies (Poecilia reticulata) did not change their shoaling 

propensity as predicted by 15 days of reinforcement training. Despite some evidence that 

individuals were indeed learning the association between cue and reward, this did not translate 

to a shoaling preference test, where shoaling tendency was instead significantly reduced. 

Flexibility in behaviours can confer numerous fitness benefits to individuals in fast changing 

environments; however, it is likely that the circumstances under which this flexibility appears 

are more specific than previously thought. The two experiments I performed in Chapter 2, in 

addition to existing work on shoaling, then raise the question of the factors that influence this 

flexibility and shoaling tendency, and how this changes across populations of the same species. 

In Chapter 3, I go on to investigate preference for familiar shoals in two different guppy 

populations, using two different experimental set-ups. 
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Abstract 
 

Social grouping is widely observed in numerous taxa, providing grouping individuals with 

various benefits including efficient information exchange and predator protection. However, 

grouping also comes with costs such as an increase in competition for both resources and mates, 

which means that individuals often have to make decisions regarding joining or leaving a 

group. Past work has shown that fish have the ability to not only distinguish between familiar 

and unfamiliar conspecifics, but also use this distinction when making grouping choices. 

Trinidadian guppies (Poecilia reticulata), well known for their variation in shoaling 

preferences across populations, are an excellent system in which to study the role of familiarity 

in grouping decisions. In the current study, we examine preferences for familiar individuals 

following both a 15-day and 54-day cohabitation period in two different guppy populations. 

Utilizing two binary-choice experimental designs, we find no evidence for a familiarity 

preference in either population or following either cohabitation duration, despite observing a 

high preference to group with conspecifics. These results suggest that various context and 

population-level differences may impact familiarity preferences, contributing to the growing 

body of work on the evolution of social organization and grouping decisions in teleost species. 

 

Introduction 
 

Social grouping is a widespread phenomenon and has been researched extensively in 

behavioural and evolutionary biology (Krause and Ruxton 2002). Despite being associated 

with costs such as increased competition and disease transmission (Wilson et al. 2003; Schmid-

Hempel 2021), grouping can confer numerous benefits to the individual. Access to social 

information, the ability to tackle large prey, diluted risk of capture, and more coordinated 

movements are just a few examples of these benefits, some of which also make grouping an 

effective anti-predator strategy (Neill and Cullen 1974; Mooring and Hart 1992; Barber and 

Wright 2001; Ward and Webster 2016).  

 

Social recognition, at least at a primitive level, underlies all social organization (Wiley 2013; 

Ward and Webster 2016). However, many species possess the ability to not only recognize 

conspecifics, but also discriminate between them. For example, Gheusi et al. (1997) found that 

rats (Rattus norvegicus) are not only able to individually recognize conspecifics using odour 
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cues, but also retain this memory for at least 24 hours (also see de la Zerda et al. 2020). 

Experiments indicate that wild bottlenose dolphins (Tursiops truncatus) utilize signature 

whistles to recognize conspecifics (Sayigh et al. 1999; Loth 2017) and that only a few, brief 

exposures are required to form a memory of individuals in Bengalese finches (Toccalino et al. 

2016). Similarly, American lobsters (Homarus americanus) can individually recognize 

opponents, which aids in social organization (Karavanich and Atema 1998). 

 

A number of teleost species are also known to be able to recognize and discriminate between 

individuals. By decreasing the risk of predation, increasing information exchange and foraging 

efficiency (Krause and Ruxton 2002), shoaling can be extremely beneficial to individuals. 

Depending on the associated costs and benefits, individuals can make decisions regarding 

whether or not to partake in grouping behaviours, as well as with whom (Krause and Godin 

1994; Griffiths and Magurran 1998; Hoare and Krause 2003). Indeed, grouping advantages can 

be particularly pronounced when individuals associate with familiar individuals, i.e., unrelated 

conspecifics that an individual has had prior experience with (House et al. 1988; Seeman and 

McEwen 1996; Silk 2007). In stable social groups, individuals may develop knowledge 

regarding conspecifics’ behaviours across contexts and perform individualized roles within 

their groups (Krause and Ruxton 2002). Shoaling specifically with familiar conspecifics further 

enhances anti-predator responses such as earlier detection, increased cohesion and coordination 

(Chivers et al. 1995; Barber and Wright 2001; Nadler et al. 2021; Lucon-Xiccato et al. 2022). 

Therefore, one crucial influence on grouping decisions is the potential shoaling partners 

(Dugatkin and Sih 1995). 

 

The freshwater guppy, Poecilia reticulata, is a species that is known to be social, regularly 

demonstrating shoaling behaviours (Magurran 2005; Cabrera-Alvarez et al. 2017). It is known 

that guppies can recognize conspecifics; Dugatkin and Alfieri (1991) found that individuals 

remember the outcome of past encounters when choosing partners for predator inspection 

behaviours (but see Veiros et al. 2024). Lachlan et al. (1998), following from an experiment 

performed by Griffiths and Magurran (1997a), demonstrated that female guppies use 

familiarity as one of the cues to assess potential shoaling partners. That is, female guppies 

prefer to follow familiar individuals. Further, Swaney et al. (2001) reported that guppies are 

also more likely to learn from familiar than unfamiliar conspecifics. There are other benefits to 

familiarity; for instance, grouping with familiar conspecifics might result in the formation of 

dominance hierarchies, which are crucial in avoiding escalation of conflict in social species, 
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thereby reducing aggression and its associated costs (Drews 1993; Reddon et al. 2021). 

However, while potentially widespread, familiarity generally takes some time to develop.  

 

Griffiths and Magurran (1997a) found that female guppies associated preferentially with 

familiar conspecifics (their own tank-mates) after a period of 12 days. This preference remained 

even following a 5-week period of separation from each other, indicating that persistence and 

the non-transitory nature of recognition might be one potential mechanism in structuring 

groups in the wild (Bhat and Magurran 2006). Further, shoaling preferences for familiar 

individuals were found to diminish as group size increased (Griffiths and Magurran 1997b). 

This familiarity can override even kin recognition in shoaling decisions, perhaps indicating that 

naturally occurring kin groups form as a result of familiarity, as opposed to as an immediate 

consequence of kin recognition (Griffiths and Magurran 1999). While the findings in other 

species are consistent with these familiarity studies done in guppies, less is known about 

familiarity preferences in different populations of the same species.  

 

Here, we use previous methodologies (Magurran et al. 1994) to examine familiarity preferences 

in two populations of guppies following both a 15-day and 54-day cohabitation period using 

two different experimental apparatuses. We predicted that as in Griffiths and Magurran (1997a), 

subjects would demonstrate a preference for the familiar individuals following 15 days of 

familiarisation. This study consists of two experiments (hereafter ‘Test 1’ and ‘Test 2’). In Test 

1, we examined preferences for familiar conspecifics in two different guppy populations. 

Subjects were housed in groups of six that were classified as either ‘familiar’ (conspecifics 

from the same housing tank) or ‘unfamiliar’ (conspecifics from any other housing tank). 

