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[bookmark: _Toc176178462]Abstract
Learning allows animals to adapt to new and changing environments. Animals can learn through their own personal experiences, known as asocial or individual learning. Asocial learning produces reliable information, but it can be energetically costly and risky for the learner. So instead of learning on their own, animals can choose to learn by observing and copying the behaviours and choices of others, known as social learning. However, because individuals that socially learn are gaining second-hand information, this form of learning is often less reliable. Animals are expected to be flexible in their use of individual versus social information, and to use whatever strategy provides the greatest benefits. Not all animals or individuals have been found to employ a flexible strategy, and research shows that many individuals have a clear preference for one type of learning over the other. This preference for social or individual learning can be influenced by their personality, their sex and even an individual’s reproductive status. Another factor that could influence learning is an individual’s rank, but this topic has received little attention. In my MSc research, I studied how social rank influences an individual’s performance in an asocial and in a social learning task using the cichlid fish Neolamprologus pulcher. With this species I also tested if social rank influences information use, by providing conflicting individual and social information to the fish. I found that subordinate N. pulcher were faster at a reversal learning (suppressing a previously learned rule and learning a new one), but there were no clear differences between the social ranks in associative learning or in social learning. When presented with conflicting individual and social information, both subordinate and dominant N. pulcher relied on individual information first. However, dominant N. pulcher were more likely to also use the conflicting social information in addition to their individual information. Taken together these results help us better understand cognitive differences between social ranks, and shed light on how information and behaviours in social groups can be learned and spread.   
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Elias Latchem
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[bookmark: _Toc176178469]1.1 Introduction
In many group living species, the members of the group are organized into a dominance or social hierarchy. Within the hierarchy, individuals are separated into different ranks, typically with the most competitive individuals ranking at the top and the least competitive individuals ranking at the bottom (Chase et al., 2002; Tibbetts et al., 2022). Organizing groups into such social hierarchies can help reduce conflicts between group members, as each individual is typically aware of their position relative to others in the group (Drews, 1993; Chase et al., 2002; Sapolsky, 2005). The “classic” social hierarchy, called a linear dominance hierarchy, will have one individual at the top who is ranked above everyone else, with a second ranked individual who is above everyone except the first ranked individual, and then a third ranked individual who is ranked above everyone except the first two and so on (Tibbetts et al., 2022). But not all social groups are organized in this way. It is also possible to have a hierarchy with the group members organized into tiers, where individuals within a tier are all equivalent rank. Some species live in groups that have only have two tiers, so individuals are either dominant or subordinate. White-Faced Capuchins, Cebus capucinus, are an example of such a two-tiered social hierarchy (Perry, 1998). Other species have groups that are organized into more tiers, such as in Japanese amber jack yellowtails, Seriola quinqueradiata (Sakakura & Tsukamoto, 1998), where the juveniles live in groups that are split into three social tiers, subordinates at the bottom, dominants at the top and certain individuals comprising an intermediate tier. Within each tier the members are socially equivalent, but the dominants are above all the intermediates who are in turn above all the subordinates.    
An individual’s place in a dominance hierarchy can have a major impact on their lives. Social ranks are associated with differences in resource allocation, behaviour, morphology and physiology (Drews, 1993; Hemelrijk, 2000; Herberholz et al., 2007; Gilmour et al., 2005; Filby et al., 2010; Milewski et al., 2022). Dominant animals are often larger and more aggressive than subordinate animals, and so dominants often control and monopolize food and mating opportunities (Drews, 1993; Hemelrijk, 2000; Herberholz et al., 2007; Kaufmann, 1983; Tibbetts et al., 2022). Subordinates, who cannot directly compete with the dominants, will often take on riskier behaviours (such as exploring new areas or interacting with novel objects) to obtain resources (Katzir, 1982; Laland & Reader, 1999b; Boogert et al., 2006; Seok An, 2011). Dominants often have higher androgen levels and lower cortisol levels compared to subordinates (Milewski et al., 2022). For example, in male cynomolgus monkeys, Macaca fascicularis, testosterone concentrations increased with social rank (Czoty et al., 2009). Testosterone is an androgen that is associated with increased aggressiveness and muscle growth, which can allow the dominant animals to maintain their positions in the groups (Book et al., 2001; Giammanco et al., 2005). Cortisol is a glucocorticoid associated with stress (Eberhart et al., 1983; Sherman & Mehta, 2020). By being aggressive toward subordinates, dominants can increase the subordinate’s cortisol levels, which can prevent the subordinate from growing (Ang & Manica, 2010; Kokko & Johnstone, 1999; Lukas & Clutton-Brock, 2014).  Interestingly, there are a few group living species in which dominants have the higher cortisol levels (Abbott et al., 2003). For example, dominants have higher cortisol levels when they must regularly defend their position, which occurs commonly when there are many large sexually mature subordinates in the group (Creel, 2001; Muller & Wrangham, 2004; Wong et al., 2007, 2008; Ang & Manica, 2010). In addition to suppressing growth, cortisol can also impair an individual’s learning capability, individuals with high cortisol levels tend to do worse on learning tasks (Mateo, 2008).