Following 15 days of cohabitation with conspecifics, we gave subjects a binary-choice 

preference test wherein the subject could pick between a familiar and unfamiliar shoal (Test 1). 

Based on our results from this experiment, we repeated it with the same subjects in a modified 

set-up (Test 2). This was done following  approximately 54 days of familiarization in total. In 

Test 2, we also performed a preference test for a shoal versus an empty tank to verify that our 

procedure and apparatus could detect any shoaling preferences, should they exist.  
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Test 1 
 

Materials and Methods 
  

The fish used in this study consisted of individuals from two different populations. The first, 

the ‘Aripo/Quare cross’ population are descendants resulting from a cross between Aripo and 

Quare high-predation populations collected in Trinidad in 2009 and 2010 (Gotanda 2015). The 

‘mixed wild origin’ population was a gift of the Rodd Laboratory (University of Toronto, Canada) 

in 2018. Both populations have since been outbred in laboratory conditions. These guppies were 

not previously used in other studies. Before the experiment, they were housed in 150L mixed-

sex population stock tanks of about 50-70 individuals each. In previous work, similar group 

sizes were large enough to prevent familiarity development among individuals (Griffiths and 

Magurran 1997b). The tanks included filters, gravel substrate, a heater, and artificial aquarium 

plants and a terracotta pot for enrichment, and were maintained at 25OC and a 12:12 light-dark 

cycle. Weekly 30% water changes and water testing (pH, hardness, nitrites, nitrates, and 

ammonia) were performed on stock tanks. Fish were fed daily with tropical fish flakes 

(TetraMin, Tetra, Germany), and supplemented with decapsulated brine shrimp eggs (Artemia 

sp., Brine Shrimp Direct, USA) three times a week before the experiment.  

  

We took 60 fish from their stock home tanks described above and grouped them in tanks (l 40 

x w 20 x h 25 cm) of 6 fish from the same population, visually and olfactorily isolated from 

other tanks. In each tank, 3 fish were randomly chosen to be subjects and the remaining 3 as 

stimulus fish on the morning of the test (body length for subjects: X + SE = 19.84 + 0.394 mm; 

stimulus fish: X + SE = 20.58 + 0.903 mm). The sizes of the subjects and the stimulus fish were 

not significantly different from each other (two-sided t-test: t(20) = 0.755, p = 0.46). 

Individuals were first tested after being housed in these tanks for a period of 15 days with 

identical feeding and housing conditions as the stock tanks, including enrichment. Fish that 

shared a single tank were considered ‘familiar’, while fish in different tanks, ‘unfamiliar’.  

  

Preference Test 
  

We conducted a preference test using a similar procedure to that adopted by Griffiths and 

Magurran (1997a) (Figure 1). The subject was moved by net into the centre of the testing tank 
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(l 90 x w 45 x h 30 cm; 70 cm neutral zone; water depth 20 cm), into a glass cylinder to 

habituate. Stimulus shoal fish were placed 6 cm from either end of the testing tank in two 

perforated and clear 1 litre bottles (diameter: 8 cm) with the tops cut off and covered with 

plastic cups once the stimulus fish were in. The perforations (about 4 mm in diameter, 5 cm 

apart, around the circumference of the bottle) allowed olfactory cues to pass through without 

allowing physical contact between subjects and stimulus fish. In each bottle on either side in 

the tank was placed a shoal of 3 fish, with familiar fish on one side (the 3 non-subjects from 

the same tank as the subject), and unfamiliar fish on the other (3 non-subject fish chosen 

randomly from any other one tank, ensuring each tank’s stimulus fish were picked an equal 

number of times overall). The subject could thus shoal with the familiar or unfamiliar fish (or 

remain outside the shoaling zones). After 15 minutes of habituation, the subject was released 

and video recorded from above using a Sony 4K Camcorder. 

 

 

 

 

 

 

 

 

 

 
Figure 1: Test 1 familiarity preference test set-up. Subject in central cylinder habituating, then 

released. Familiar 3-fish shoal on one side and unfamiliar 3-fish shoal on the other in perforated plastic 

bottles, covered with plastic cup (not pictured). Radial shoaling zones associated with each stimulus; 

FT - familiar tight shoaling zone; FL - familiar loose shoaling zone; UT - unfamiliar tight shoaling zone; 

UL - unfamiliar loose shoaling zone. Tight zones are 0-5 cm from the shoal and loose zones are 5-10 

cm from the shoal. 
 

Shoaling was measured as the duration of the 15 minute trial that the subject spent within 10 

cm of either shoal (0-5 cm: tight shoaling zone, 5-10 cm: loose shoaling zone), as fish being 

within 2 or 4 body lengths can be classified as shoaling following Pitcher and Parish (1993) 

and Morrell et al. (2008). We therefore recorded both tight and loose shoaling measures (two 

and four body lengths respectively) to verify the robustness of the measures. Following a trial, 

subjects were immediately netted back into their home tanks, split by an opaque white barrier 
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from stimulus fish of the same tank. No fish was tested more than once. We also randomized 

the order of subjects and the position of the bottles (as in Griffiths & Magurran 1997a) to 

control for any order or side bias. The water in the testing tank was mixed using a net between 

every trial to minimize the presence of any localized odour cues. 

 

Behavioural Measures and Statistical Analysis 

 

All statistical analyses were performed in R, with the R base package (R Core Team, 2022), 

using the lmerTest and lmer4 packages (Bates et al. 2015) to fit the linear and multi-level mixed 

models. Residual diagnostics were performed to assess model fit, including checks for 

normality (Shapiro-Wilk test) and homoscedasticity of residuals. 

 

We analysed the total time individual guppies from different populations (mixed wild origin 

vs. Aripo/Quare cross) spent with familiar vs. unfamiliar shoals using a linear regression model 

(with fish ID and tank ID as fixed effects). Since there was little variation in the results when 

the tight and loose shoaling zones were analysed individually, we combined them to better 

account for shoaling as defined in literature (Pitcher and Parish 1993; Morrell et al. 2008).  

 

Results and Discussion 
  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Boxplot of Test 1, total time spent shoaling on familiar (‘fam’) and unfamiliar (‘unfam’) 

sides. Each line represents a single subject and the time it spent on either side, in seconds. 
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All subjects approached at least one of the shoals and spent most of the test shoaling. On 

average, subjects spent 68.2% of the 15-minute test grouping with either shoal in what 

represents 14.0% of the total tank volume. However, there was no significant difference in the 

amount of time guppies spent with familiar versus unfamiliar fish (Figure 2; F(1,28) = 0.954, 

p = 0.34), and no significant effect of or interaction with population (Population: F(1,28) = 

0.006, p = 0.94; Population*Condition: F(1,28) = 0.292, p = 0.59). 

  

We thus saw no indication of a familiarity preference after 15 days for cohabitation. Although 

our methods and duration of familiarization closely matched previous work that had detected 

a familiarity preference (Griffiths and Magurran 1997a), we reasoned that perhaps the duration 

of familiarization or the precise methodology used could have impacted our findings. We thus 

retested the same subjects after around 54 days of familiarization (i.e., after an additional ~40 

days), using a different choice test set-up where the two stimulus shoals were alongside each 

other as opposed to on opposite sides of the tank.  