[bookmark: _Toc176178470]1.2 Asocial and social learning
[bookmark: _Hlk176125911]       Learning is a crucial ability that allows animals to understand their environment and to adapt to changes. A common way animals learn is through trial and error while interacting with their environment (Kendal et al., 2005). This type of learning is called asocial or individual learning, and the information gained is referred to as “private information.” Asocial learning has a high energetic cost and can be very risky in terms of survival (Laland, 2004; Kendal et al., 2005; Galef, 2009; Ohtsuki & Ujiyama, 2022). For example, a new food source could be poisonous, and using new areas could result in increased risk of predation (Rogers, 1988; Ohtsuki & Ujiyama, 2022). While almost all animals that learn use asocial learning, not all individuals or species are equally proficient at it. Some of the variation in learning ability is due to natural disparity in cognitive ability, but some of the variation in the capacity to learn is due to differences in other behavioural traits. For example, bolder and more exploratory individuals are typically better asocial learners, potentially as a result of their willingness to take on the risks often associated with trial-and-error asocial learning (Carere & Locurto, 2011; Sih & Giudice, 2012; Dougherty & Guillette, 2018). It is also possible that bolder and more exploratory individuals simply have more learning opportunities compared to shy individuals.
[bookmark: _Hlk175085862]One well studied form of asocial learning is innovation. Innovations have been documented and studied in many animals, with an emphasis on those innovations that allow individuals to exploit the resources being made available to them in ever increasing urban areas (Griffin et al., 2017; Johnson-Ulrich et al., 2021). A famous example of an innovation to urban life has been well documented in the great tit, Parus major (Fisher & Hinde, 1949).  These birds learned to pierce the foil caps of milk bottles to access the fatty cream on top of the milk (Aplin et al., 2013). This new behaviour of stealing the cream from the milk bottles quickly spread and became common among some of the great tit populations in the United Kingdom starting in the 1920s. However, only a few of the birds in each population were the original innovators of this behaviour, while the rest learned by watching and copying the innovators (Hinde & Fisher, 1972; Lefebvre, 1995). Watching and copying others is a form of learning known as social learning (Laland, 2004; Kendal et al., 2005; Galef, 2009). 
Social learning is another common learning strategy and can be used to skip the high costs associated with asocial learning (Laland, 2004; Kendal et al., 2005). Because social learning occurs through observing or interacting with other individuals, the information obtained is often referred to as “public information.” In many cases social learners can be thought of as scroungers that actively steal resources (or information) from asocial learners (Vickery et al., 1991).  For example, in social foraging species like the juvenile coho salmon, Oncorhynchus kisutch, larger individuals can steal prey and foraging opportunities identified and acquired by smaller individuals (Phillips et al., 2018). Animals can also use presence of others to ascertain and choose the richest foraging area or might make decisions about who to mate with based on the choices of others (Valone & Templeton, 2002; Brown & Laland, 2003; Davies et al., 2020). Female black grouse, Tetrao tetrix, are more likely to mate with males who they witnessed mate with other females (i.e. mate choice copying, Höglund et al., 1995). It is also possible to gain information about an individual’s rank or strength through observing their interactions with others, a phenomenon known as eavesdropping (McGregor & Dabelsteen, 1996; Bonnie & Earley, 2007). By eavesdropping, animals can decide if and how they want to interact with certain individuals in the future, saving them from potentially making mistakes via costly contests that they cannot hope to win. Green sword tails, Xiphophorus helleri, have been shown to be less likely to escalate fights with fish that they saw previously win a fight (Earley & Dugatkin, 2002). 
[bookmark: _Toc176178471]1.3 Information use
[bookmark: _Hlk174901177][bookmark: _Hlk174900660]As social learning has lower costs than asocial learning, it is often expected that social learning will be the preferred way to learn (Laland, 2004). However, as mentioned earlier, while social learning is cheap it can also be unreliable, meaning animals should not use it exclusively (Boyd & Richerson, 1985; Giraldeau et al., 2002; Laland, 2004; Kendal et al., 2005). While social learning is generally unreliable due to the learners being unable to verify the rewards, in rare cases social information can be unreliable due to purposeful deception. This behaviour has been reported in corvids, primates and cuttlefish, where individuals will purposefully change their behaviours in the presence of an observer (Hare et al., 2000; Hall & Brosnan, 2017; Bugnyar & Kotrschal, 2002; Whiten & Byrne, 1998; Brown et al., 2012). Ravens, Corvus corax, a food-caching bird species, stopped visiting high quality food caches and started to visit low quality food caches when being watched by another raven (Bugnyar & Kotrschal, 2004). Chimpanzees, Pan troglodytes, can deceive observers by taking circuitous routes to reach food, or by only taking food that was hidden from observers (Hare et al., 2000; Hare et al., 2006; Melis et al., 2006). Male mourning cuttle fish, Sepia plangon, when courting a female can split their body colouration in half, so they display male courtship patterns on the half of their body facing the female, and simultaneously display female patterns towards rival males, preventing rival males from disrupting the courtship (Brown et al., 2012).
Despite its potential unreliability, social learning is so cheap a strategy that it is hard to completely ignore. Animals are expected to use social learning or asocial learning depending on which type of learning will benefit them the most. This means that in many species, individuals will mostly use asocial learning unless asocial learning becomes challenging, or if the asocial information becomes less reliable (Laland, 2004). As the time and energy costs of asocial learning increase, it will be more likely for animals to switch to social learning. For example, when presented with multiple foraging patches that are easy to explore, European starlings, Sturnus vulgaris, will rely on their own experiences (Templeton & Giraldeau, 1996).  But when confronted with more complex foraging patches that are harder to learn about individually, they switched to following the choices of a demonstrator (Templeton & Giraldeau, 1996). Animals can also be flexible in their learning strategies. For example, ninespine sticklebacks, Pungitius pungitius, use a “hill climbing” strategy, where they primarily rely on their private information, but will switch public information if they see that a demonstrator’s behaviour is more profitable (Kendal et al., 2009).  
If it has been a long time since the information was acquired or reinforced, or there have been recent fluctuations in the environment asocial learning can lose its reliability (Laland, 2004). If the asocial information becomes unreliable then it can be beneficial to learn from an individual that has more up-to-date information. Social information can also be made more reliable by learning from highly reliable sources. Successful individuals, such as dominant, larger, or older individuals, are expected to display more useful or beneficial behaviours (Laland, 2004; Camacho-Alpizar & Guillette, 2023). Therefore, animals may choose to only use social information gained from or provided by such successful individuals. 
Despite theoretical expectations, not all animals are flexible in their use of information (Kurvers et al., 2010b; Trompf & Brown, 2014). Even if switching between social and asocial information would be highly beneficial, certain individuals have been found to use only one form of information. In ninespine sticklebacks’ sex and reproductive status select for the use of only one kind of information (Webster & Laland, 2011). Gravid female ninespine sticklebacks will exclusively use social information in their foraging choices, while reproductive males rely only on their individual information. These differences are thought to be due to differences in risk tolerance.  Gravid females, who have higher energetic costs and are more conspicuous to predators, will prioritize low risk-taking behaviours and social learning, while reproductive males may take on more risk to gain access to more mating opportunities. Social information use can also be driven by changes in ontogeny. Japanese quails, Coturnix japonica, that developed during food shortages had a strong preference for copying demonstrators’ foraging choices (Boogert et al., 2013) but if the food shortage happened after the quail had hatched, these birds avoided the choices of a demonstrator. 
Consistent behavioural traits (often referred to as personality) can also influence information use. Shy individuals tend to be more reactive and sensitive to what others are doing, which could indicate that they pay more attention to public information (van Oers et al., 2005; Stöwe & Kotrschal, 2007; Harcourt et al., 2009; Kurvers et al., 2010a). For example, shy barnacle geese, Branta leucopsis, were more likely to use social information compared to bolder individuals (Kurvers et al., 2010b). Boldness/shyness and sociality have also been found to influence the use of social information in female guppies, Poecilia reticulata (Trompf & Brown, 2014). Bolder guppies were found to avoid foraging where they witnessed a group forage, while more social guppies prioritized public information over using their private information of foraging patch quality. Exploration tendencies have also been found to be linked to social information use. Highly exploratory zebra finches, Taeniopygia guttata, were more likely to ignore social information and rely on individual learning (Rosa et al., 2012). The opposite relationship has been found in great tits, where fast exploring individuals were more likely to follow a demonstrator’s foraging decision (Marchetti & Drent, 2000). Despite this interesting work, surprisingly few studies have directly compared an individual’s personality and their social information use, so any relationships with behavioural tendencies remains unclear.   

[bookmark: _Toc176178472]1.4 Dominance and learning
Differences in behaviour and physiology between social ranks are often studied and reported (Milewski et al., 2022). It is possible that an individual’s social rank could also influence learning. One reason we might expect to find a difference between ranks in learning capacity is a result of the behavioural differences between ranks. Subordinate individuals tend to be more exploratory and less neophobic, and these behavioural traits are often linked to better asocial learning capabilities (Katzir, 1982; Day et al., 2003; Stöwe et al., 2007; Carere & Locurto 2011). In support of this argument, subordinates in a number of species have been found to be better innovators, and puzzle solvers (Kendal et al., 2005; Morand-Ferron et al., 2011; Cole & Quinn, 2012; Thornton & Samson, 2012).  This is not the case in all species. In European starlings, Sturnus vulgaris, the dominant individuals were better innovators (Boogert et al., 2006).  Of course, there are also species where social rank does not seem to affect learning at all, such as domesticated chickens, Gallus gallus, horses, Equus caballus, and spotted hyenas, Crocuta crocuta (Croney et al., 2007; Christensen et al., 2012; Benson-Amram & Holekamp, 2012). 