 

Test 2  
 

Materials and Methods 
 

Set up and housing conditions were generally identical to Test 1, and the same subjects were 

reused. Two subjects were replaced at the beginning of Test 2 (one wild origin and one 

Aripo/Quare cross) due to natural deaths over the course of the study. Note that the two replaced 

subjects had an overall fewer number of familiarization days than all other subjects (~39 days 

as opposed to ~54 days). A key difference was that the Aripo/Quare cross females were housed 

in pairs to increase the subject sample size and potentially also the opportunity to develop a 

familiarity preference while the other population was not manipulated and housed in larger 

groups as in Test 1. During the preference test, the subjects of the Aripo/Quare population could 

choose between an individual familiar fish (their housing companion), and an unfamiliar fish 

(chosen randomly from one of the other Aripo/Quare tanks). The mixed wild origin females 

were housed in five tanks of six fish each (in the same tanks as in Test 1). In the preference 

test, they were once again able to choose between a familiar and unfamiliar 3-fish shoal.  

 



 57 

Unlike in Test 1, fish used as part of the stimulus shoal on day 1 were reused as subjects the 

following day to increase the sample size. Following day 1 of preference testing, an opaque 

white barrier was placed between subjects and stimulus fish overnight, to be able to identify 

them for this reason the next day. 

 

Preference Tests 
 

The preference tests consisted of two stimuli being presented - a familiar stimulus, which was 

either a 3-fish shoal (for wild origin subjects: Figure 3a) or an individual fish (for Aripo/Quare 

cross subjects: Figure 3b) from the subject’s home tank, or an unfamiliar stimulus which was 

either a shoal (mixed wild origin) or single fish (Aripo/Quare cross) from a randomly chosen 

different tank. Stimuli were presented in front of the subject testing tank (l 54 x w 40 x h 40 

cm; water at 20 cm), separated from each other by an opaque black partition. Each rectangular 

shoal zone was 27 cm long. During a 3-minute acclimation period where the subject was placed 

into a glass cylinder, it was able to observe both stimuli simultaneously before making a choice. 

When released following acclimation, behaviour was video recorded for a period of 5 minutes.  

 

 

 

 

 

 

 

 

 

 
 

Figure 3: Test 2 familiarity preference test set-up. Subject in central cylinder habituating, then 

released. a) mixed wild origin population - Familiar 3-fish shoal on one side and unfamiliar 3-fish 

shoal on the other in external tank and b) Aripo/Quare cross population – Familiar individual fish on 

one side and an unfamiliar fish on the other in external tank. Opaque black barriers between the two 

stimulus tanks, artificial plants on either end of testing tank. FZ - familiar zone; UZ - unfamiliar zone. 
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Time shoaling with the familiar and unfamiliar stimuli (0-5 cm: tight shoaling zone, 5-10 cm: 

loose shoaling zone) was measured following Pitcher and Parish (1993) and Morrell et al. 

(2008). Each test consisted of two trials between which the side of the familiar stimulus was 

switched to account for any side bias, and the subject was given an additional minute to 

acclimate. The familiarity preference testing took two days, each day in a random subject order 

with a random unfamiliar stimulus to avoid any possible bias. 

 

Shoaling Test 
 

After the familiarity preference test was completed for all subjects, we performed a shoaling 

test with the same individuals and methodology. This test occurred on the 2 days following the 

familiarity preference test, between which subjects were put back into their familiarity housing 

tanks. The apparatus was identical to the preference testing apparatus described above (Figure 

4).  
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Test 2 shoaling preference test set-up. Subject in central cylinder habituating, then 

released. a) mixed wild origin population - 3-fish shoal on one side and the other side empty, both 

tanks external and b) Aripo/Quare cross population - single fish on one side and the other side empty, 

both tanks external. Opaque black barriers between the two stimulus tanks, artificial plants on either 

end of testing tank. EZ - empty zone; SZ - shoaling zone. 
 

We had two stimuli - a tank with a social stimulus (a shoal of familiar fish for the mixed wild 

origin: Figure 4a and a single familiar fish for the Aripo/Quare cross population: Figure 4b) 

and an empty tank. Using the same methodology as in the previous test, the social stimulus and 
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the empty tank were both revealed in front of the testing tank, separated from each other with 

an opaque black barrier. The subject was netted from its home tank into a transparent glass 

cylinder in the centre of the testing tank from where both stimuli were simultaneously visible.  

 

After a 3-minute acclimation period, the subject was released from the cylinder. When the fish 

was released, video recording began for 5 minutes. Time shoaling with the social stimulus and 

time spent on the empty side was measured once more. 

 
Behavioural Measures and Statistical Analysis 

 
After initial analysis, the tight and loose shoaling zones were combined for each stimulus. Due 

to the difference in housing and testing conditions between the two populations in Test 2, they 

were analysed separately. All statistical analyses were performed in R, with the R base package 

(R Core Team, 2022), using the lmerTest and lmer4 packages (Bates et al. 2015) to fit the linear 

and multi-level mixed models. 

 

We first analysed the total time individual guppies (mixed wild origin and Aripo/Quare cross) 

spent with familiar vs. unfamiliar individuals using a paired t-test, since we did not need a 

linear model to account for population as was required in Test 1. We then similarly analysed 

the total time individual guppies (mixed wild origin and Aripo/Quare cross) spent with the 

shoal vs. the empty side using a second paired t-test.  

 

Results 
 
Familiarity test 
 

We found that there was no significant difference in the time spent with the familiar versus 

unfamiliar stimulus in both mixed wild origin (Figure 5a; paired t-test: t(24) = 0.229, p = 0.82) 

and Aripo/Quare cross populations (Figure 5b; paired t-test: t(27) = -0.927, p = 0.36). 

 

 

 

 

 



 60 

 
 

 

 

 

 

 

 

 

 

 

Figure 5: Boxplot of Test 2, total time spent shoaling on familiar (‘fam’) and unfamiliar (‘unfam’) 

side for a) mixed wild origin and b) Aripo/Quare cross populations. Each line represents a single 

subject and the time it spent on either side, in seconds. 
 
Shoaling test 
 

Subjects had a significant preference to spend time on the shoal side (versus the empty side) in 

both wild origin (Figure 6a; paired t-test: t(24) = 6.472, p < 0.0001) and Aripo/Quare cross 

populations (Figure 6b; paired t-test: t(24) = 3.612, p = 0.001).  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Boxplot of Test 2, total time spent on shoal side and empty side for a) mixed wild origin 

and b) Aripo/Quare cross populations. Each line represents a single subject and the time it spent on 

either side, in seconds. 
 