Differences in physiology between social ranks could also affect learning capabilities.  Stress can impact learning, with more anxious individuals often performing worse in learning tasks (Mateo, 2008). For example, in crab-eating macaques, Macaca fascicularis, dominant individuals, with the highest cortisol levels, performed worse than subordinates in a learning task (Bunnell et al., 1980). Moreover, when the dominant crab-eating macaques were transferred to a different group and lost their dominant position, they showed an improved performance in the learning task. Similarly dominant crabs, Chasmagnathus granulatus, had worse memory than subordinates, but this was only apparent after the dominant crabs fought off an aggressor and increased their cortisol levels (Kaczer et al., 2007). Subordinate mice, Mus musculus, had worse spatial learning after being paired with an aggressive dominant (Fitchett et al., 2005) and subordinate rhesus monkeys, Macaca mulatta, stopped finding the solution to a puzzle when dominants members were present (Drea & Wallen, 1999). Juvenile coho salmon, Oncorhynchus kisutch, were worse at learning to avoid a predator after being stressed by handling compared to individuals who were not handled (Olla & Davis, 1989).
It is also possible that instead of an animal’s social rank influencing their learning, their learning capacity might affect their social rank. The prior-attributes hypothesis predicts that individuals with better attributes will be able to climb up the social ladder (Chase et al., 2002). Group living is cognitively demanding, so individuals likely benefit from having greater cognitive abilities (Dunbar & Sutcliffe, 2012). In fact, higher levels of intelligence, particularly in humans and primates, is thought to be an adaptation to the increased cognitive demands of group living, known as the Machiavellian intelligence hypothesis (Byrne, 1996; Bereczkei, 2018). 
Some of the differences in learning found between social ranks could also be explained as differences in information use rather than differences in actual learning capabilities. For example, the higher rates of innovation observed among subordinates could be the result of dominants monopolizing the easily accessible resources, forcing the subordinates to innovate (known as the necessity drives innovation hypothesis, Laland & Reader, 1999a; Laland & Reader, 1999b; Keynan et al., 2016). Similarly, dominants may monopolize the social learning opportunities in the group, preventing the subordinates from having as many opportunities to social learn (Barta & Giraldeau, 1998; Aplin et al., 2013). Dominants also have the ability to displace the subordinate group members, which allows the dominants to make use of their social information, while subordinates who lack the ability to displace others may not be able to make use of the social information (Evans et al., 2021). 
[bookmark: _Toc176178473]1.5 Learning assays
In this thesis, I tested how social rank influenced learning by using a series of foraging tasks in which fish had to learn to move plastic discs to access food rewards. The discs (2 cm in diameter) were placed on a feeding tray (2 x 10 x 5 cm) that had 10 wells (0.9 cm diameter and 0.5 cm deep) spaced equally along the top (see Figure 1.2). This foraging assay takes relatively little time for N. pulcher to learn (Culbert et al., 2021), and the act of lifting and moving an object mimics a behaviour that N. pulcher naturally perform. In the field, N. pulcher often move small rocks, sand and even snails from their territories (Taborsky & Limberger, 1981; Balshine et al., 2001; Naef & Taborsky, 2020). The experiments I describe in this thesis made use of five different established learning assays. In the first assay subjects learned to move a single plastic disc (either a yellow or blue disc) to reveal food hidden in one of the wells. Once a fish was consistently moving the disc they were moved on to a second assay where they were presented with a food tray that contained two discs, one of the colour they were familiar with and the other disc of an alternative unfamiliar colour. For example, if the fish was familiar with yellow, they would see a familiar yellow disc and an unfamiliar blue disc on the food tray. The novel-coloured, unfamiliar disc always had a steel nut glued to its bottom so that it fit snuggly in the holes on the feeding tray, making it almost impossible to move. Both discs had food hidden underneath them. In this way the fish learned which coloured disc they could and could not move. This procedure is known as an associative learning task, where animals learn to associate a particular-coloured disc with a food reward. For the third assay, I ran a reversal learning task, where I switched which coloured disc the fish could easily move. Because the animals must suppress the previous association and forge a new association, reversal learning is considered a more cognitively challenging task, and requires high behavioural flexibility (Lai et al., 1995; Lucon-Xiccato & Bisazza, 2014; Izquierdo et al., 2017).
The fourth assay was a social learning task, where I used trained demonstrators to move a disc off the feeding tray while naïve observers watched. I then tested whether the naïve observers learned to move the disc, and if so, how long would it take depending on the rank of the observer and demonstrator. Finally, in the fifth assay, I combined both approaches putting public and private information into conflict to determine whether individuals would prioritize social or asocial learning. Fish first completed an associative learning task, and then observed a demonstrator being rewarded for moving a disc that was the opposite colour to their individual experience, providing the observer with conflicting individual and social information. I then tested these fish to see if they would select to use the information they personally acquired (asocial learning) or instead use the information learned from others (social learning). As an animal’s personality has been found to affect learning capabilities and information use in a wide variety of taxa (Kurver et al., 2010b; Trompf & Brown, 2014; Dougherty & Guillette, 2018) and personality can be linked to an animal’s social rank (Colléter & Brown, 2011; Favati et al., 2014). Therefore, I ran a suite of behavioural assays for all fish used in my experiments to determine if and how personality relates to learning in N. pulcher.  
[image: ]
[bookmark: _Toc175400541]Figure 1.1 
An illustration of the learning tank set up for the social learning and information trade-off experiments, showing the two outer compartments with their half clay pots, and the centre compartment with the feeding tray. 

[image: No description available.]
[bookmark: _Toc175400542]Figure 1.2  
Neolamprologus pulcher in the act of moving a blue-coloured disc off the plastic white feeding tray. 



[bookmark: _Toc176178474]1.6 Study species: Neolamprologus pulcher
Neolamprologus pulcher are a species of cichlid fish endemic to Lake Tanganyika in Africa. N. pulcher live in social groups with two dominant members, a dominant male and a dominant female that are a breeding pair, and up to 20 of subordinate “helpers” that co-defend and maintain a small territory (Taborsky & Limberger, 1981; Taborsky, 1984, 1985; Balshine et al., 2001; Wong & Balshine, 2011). Subordinate N. pulcher are referred to as helpers because they help defend the territory, help with territory maintenance and with brood care (Taborsky & Limberger, 1981; Wong & Balshine 2011). In the field, a dominant male often holds a harem of females, each with their own territory and social groups (Taborsky & Limburger 1981; Taborsky 1984, 1985; Balshine et al., 2001; Wong & Balshine 2011). N. pulcher feed on zooplankton usually found floating in the water column (Heg et al., 2004a; Desjardins et al., 2008; Schürch & Heg, 2010), but they will occasionally feed on zooplankton and crustacea from the substrate within their territories. 
[bookmark: _Hlk177929807][bookmark: _Hlk175145565]N. pulcher social groups are organized into linear sized-based hierarchies, where an individual’s size relative to the rest of the group is indicative of its social rank, with larger relative size indicating higher rank (Heg et al., 2004b; Wong & Balshine, 2011; Culbert et al., 2019). The majority of the reproduction occurs between the two most dominant members of the group, although subordinates occasionally get reproductive opportunities (Fitzpatrick et al., 2006; Heg et al., 2008; Heg & Hamilton, 2008, Hellmann et al., 2015). When there is an opening in the social hierarchy, the largest next in line subordinate will ascend to take this vacancy (Balshine-Earn et al., 1998; Werner et al., 2003; Heg et al., 2004b; Hamilton, et al., 2005; Fitzpatrick et al., 2008; Wong & Balshine, 2011). However, it is also common, especially for male subordinates, to leave their groups and join new groups to increase their social standings (Balshine et al., 2001; Kokko & Ekman, 2002; Heg et al., 2004a; Stiver et al., 2007; Reddon et al., 2011). When subordinate N. pulcher ascend to a dominant position they experience a rapid increase in growth, an increase in androgen levels and begin to invest in making larger reproductive organs (Hamilton & Heg 2005; Fitzpatrick et al., 2008; Culbert et al., 2019).  
N. pulcher have stable and easily identifiable social ranks, making them a great species to study social ranks. Dominant N. pulcher can hold their positions for several months to a year (Stiver et al., 2007; Wong & Balshine, 2011). Identification of the different ranks is made possible by size and behavioural differences. As the N. pulcher hierarchy is size based, the dominant members are the largest male and female of the group (Wong & Balshine, 2011; Dey et al., 2015). Dominants and subordinates also have different behavioural displays that can be used to identify an individual’s rank. Subordinate N. pulcher often perform a submission display, where they will tilt their heads up and display their under-belly to a more dominant fish, which is often accompanied by shaking their body (head up and quiver submission displays, Ruberto et al., 2020). In contrast dominants often use an aggressive posture by placing their head downward, spreading their fins and expanding their operculum flaps (head down display, puffed throat display, or a lateral display, Sopinka et al., 2009; Hick et al., 2014; Culbert & Balshine, 2019; Manara et al., 2022). These displays along with the size differences and some subtle colour signals on their opercula make it straightforward to assign rank and know which fish is dominant to others in the group.
[bookmark: _Toc176178475]1.7 Aims and structure of the thesis
The main focus of my thesis was to investigate how social rank influences learning in a group living fish Neolamprologus pulcher. I focused on two general types of learning; three kinds of asocial learning (an initial learning task, an associative task, and a reversal learning task), and a simple social learning task, and then finally I examined the relative use of asocial versus social information when these two sources of information are placed in conflict. In Chapter 2 of my thesis, I present my work on how social rank and personality influence learning capabilities and describe two experiments designed to test if social rank affects the speed of asocial or social learning. In Chapter 3 of my thesis, I present my work on information use, social rank, and personality, and specifically describe an experiment that I used to explore if the N. pulcher will continue to use the asocial information that they initially gained or if they will switch to using social information gained from a demonstrator that conflicts with their personal experience. In this third chapter, I also report on whether there is a preference or bias to acquire social information from demonstrators of a particular social rank. Together these two chapters help us understand how an individual’s social rank can influence learning and information use. I expected that subordinates would learn faster in the individual learning tasks and that they would prioritize private information over public information. I expected dominants to learn faster in the social learning trials and always prioritize public information. 