The full dataset is available at: https://doi.org/10.5683/SP3/LVQKZ2. 

https://doi.org/10.5683/SP3/LVQKZ2
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General Discussion 
 

We know that associating with familiar conspecifics increases many of the benefits of grouping, 

leading to more cohesive shoals, more effective information transfer, and even faster learning 

(Chivers et al. 1995; Barber and Wright 2001; Swaney et al. 2001; Lucon-Xiccato et al. 2022). 

In Test 1, female guppies were housed in groups of six for a period of 15 days before being 

given a binary-choice preference test. Previous research has indicated that individuals begin to 

school preferentially with a 4-fish shoal comprising tank-mates after a period of about 12 days 

(Griffiths and Magurran 1997a; Bhat and Magurran 2006).  

 

However, in our current experiments, we did not detect any such preference for familiar tank-

mates following 15 days of cohabitation. This was also the case in Test 2, where the same 

females had been cohabiting for around 54 days and were tested using a different apparatus. 

However, the results of Test 2 did demonstrate a strong preference for a shoal over an empty 

compartment, suggesting that both populations were able to demonstrate grouping preferences 

in the experimental apparatus.  

 

In addition to the study that we attempted to replicate (Griffiths and Magurran 1997a), there 

are several other studies that indicate that female guppies prefer familiar individuals 

(summarized in Table 1). For example, Sievers and Magurran (2011) show that female high-

predation descendant guppies develop a familiarity preference in 12 days, though this was not 

seen in male subjects, who did not seem to differentiate between familiar and unfamiliar 

females. Cattelan et al. (2019) demonstrated that while guppies that were previously 

familiarized in 2-fish or 6-fish groups had no preference for familiar conspecifics overall, there 

was significant consistency in their preference (or lack thereof) for familiar individuals. Other 

than guppies (Magurran et al. 1994), this familiarity is also seen in numerous other species of 

freshwater fish such as cory catfish (Corydoras aeneus: Riley et al. 2019), paradise fish 

(Macropodus opercularus: Miklósi et al. 1992), mangrove rivulus (Kryptolebias marmoratus: 

Martin et al. 2022) and bluegill sunfish (Lepomis macrochirus: Dugatkin and Wilson 1992).  
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Table 1: Summary of studies on the effects of familiarity on guppy (Poecilia reticulata) shoaling 

decisions. Discriminatory ability of individual fish was tested in two-choice tests or by looking at 

association with near neighbours. Familiarity has also been tested in the context of shoal cohesion, 

composition and aggression in the laboratory. Preference for familiars in the wild is inferred from shoal 

fidelity. (Adapted from Griffiths and Ward 2011). 

 

However, our results do link with other work indicating that the presence of a familiarity 

preference might not extend to all freshwater teleost species or even populations unequivocally. 

For example, Webster and Laland (2020) found no evidence of individual recognition in three-

spine or nine-spine sticklebacks (Gasterosteus aculeatus and Pungitius pungitius). Male 
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zebrafish (Danio rerio) similarly do not preferentially associate with familiar over unfamiliar 

male conspecifics (Blonder and Tarvin 2022). In guppies too, numerous studies have shown 

that males do not possess a familiarity preference (Griffiths and Magurran 1998; Godin et al. 

2003; Zajitschek and Brooks 2008; Sievers and Magurran 2011). While familiarity preferences 

in female guppies towards other female shoals have been repeatedly reported, this finding is 

not universal (Table 1). Godin et al. (2003) found no evidence in wild female guppies of a 

preference to associate with familiar conspecifics, which they attributed in part to population 

differences. This points towards the potentially contextual nature of recognition and the 

conditions under which familiarity might evolve.  

 
Our Test 1 set-up was nearly identical to that in Griffiths and Magurran (1997a). Differences 

included the size of the stimulus shoal (we used 3 fish instead of 4, matching Bhat and 

Magurran (2006)), number of days of cohabitation (15 days instead of 12 in the original study), 

and guppy populations used. While Griffiths and Magurran began seeing an increased 

familiarity preference at day 12, it appeared to peak around day 15, which is why we chose the 

latter in Test 1. Test 2 attempted to investigate the same question in the same subjects, but with 

a different experimental set-up and following around 54 days of familiarization time. However 

here too, we observed no familiarity preference in the subjects. Familiar and unfamiliar shoals 

were placed in perforated transparent containers on either side of the same testing tank. This 

was done specifically to allow for exchange of olfactory and chemical cues between subject 

and stimulus fish. We therefore believe that the lack of a familiarity preference in either of the 

tests in Chapter 3 was not due to the subjects’ inability to perceive the odour of the stimulus 

fish. Regardless of this, there is no doubt that further work needs to be done to pick apart the 

effects that chemical cues have on recognition and conspecific shoal preference.  

 

Webster and Rutz (2020) recently proposed the STRANGE framework, which aims to help 

researchers minimize sampling biases. Numerous species show large amounts of variation in 

behaviour, and only specific subsets of this variation might be detected and accounted for in 

test samples. It is of utmost importance that we consider the numerous factors that go into 

shaping an organism’s behaviours both in the laboratory and in the wild. This includes Social 

background (S), Trappability and self-selection (T), Rearing history (R), Acclimation and 

habituation (A), Natural changes in responsiveness (N), Genetic make-up (G) and Experience 

(E) (Webster and Rutz 2020). These factors can influence a range of things from which animals 

are sampled for a test and how readily those individuals partake in the study, to the repertoire 
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of behaviours they perform over the trials, which is of particular importance in studies like 

ours.  

 

Given the well-studied population differences in guppies, it is valuable to consider their impact 

on familiarity and sociality. Stark differences in morphology, life history and behaviours have 

been documented across populations (Shaw et al. 1991), giving us useful evolutionary insights 

(Magurran and Seghers 1990a). These differences often have to do with predation, with guppies 

from high-predation populations being more cohesive shoalers (Seghers 1974; Magurran and 

Seghers 1990b). Regarding familiarity specifically, Kelley et al. (1999) found that male guppies 

from Tunapuna and Tacarigua that were from confined pools preferentially attempted to mate 

with unfamiliar females from different pools, indicating that they did possess a familiarity 

preference. However, males from open rivers demonstrated no such preference. 

 

Griffiths and Magurran (1997a) utilized female guppies that were Lower Tacarigua 

descendants, from high predation conditions. Our fish on the other hand were both mixed 

populations, comprising either high-predation Aripo/Quare cross individuals or low-predation 

mixed wild origin guppies. The fish were also reared in the laboratory for many generations 

before being tested. Domesticated guppies not only shoal less than their feral counterparts 

(Swaney et al. 2015) but are also exposed to lower predation and an increase in social structure 

uniformity, which can have pivotal implications on social behaviour (Wright et al. 2006a, 

2006b). Thus, it is indeed plausible that the lack of familiarity preferences in our experimental 

fish are at least in part due to these factors, making it valuable to consider population 

differences, experiences, and rearing conditions as characteristics affecting sociality – all of 

which can hamper generalizability and reproducibility of results (Webster and Rutz 2020). 