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Chapter 2: How Social Rank Influences Learning in a Group Living Fish
Elias Latchem, Culum Brown & Sigal Balshine

[bookmark: _Toc176178478]2.1 Abstract
Dominance hierarchies are found in many group living species and an individual’s social rank can influence their access to resources, behaviours, and physiology. However, the effect of rank on learning capability has not been well studied. Here, we examined how rank influences learning in the group living fish Neolamprologus pulcher. We tested learning in both dominant and subordinate fish and investigated whether rank is related to the capacity to learn independently (asocial learning) as well as from others (social learning). Fish had to learn to move coloured discs to access a food reward, either by trial and error on their own or by watching a trained demonstrator. We found no differences between ranks in the associative learning task, but subordinates were faster at changing their behaviour when the reward rules changed (during the reversal learning). We also found no differences in the number of trials it took dominants and subordinates to socially learn the task (from demonstrators). Our results indicate that some aspects of learning can be influenced by social rank, but rank does not appear to affect general learning ability. 
[bookmark: _Toc176178479]2.2 Introduction
[bookmark: _Hlk175085320][bookmark: _Hlk175085700][bookmark: _Hlk176164574]Social cohesion of group living species often depends on individuals knowing their position in a dominance hierarchy. Typically, a small number of animals in a group are the dominants while the rest are subordinate (Drews, 1993; Sapolsky, 2005) and usually, these different ranks reflect an animal’s competitive abilities (Chase et al., 2002). The presence of the social hierarchy reduces internal competition and aggression as each individual knows where they belong in the pecking order (Tibbetts et al., 2022). Differences between social ranks have been extremely well studied, and researchers have shown repeatedly and across taxa that dominant animals tend to be larger, more aggressive, have higher levels of androgens and more resources (Drews, 1993; Hemelrijk, 2000).  Dominants are often more risk averse, possibly to avoid or minimize unnecessary risks that could jeopardize their social position (Herberholz et al., 2007). In contrast, subordinates tend to be smaller, are often more stressed and are considered to be more behaviourally flexible (Gilmour et al., 2005; Filby et al., 2010; Milewski et al., 2022; Boogert et al., 2006; Drews, 1993; Katzir, 1982; Stahl et al., 2001). In contrast to dominants, subordinates are often more willing to take on risks, perhaps because they do not have access to as many readily available resources. 
How an animal’s rank impacts their learning capabilities is not well understood. One theory suggests dominants should be better learners, because subordinates are often stressed and need to devote time and energy to avoid aggression, potentially suppressing their ability to learn (Overington et al., 2009; Griffin et al., 2013; Keynan et al., 2016). Better learners are also expected to be able to gain advantages that will allow them to climb through the ranks (Seyfarth & Cheney, 2002; Langley et al., 2018a). But another theory suggests the opposite: that because subordinates are weaker competitors, they will be unable to directly compete with dominants, making them more likely to come up with alternative solutions to problems and be the innovators within a social group (Reader & Laland, 2003; Bókony et al., 2014; Keynan et al., 2016). In general, subordinates are thought to be more behaviorally flexible and more willing to take on risks, as such risk-taking behaviour can help them to move up in rank or access additional resources; behavioural flexibility and risk taking are often associated with greater cognition and learning capabilities (Sih & Giudice, 2012; Chase et al., 2002; Langley et al., 2018a). 
[bookmark: _Hlk176046782]From the paragraphs above it is evident there is conflicting theory about how social rank might influence learning capability. To make matters worse the limited empirical research to date on this topic has produced mixed results (Langley et al., 2018b). In some species, dominants are better learners (e.g. meadow voles, Microtus pennsylvanicus; mice, Mus musculus; pheasants, Phasianus colchicus; European starlings, Sturnus vulgaris), while in other species subordinates are better learners (e.g. zebra finches, Taeniopygia guttata; long-tailed macaques, Macaca fascicularis) (Barnard & Luo, 2002; Fitchett et al., 2005; Langley et al., 2018b; Boogert et al., 2006; Barrett et al., 2022; Bunnell & Perkins, 1980). Furthermore, there have even been studies where there were no observable differences in learning between social ranks (e.g. domestic roosters, Gallus gallus; horses, Equus caballus; spotted hyenas, Crocuta crocuta) (Francia et al., 2006; Croney et al., 2007; Christensen et al., 2012; Benson-Amram & Holekamp, 2012). It is important to note that the methods used to test learning have varied widely across these studies, which may be the cause of some of the discrepancies.
[bookmark: _Hlk175991924]It is of course possible that instead of one social rank always being the better learner, individuals of different ranks may simply be better at a particular type of learning. In general, animals learn in one of two ways: through their own experiences (known as asocial or individual learning) or by watching and copying others (known as social learning, Kendal et al., 2005; Galef, 2009). Social learning is less energetically costly, but it can also be unreliable, whereas individual learning is more reliable but comes with greater risks (Hoppitt & Laland, 2013; Munch et al., 2018; Camacho-Alpízar & Guillette, 2023). Since it is argued that subordinates are often more behaviourally flexible, neophilic and risk prone (Seok An et al., 2011), they should be better at individual learning, as this type of learning often requires exploration of one’s environment and a willingness to interact with novel objects. In particular, a subordinate’s behavioural flexibility might allow them to excel at reversal learning, where an individual has to suppress a previously learned association and change from responding to that stimulus to a new one to receive a reward (Izquierdo & Jentsch, 2017). In contrast, dominant animals that are more risk adverse and less behaviourally flexible may be less likely to individually learn and might even prefer, when possible, to learn socially (Boogert et al., 2006; Seok An, 2010; Laland, 2004). Dominants will benefit from retaining their position in the group for as long as possible, and so they may not want to use risky behaviours. Dominants can also easily monopolize social learning opportunities by displacing subordinates, as has been observed in ring-tailed lemurs, Lemur catta (Kappeler, 1987). It is worth mentioning that differences in the propensity to socially learn may also be dependent on the relationship between the demonstrator and observer. A more dominant, older or trusted individual, for example, may make a better demonstrator either because they may provide more reliable information or attract more attention due to their social prestige (Pongrácz et al., 2008; Camacho-Alpízar & Guillette, 2023).  
[bookmark: _Hlk175088181]The previous experimental research conducted on rank and learning has primarily focused on birds and mammals, leaving major gaps in our knowledge about the relationship in other taxa. Neolamprologus pulcher is a group living fish species endemic to Lake Tanganyika in Africa with social hierarchies made up of a dominant male and female pair, and up to 20 mixed sex subordinates. (Taborsky & Limberger, 1981; Taborsky, 1984, 1985; Balshine et al., 2001; Wong & Balshine, 2011). N. pulcher have highly stable ranks with dominant members typically holding their position for several months to a year (Stiver et al., 2004, Wong & Balshine, 2011), and have clear behavioural and morphological differences between ranks (Heg et al., 2004; Wong & Balshine 2011; Culbert et al., 2019; Ruberto et al., 2020) all making this species a useful candidate for testing how social rank influences learning in fish. In this study, we used N. pulcher to test how social rank influences asocial and social learning. We expected subordinates to take fewer trials to asocial learn, while dominants would take fewer trials to social learn. We also expected that in the social learning trials, both dominant and subordinate observers would learn faster from dominant demonstrators. 
[bookmark: _Toc176178480]2.3 Methods
The experiments described below were conducted at the Aquatic Behavioural Ecology Laboratory at McMaster University between January and November 2023 using laboratory-reared Neolamprologus pulcher. Prior to the experiments, the fish were held in 189 L social tanks in long term groups of four to six fish. Groups were socially stable and had been kept together for at least four months before the start of the procedures outlined below. All social group aquaria were maintained at 26-28º C, with a 12:12h light:dark cycle. Fish were observed daily, and we monitored their ranks and health. Fish were fed ad libitum six days a week with commercial fish flakes. Prior to beginning each experiment, the fish were sexed and measured for their standard length (in mm), and mass (to 0.01 g). 
[bookmark: _Toc176178481]2.3.1 Learning assay
[bookmark: _Hlk175088124]Fish were trained over a series of trials to move either a small blue or a small yellow coloured plastic disc (2 cm in diameter) off a feeding tray; when they moved the disc they were able to access a food reward (a small piece of bloodworm, approximately 5 mm long). The feeding tray was a white plastic rectangular block (2 x 10 x 5 cm) with 10 small upward facing shallow holes or food wells. Each well was 0.9 cm in diameter and 0.5 cm deep (see Figure 2.1A, 2.2A). In the first training trials, the disc was placed next to a well containing food. As the fish learned to eat from the wells, we moved the disc, so it covered more and more of the well on each ensuing trial (starting with covering 25% of the well, then 50%, then 75% and finally 100%). This meant the fish had to eventually move the disc to access the food reward. Fish typically took 5-10 trials to learn to move a disc that was fully covering the food reward, and then would take an additional 10 trials to solidify their performance and consistently move the disc. If re-enforcement training was needed (i.e. for demonstrators in Experiment 2), we conducted these re-enforcement trials using a similar process as described above but began the trials with the disc already half covering the well. The well that was baited and covered on the feeding tray was always chosen at random, using a random number generator (numbergenerator.org). This learning /foraging assay was selected because it had been shown to be simple to learn and it mimics behaviours such as moving stones and sand that are commonly performed by the N. pulcher in the wild and the laboratory (Culbert et al., 2021; Taborsky & Limberger, 1981, Balshine et al., 2001; Naef & Taborsky, 2020).