 

Upon analysing the results from Test 1, we modified the experimental set-up and re-tested the 

subjects following prolonged cohabitation. However, we still saw no evidence of a familiarity 

preference. One plausible reason could be differences in the physical characteristics of the 

apparatus. While we replicated the methodology and set-up from Griffiths and Magurran 

(1997a) and our tank size was identical to theirs, there could have been issues with factors such 

as the dimensions of the habituation cylinder, or even the distance between the subject and 

stimulus shoal, for instance. Past studies have shown that guppies are able to distinguish 

between stimuli up to 120 cm away (Mühlhoff and Reader 2011), so it is unlikely that the lack 

of preference was due to subjects’ inability to see and distinguish between the stimuli, which 
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in Test 1 were only ~39 cm away from the centre of the tank and about 78 cm away from each 

other. We also know that the preference test set-up in Test 2 is indeed able to detect shoaling 

preferences. The significant shoaling preference we observed in our Test 2 shoaling test is well 

in line with existing literature (Magurran 2005; Cabrera-Alvarez et al. 2017), as guppies 

typically tend to form shoals. Therefore, this lack of familiarity preference is likely not a lack 

of preference detection, unless the behaviour was more subtle than the expected shoaling 

preference. However, it is now well appreciated that methodological details can have large 

impacts on the ability to measure behaviours and performance and importantly, to compare 

them between studies and assays (Stewart et al. 2012; O’Neill et al. 2018; Jones et al. 2023). 

In light of this, a nuanced investigation of how specific physical design discrepancies affect the 

detection and measurement of subject participation and behaviour is a pivotal next step in 

sociality studies like this one (Salena et al. 2021; Jones et al. 2023). A crucial question that then 

needs to be addressed is whether familiarity-based shoal preferences are observed in the wild, 

and if so, under what conditions. 

 

It is established that possessing a familiarity preference can be very beneficial for a social 

species such as guppies for numerous reasons (Chivers et al. 1995; Barber and Wright 2001; 

Swaney et al. 2001). Even though several past studies have seen this preference form in guppies 

(see Griffiths and Magurran 1997a; Lachlan et al. 1998; Bhat and Magurran 2006), we did not 

find this in our current study. This suggests that familiarity might be contextual in nature, only 

developing under specific conditions or in certain populations. There is a strong case for further 

research to investigate how context, population, and set-up can play a role in familiarity 

preference and its development over time. Specifically, formal population comparisons would 

provide much needed background on behaviours and the specific conditions under which they 

evolve both in the laboratory and in the wild. Studies like this one contribute to the growing 

knowledge base of the conditions under which grouping preferences are most beneficial. 
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Summary of main findings 

 

My thesis investigated flexibility in shoaling and the role of familiarity in grouping behaviours 

in the Trinidadian guppy, Poecilia reticulata. In Chapter 2, I asked whether female guppies 

could associate a social or asocial cue with reward and in turn change their tendency to group 

with conspecifics. My results show that the populations of guppies I studied show some 

indication of cue-reward association in training, but this does not translate to the subsequent 

preference test, where they instead significantly decreased their shoaling propensity over the 

course of the experiment. In Chapter 3, I investigated whether guppies were able to form a 

familiarity preference following 15 days and 54 days of cohabitation with conspecifics and 

found no such evidence for a familiarity preference. However, these same fish demonstrated 

the expected preference for a shoal. In other words, though fish preferred shoaling with 

conspecifics over remaining isolated, they demonstrated no detectable preference towards 

familiar conspecifics. Our results are in line with the idea that there are numerous factors that 

underpin shoaling decisions. Shoaling might be flexible, as to allow for rapid adaptive 

responses to changing environmental conditions (Hoare et al. 2004), but this flexibility is likely 

contextual, only appearing under a certain set of circumstances and differing across populations 

and external conditions.  

 

Thesis overview 
 

Chapter 2 
 

Group living and sociality in general offers individuals a wide array of benefits (Krause and 

Ruxton 2002). Studies examining grouping behaviours have shown that grouping can increase 

foraging efficiency, predator protection and exchange of social information regarding mates 

and resources (Hoare and Krause 2003). In my thesis, I explore these group dynamics, 

furthering our understanding of the complex nature of social behaviours. In past work, shoaling 

has been utilized as a reward in several learning experiments (e.g., Burns 2008, Lucon-Xiccato 

and Bisazza 2017b, Kurvers et al. 2018). In Chapter 2 of my thesis, I take a different approach 

and investigate specifically whether shoaling tendencies can be shaped experimentally in a 

directed way. I used food reinforcement to ask whether female guppies can be trained to change 

their shoaling tendencies. In Experiment 1, I rewarded individuals for either grouping or 
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isolating (and also included a control condition) and in Experiment 2, I investigated whether 

we could simply increase shoaling tendencies by rewarding guppies for shoaling with 

conspecifics. I found that female guppies did not readily increase their shoaling propensities 

following reinforcement. This stands in contrast to previous results indicating that 

reinforcement could favour shoaling with a small versus large shoal (Vassileva 2019). 

Strikingly, the individuals in our study instead significantly decreased their shoaling preference 

even when reinforced for approaching shoals. It is possible that they did indeed learn the 

association between cue and reward (as subjects tended to approach the rewarded-cue feeder 

faster than the asocial-cue feeder that was not rewarded). However, this effect did not reach 

statistical significance and did not carry over to the preference tests.  

 

There are numerous factors that might account for why shoaling propensity did not change 

following reinforcement training in our experiment, which I discuss below. It could have to do 

with the focus on a choice between a shoal and an asocial cue; perhaps this is less open to 

experiential effects than the choice between two shoals. However, the results could also be due 

to the methodology; for example, our stimulus fish were placed outside of the subject tank, 

which might reduce the subjects’ ability to recognize them. Similarly, the control condition 

involved rewarding subjects in the middle of the tank, perhaps reinforcing a preference for this 

region. Alternatively, it is possible that the particular way in which we ran our preference test 

did not elicit a response, despite learning having occurred in training. Finally, the lack of a 

shoaling tendency change could also have to do with the background of our subjects, including 

population, past experiences or personality (Webster and Rutz 2020).  

 

Chapter 3 
 

In the wild, animals need to allocate sufficient time and energy for tasks such as foraging and 

predator vigilance, which puts constraints on foraging efficiency (Griffiths et al. 2004). 

Shoaling is an effective anti-predator strategy that can also provide foraging advantages 

(Pitcher et al. 1982; Morgan and Colgan 1987; Magurran 1990; Griffiths 2003) that are often 

strengthened through familiarity (Bhat and Magurran 2006). For these reasons, in Chapter 3, I 

first asked whether female guppies show a familiarity preference for conspecifics following 15 

days of cohabitation in Test 1 (partially a replication of Griffiths and Magurran 1997a). I found 

no evidence of such a preference in my study. To follow-up this experiment, we retested the 

same subjects after about 54 days of cohabitation using a different experimental set-up, but still 
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did not observe a familiarity preference (Test 2). However, we did see a strong preference for 

shoals (vs. an empty tank) in our control shoaling test as expected (Lachlan et al. 1998; Cabrera-

Alvarez et al. 2017). Thus, this implies that the testing apparatus was able to detect and measure 

shoaling preferences, suggesting that the negative finding might indicate a lack of a familiarity 

preference as opposed to merely the inability to detect it.  

 

As in Chapter 2, it is pertinent to consider a variety of reasons for not detecting a familiarity 

preference in our subjects. Methodologically, our set-up in Test 1 was nearly identical to 

Griffiths and Magurran (1997a). However, we do know that even apparently minute apparatus 

changes can have large effects on the replicability of behavioural studies (Jones et al. 2023). 

Further, it is crucial to draw the distinction between preference and performance; it is possible 

that familiarity did indeed develop, but a preference is either not being displayed or not being 

detected, which will need to be investigated further. Finally, it is once more important to 

consider subjects’ background, including their population, experiences, and rearing history, 

which are all factors that might affect experimental outcomes (Webster and Rutz 2020). 

 

General Discussion 
 

Learning of cues and training-testing disconnect 
 

It has been extensively documented since the work of Pavlov and Thorndike that learning 

shapes adaptive behaviour (reviewed in Castro and Wasserman 2010). However, there are 

different approaches that can be taken to study these questions, and there has been a major 

expansion in the paradigms utilized in studying learning (Marler and Terrace 1983; Staddon 

2016). These contrasting and complementary methods greatly shape animal learning theories 

and experiments. While Thorndike demanded replicability and control in experimental studies 

through operant conditioning, Pavlov gave behavioural biologists the very first comprehensive 

explanation of association formation through demonstrating conditioned responses (Bitterman 

et al. 2012). The acquisition of a conditioned response through the use of a conditioned stimulus 

is still one of the most common methodologies for studying animal learning. Similarly, 

Thorndike explained that the consequences of an act determine the probability of this act 

reoccurring in the future. That is, the ‘Law of Effect’, wherein if a particular behaviour is 

followed by a satisfying consequence, that behaviour becomes more likely to happen in the 
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future. Conversely, if a behaviour is followed by a negative consequence, it becomes less likely 

to reoccur. Building on this, contemporary animal learning theories posit that previously paired 

stimuli are encoded in associations (Pearce and Bouton 2001). 

 

Learning has been observed in a variety of contexts in fish including escape routes, foraging 

location, and mate choice (Brown and Laland 2003; Magurran 2005; Reader and Biro 2010). 

For example, female Siamese fighting fish (Betta splendens, Osphronemidae) observe 

aggressive interactions between two male conspecifics and utilize this knowledge of fighting 

ability in their subsequent mate-choice decisions (Doutrelant and McGregor 2000). Instead of 

relying on the newest information received in the context of foraging, nine-spined sticklebacks 

(Pungitius pungitius) can shape decisions based on the reliability of the external cues and the 

duration between contradictory asocial information (van Bergen et al. 2004). In guppies too, 

Kendal et al. (2004) shows that in circumstances where social and asocial information are 

contradictory, individuals are able to adjust their reliance on specific information according to 

the cost. These are only few of the numerous examples indicating that fish in general and 

guppies specifically have been known to learn complex behaviours and responses across 

multiple contexts. 

 

In Chapter 2, I used food reinforcement to train female guppies to join (or not join, in 

Experiment 1) shoals of conspecifics. I attempted to control for a variety of factors that are 

known to affect learning, such as population differences, personality and information access 

(Carlier and Lefebvre 1997; Dawson et al. 2013; Mesoudi et al. 2016). I did so by modifying 

the protocol to include only a single population (in Experiment 2, domestic-strain guppies), 

exposing subjects to the same cues in pre-training and training, keeping housing conditions 

constant, and testing subjects for differences in baseline sociality. While there was a non-

significant change in latency to enter the feeder depending on stimulus in training that 

potentially provides some evidence for learning, our sample size was relatively low and further 

experiments would be required to determine the robustness of any effect. Even with the 

extended training, I was unable to find significant evidence for learning in the preference tests. 

 

Early learning theorist Tolman (1932) made an important distinction between learning – the 

process whereby an association between events is formed – and performance – the expression 

of learning in overt behaviours. It is possible that learning did indeed occur in our Chapter 2 

study, but learning can remain latent until something triggers overt action, such as prevailing 
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conditions or foraging motivation (Castro and Wasserman 2010). It is still however surprising 

that we did not see the predicted changes in shoaling tendencies. This experiment was designed 

based in part on a previous study performed by Vassileva (2019). Vassileva (2019) found that 

female guppies could be trained to join social groups of certain sizes, showing that their 

shoaling tendencies are flexible. This effect was found after 15 days of training, two times per 

day. In Experiment 2 of Chapter 2, I saw no effect of training during testing even after doubling 

training to four times a day for 15 days, per subject. Therefore, it is unlikely that the lack of 

cue-reward association can be attributed to inadequate training.  

 

Shoaling motivation and habituation 
 

Repeatedly presenting a single stimulus to experimental subjects often results in changed 

behaviour, such as long-term habituation (Blumstein 2016). Numerous experiments in recent 

years have documented the effects of habituation on shoaling motivation and stress responses. 

Habituation is a form of learning occurring when repeated or prolonged application of a 

stimulus results in progressively weaker responses (Thompson and Spencer 1966; Houslay et 

al. 2019). For example, Schons et al. (2021) found a decline in both mean speed and total 

distance travelled by cichlids (Pelvicachromis taeniatua) over the course of the experimental 

fish being involved in the study. They also found declining reactions to shock stimuli (a 

mechanical disturbance cue) over time. They posit that because individuals repeatedly 

encountered the shock stimulus which was not followed by any true threat, stress responses 

declined over time. Similarly in guppies, Houslay et al. (2019) found that individuals were able 

to habituate quickly to repeated exposure to a stressor. 

 

While shoaling has many benefits, it is foremost an anti-predator behaviour and stress response 

(Botham et al. 2006; Ward et al. 2011; Swaney et al. 2015). However, we know that social 

motivation derived from the exposure to an unfamiliar tank decreases with time (Thünken et 

al. 2014; Lucon-Xiccato et al. 2016). For instance, Lucon-Xiccato and Bisazza (2017b) found 

a reduction in shoaling in guppies over the course of an experiment, which the authors 

attributed in part to habituation to the test tank. Kurvers et al. (2018) similarly found that 

guppies shoaled less with companion fish over the course of the study. In Chapter 2, the 

observed decrease in shoaling over time could thus reflect habituation to the test tank. It is even 

possible that this habituation extends to the stimulus shoal fish, whose behaviour may have 
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changed over time, affecting subjects’ responses. Overall, habituation to the experimental 

conditions and apparatus can strongly affect variables as well as responses to stimuli, which 

needs to be considered in future behavioural experiments in fish and potentially other taxa as 

well (Schons et al. 2021).  

 

Cues for conspecific recognition 
 

A key factor that can shape social interactions is familiarity, i.e. the recognition of unrelated 

individuals. While there is no concrete consensus on the mechanisms that underlie familiarity 

across taxa, it is generally agreed upon that there exists a recognition template, which is a 

representation of certain characteristics that an individual may use to identify others (Ward and 

Webster 2016). 

 

While recognition involves phenomena such as phenotype matching and learned individual 

characteristics (Ward and Webster 2016), chemical cues play a pivotal role. Even in systems 

where vision plays a large role, olfactory cues elicit a strong response (Brown 2003). For 

instance, hermit crabs (Pagurus longicarpus) rely heavily on olfaction as the dominant sensory 

channel. Providing subjects with a combination of two signal components from visual and 

olfactory channels resulted in an enhanced response by the receiver (Gherardi and Tiedemann 

2003). Similarly, eastern fence lizards (Sceloporus undulatus) are attracted to territorial scent 

marks of conspecifics, which in turn affects space use (Campos et al. 2017). In fish too, it has 

been shown that individuals weigh visual and chemical cues in conspecific detection. In one 

study, subject fish were exposed to a binary-choice test and presented with a choice of 

conspecific visual cues together with heterospecific chemical cues versus heterospecific visual 

cues with conspecific chemical cues. Indeed, the fish chose to group with the shoal expressing 

conspecific chemical cues despite the visual cues being that of heterospecifics, which 

demonstrates the crucial role of chemical cues in social attraction (Ward et al. 2002).  

 

Following from this, one other limitation of our Chapter 2 study is the potential confounding 

effect of the companion fish. In order to reduce the effects of isolation stress on the subjects, I 

housed them with two companion fish (also subjects) that were placed behind an opaque plastic 

barrier when training and testing took place in both experiments in Chapter 2. Given the high 

salience of chemical cues, it is possible that the presence of these companion fish in the testing 
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tank could be detected by the subject, thereby reducing stress levels and therefore the 

motivation for the subjects to shoal. Despite keeping the subject visually isolated from the 

companion fish, it is unlikely that the plastic barrier and filters completely stop the transmission 

of odour cues. If this study were to be repeated, I would suggest that the subjects be tested in a 

separate testing tank instead. There is no doubt that further work needs to be done to pick apart 

the effects that chemical cues have on recognition and conspecific shoal preference. 

 

Accounting for variability and bias 
 

It is also possible that there is a publication bias skewing the results of familiarity studies in 

fish, and thus results are more mixed than the literature reports. There are other ecological 

examples indicating that published literature is likely a biased subsample. For instance, 

Sánchez-Tójar et al. (2018) investigated the status signalling hypothesis which is an 

explanation of intra-species variation in ornamentation in nature. Despite this being an 

established textbook example in evolutionary and behavioural biology, the authors found that 

the mean effect size of unpublished studies was essentially zero, while the mean effect size on 

published studies was medium. Additionally, a large percentage of the model’s variance could 

be linked to whether the work was published or unpublished. Studies with statistically 

significant results are published more often and faster than those with non-significant findings 

(‘the file-drawer problem’, Rosenthal 1979), leading to a decline in reported effects over time 

(Jennions and Møller 2002). It is indeed possible that there were other studies investigating 

familiarity in teleost species that found a lack of such a preference but were not published. 

Replicable findings are the foundation of cumulative scientific research, making it paramount 

to minimize bias (Yang et al. 2023).  

 

Above I discuss several specific factors that might be responsible for the experimental 

outcomes in Chapters 2 and 3. However, there are also potentially broader explanations that 

might apply to all the experiments performed and behaviours recorded, leading to bias in 

results. Webster and Rutz (2020) recently put forth the STRANGE framework, proposing 

careful consideration of genetic make-up, experience and social background when observing 

and attempting to explain animal behaviour, aiming to minimize sampling bias. STRANGE 

stands for Social background, Trappability and self-selection, Rearing history, Acclimation and 

habituation, Natural changes in responsiveness, Genetic make-up and Experience. These 
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factors can influence numerous aspects of both laboratory and field experiments, from which 

individuals are sampled for testing, to how they behave during trials. Since comparison and 

replicability across studies is vital to scientific progress, it becomes crucial to account for this 

variation.  

 

Population and generational effects 
 

We know of widely documented differences in morphological traits, life histories, and social 

behaviour between populations of the same species, including in teleost species (Shaw et al. 

1991). This type of intraspecific variation provides insight into the role of natural selection in 

shaping behaviours and is particularly valuable in situations where selection pressures differ 

between populations (Magurran and Seghers 1990a; Song et al. 2011). It is well known that 

guppies from highly predated populations are more cohesive in their shoaling behaviours 

(Seghers 1974; Magurran and Seghers 1991; Li et al. 2022) and also differ in predator 

assessment and risk sensitivity of courtship behaviour (Magurran and Seghers 1990b). Kelley 

and Magurran (2003a) found that wild-caught high-predation descendants react more strongly 

to predators than their low-predation counterparts and strikingly, show a reduced response 

when reared in the laboratory. We also see population and individual differences in social 

attraction and innovation (Wright et al. 2006a, 2006b; Kappeler et al. 2013; Sims and Reader 

2021). Taken together, these studies might suggest that populations vary drastically in an array 

of factors ranging from cue reliance to behavioural responses (see Webster et al. 2019; Keagy 

et al. 2023).  

 

In both Chapter 2 and 3, I used two different guppy populations each. While the original study 

in Chapter 2 was done using a “domestic” guppy population (Vassileva 2019), I used a different 

domestic strain to Vassileva (2019), as well as the Paria population in Experiment 1. Similarly 

in Chapter 3, Griffiths and Magurran (1997a) used guppies that were descendants of Lower 

Tacarigua guppies, which is a high predation population, while I used two different populations. 

The first, the ‘Aripo/Quare cross’ population are descendants resulting from a cross between 

Aripo and Quare high-predation populations collected in Trinidad in 2009 and 2010 (Alexander 

et al. 2006; Fraser et al. 2015; Gotanda 2015), while the ‘mixed wild origin’ population came 

from a mixture of wild Trinidadian populations. While several studies show familiarity 

preferences in guppies (see Table 1, Chapter 3), it is possible that this is more context and 
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population dependent than previously thought. Different guppy populations may learn 

associations (Chapter 2) or develop and display familiarity preferences differently (Chapter 3), 

as has been shown for shoaling propensities (Shaw et al. 1991; Song et al. 2011). 

 

Another related potential reason for the unexpected results in Chapter 2 might be the use of 

domesticated fish, despite there being evidence of learning in similar conditions in different 

strains of domestic guppies in our laboratory and others (Laland and Williams 1997, 1998; 

Lachlan et al. 1998; Swaney et al. 2001; Brown and Laland 2002; Kelley and Magurran 2003b; 

Franks and Marshall 2013; Leris and Reader 2016; Lucon-Xiccato and Bisazza 2017a; 

Vassileva 2019). For every population, the fish were reared in the laboratory for many 

generations before being tested. This type of domestication can result in a reduction in the need 

to forage extensively, reduction in predation, and homogeneity in social structures, all of which 

can have an effect on an individual’s behaviour (Wright et al. 2006a, 2006b). For instance, 

Swaney et al. (2015) demonstrated that domesticated guppies shoal less than feral guppies, 

even in the presence of a novel predator. It is therefore crucial to make note of population 

differences, rearing conditions, and transgenerational traits when thinking about factors 

affecting learning and social behaviours.  

 

Impacts of methodological factors 
 

It is challenging to control for variation between and within individuals: a crucial consideration 

when attempting to increase comparability and replicability between studies (Manteca and 

Deag 1993; Stamps et al. 2012). Differences in experimental design and methodology only 

exacerbate this existing variation, extending to further differences in factors such as data 

acquisition and replicability of behavioural measures across studies (reviewed in Jones et al. 

2023). For instance, Stewart et al. (2012) found that fish scale their locomotory activity 

corresponding to the size of the tank and O’Neill et al. (2018) demonstrated that acclimation 

time can affect behavioural repeatability (also see Biro et al. 2012). Enclosure size itself is also 

known to have an effect on numerous behaviours such as activity and aggression in a range of 

animals including white rabbits (Oryctolagus cuniculus: Valuska and Mench 2013) and 

chimpanzees (Pan troglodytes: Jensvold et al. 2001). Similarly, rearing and housing conditions 

such as environmental enrichment or predator threat can have an effect on the cognitive 

performance of fish (Odling-Smee and Braithwaite 2003b; Salvanes et al. 2013; Ferrari 2014; 
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Zhang et al. 2019). In other words, the methodological set-up and rearing environment can 

introduce biases into the experiment and its results.  

 

There is a middle-ground to be reached in making a test extreme (i.e., either too easy or too 

difficult) to detect meaningful variation within a population. An extreme test would potentially 

lead to all individuals performing similarly, making it challenging to capture this variation even 

if present (Jones et al. 2023). In Experiment 1 of Chapter 2, I ensured fish could not choose the 

rewarded feeder by its odour, created feeders that did not allow the reward to be seen until a 

choice was made, and tried to avoid any opportunity for pattern formation with regard to side 

or stimulus in training. We considered that it was possible the training and testing was just too 

challenging for the subjects to form the intended association. Therefore, in Experiment 2, the 

training was more straightforward, with the subjects being exposed only to a single stimulus at 

a time and being fed only after the correct choice was made. I suggest repeating this experiment 

with a “challenging middle” set-up,  which might reveal correlations with other aspects of 

phenotype that would be hidden in set-ups where individuals show similar high or low 

performance as we saw in our experiment (Jones et al. 2023). Individual variation in 

performance also needs to be further considered and controlled for since this variation could 

offer insight not just into differences in the primary trait being tested, but also differences in 

stress, motivation and temperament, including boldness, exploration, or sociality (Sih et al. 

2004; Réale et al. 2007; Castanheira et al. 2016). 

 

Further, I suggest aiming to make the training and testing paradigms as similar to each other as 

possible. In the experiments in Chapter 2, there were key differences in training and testing set-

up, including the presence of food and feeders in the tank. The reliance on external cues and 

information can be highly context dependent (Kendal et al. 2004), and it is possible that social 

exposure with food (Chapter 2 training) and social exposure without food (Chapter 2 preference 

testing) might be incompatible motivational systems wherein subjects can learn associations 

linked to one context but not the other (Fernö et al. 2020). It is indeed possible that subjects are 

able to learn the necessary associations during training but are unable to apply them in a novel 

context – say, one that is no longer related to foraging – in the preference test. Further, it is 

possible that feeding subjects in the centre of the tank in the control condition reinforced a 

preference for that area, so I would recommend repeating the experiment with a no-reward 

treatment. It is safe to acknowledge that the binary-choice paradigm is valuable in that it can 

be used to make minute manipulations to aspects of cues available to a subject, identifying 



 83 

exactly which component of the overall cue is preferred (Ward and Webster 2016). However, 

a more nuanced understanding of how design discrepancies affect the detection and 

measurement of subject participation and behaviour is a necessary next step in fish sociality 

studies like ours. 

 

Further questions and implications 
 

Investigating the direct fitness consequences of grouping interactions and sociality can aid in 

our understanding of the selective pressures that allow for the development of numerous group 

dynamics and behaviours (Kutsukake 2009). A crucial component of learning and cue-reward 

association in the context of grouping is the salience of the stimulus provided. I suggest further 

experiments attempting to manipulate shoaling behaviours using different training stimuli. 

While we used bloodworms as the reward in our experiments in Chapter 2, the subjects seemed 

to habituate to the experimental set-up following repeated exposure. I suggest using negative 

stimuli such as alarm cue or temperature (see Kemp 1969) that subjects are unlikely to habituate 

to rapidly. Another useful extension of this experiment would be to replicate the methodology 

in Vassileva (2019) using different guppy populations. This will aid in better understanding the 

exact circumstances that promote shoaling flexibility across contexts and environments.  

 

Many aforementioned grouping benefits are often known to be increased by associating with 

familiar conspecifics (Bhat and Magurran 2006). In Chapter 3, despite the existence of some 

other studies that have indicated the presence of a familiarity preference (Griffiths and 

Magurran 1997a), we found no evidence for the same. I suggest a follow-up study to attempt 

to narrow the possible reasons for the lack of a familiarity preference. Just as some sex 

differences in familiarity preferences are already documented (e.g., Griffiths and Magurran 

1998, Godin et al. 2003), a next step would be to compare familiarity preferences across 

populations, which will also uncover valuable information on the ways in which different 

selective pressures affect behaviours and how these behaviours change across contexts. 

Similarly, investigating methodological aspects including shoal size, distance of the stimulus 

shoals from the subject, and habituation time are all valuable next steps.  
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General conclusion 
 

The overarching aim of my thesis was to investigate shoaling flexibility and the factors that 

underlie it through reinforcement training and familiarity preference assays. My hypothesis in 

Chapter 2 that grouping tendencies in female Trinidadian guppies are flexible and can be 

manipulated through learned associations with stimuli was only partially supported. While 

there was some evidence of the subjects learning the cue-reward association, we saw no change 

in the shoaling tendencies corresponding with this reinforcement training. Past work suggests 

numerous factors including population differences and methodological aspects could have 

impacted these outcomes. In Chapter 3, I was surprisingly unable to observe a familiarity 

preference in female guppies but provide more supporting evidence for a significant grouping 

preference, the latter of which is in line with the existing body of work on grouping in guppies 

(Magurran 2005). Both studies in my thesis throw light on important questions of ecology and 

evolution; namely, the evolution of social behaviours and how specific species and populations 

adapt to rapidly changing conditions. This becomes especially important in the wake of novel 

threats caused by climate change, where group behaviours and sociality can have crucial 

impacts on animal survival and conservation challenges. Finally, I want to conclude by 

reiterating the importance of the Trinidadian guppy as a valuable system in which to study these 

questions, given the natural variation in their social behaviours and learning tendencies. Future 

work investigating the factors affecting grouping will certainly enhance our understanding of 

adaptations in the wild and the evolution of sociality across and within populations in the 

presence of varying social and environmental pressures.  
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