[bookmark: _Toc176178482]2.3.2 Experiment 1: Asocial (individual) learning
This experiment was conducted between January 25th and May 22nd, 2023. Thirty-four fish (17 dominants and 17 subordinates) were taken from their respective social tanks and placed individually into a learning tank (see Figure 2.1A), such that each learning tank housed one fish. The learning tanks were 38 L tanks (50 x 27 x 31 cm), split into two sections by a movable opaque barrier. The front section of the tank contained a feeding tray, and the back section contained a half clay flowerpot that each fish could use as shelter. All tanks were fitted with a mechanical water filter, maintained between 26-28º C and had approximately two cm of crushed coral sand as substrate. 
Phase 1: Initial learning
Fish were given 24 hours to acclimatize to their new tank. After the acclimatization period, each fish was given one hour to explore the feeding tray (see above) before being trained to move a coloured plastic disc over a series of trials as explained above. During each trial, the opaque barrier was lifted allowing the fish to access and interact with the feeding tray, the plastic disc and the food reward. Fish were given two minutes to move the disc and/or eat the food. Whether or not the fish moved the disc and ate the food reward, after two minutes each fish was gently guided back to their clay shelters and the opaque barrier would be lowered, allowing us to reset and rebait the feeding tray without disturbing the fish. The fish typically interacted with the food reward and disc quickly, and returned to the shelter on their own. Half the fish were trained to move a blue disc, and half the fish were trained to move a yellow disc. 
Phase 2: Associative learning
Once the fish had moved a disc from a fully covered well five trials in a row, we began the associative learning trials where a second disc was added. The new disc was the alternative colour (blue or yellow) from the colour the fish had originally learned to move, and this “incorrect” disc had a stainless-steel nut attached to the bottom, with the nut fitting snuggly into the feeding well to prevent the fish from moving the disc. A food reward was placed under both the “correct” movable disc and the “incorrect” immovable disc.  Trials continued until the fish always interacted and moved the correct disc (the colour they had originally learned to move) in eight out of 10 consecutive trials (P = 0.044 Binomial test). We ran 10 trials a day for a maximum of five days (i.e., a maximum of 50 trials per fish). 
Phase 3: Reversal learning 
[bookmark: _heading=h.30j0zll]Once a fish reached the learning criteria, we commenced the reversal learning phase of the experiment. If fish did not learn at the associative phase, they were excluded from the reversal learning task. In the reversal learning trials, we switched which coloured disc was movable, forcing the fish to suppress their previous colour training and learn to make a new colour choice to receive a food reward. We ran 10 trials a day for up to nine days in this reversal phase of the experiment (i.e., a maximum of 90 trials per fish). The fish were considered to have reached the reversal learning criteria if they successfully moved the correct coloured disc in eight out of 10 consecutive trials. All trials (associative and reversal phase trials) were videotaped on a FDR-AX700 camcorder set up in front of the learning tanks. 
[bookmark: _Toc176178483]2.3.3 Experiment 2: Social learning
This experiment was conducted between April 28th and November 10th, 2023. The social learning tanks were 70 L tanks (76 x 30.5 x 30.5 cm) divided into three compartments by two sets of movable plastic barriers (each set of barriers included one opaque and one clear barrier). The two outer compartments each contained a half clay pot shelter while the centre compartment contained the feeding tray (see Figure 2.2A). The tanks also contained 2 cm of coral sand substrate, an aquarium heater, an air stone, and a mechanical filter and were maintained between 26-28º C throughout the experiment. A demonstrator fish (a fish that had previously been trained to move either a yellow or a blue coloured disc) was placed on one side of the social learning tank and a naïve observer fish was added to the other side. An equal number of dominant and subordinate demonstrators (n= 24 of each) were used in this experiment. 
Phase 1: Demonstrator testing
Demonstrators were given 24 hours to acclimatize to their new tanks, and then were tested to confirm they would consistently move a disc that fully covered a well to get a food reward. If a demonstrator did not move the disc consistently (three trials in a row), they were retrained following the methodology described above. Once all demonstrators were consistently moving the disc, a naive observer fish was added to each social learning tank in the opposite outer compartment. Apart from during the demonstration, the demonstrator and observer could not see each other as they were separated between trials by two opaque and two clear barriers. In total there were 22 same rank demonstrator-observers pairings (dominant demonstrators with dominant observers or subordinate demonstrators with subordinate observers) and 26 mixed rank demonstrator-observers pairings (dominant-subordinate and subordinate-dominant combinations). Observer fish were always given 24 hours to acclimatize to the new tank, and then given one hour to explore the middle compartment with an empty feeding tray. During this acclimation period they could not see the demonstrator fish.
Phase 2: Observer trials
We then ran five demonstrator trials in a row, followed by a single observer trial. During the demonstrator trials we raised both barriers on the demonstrator’s side and the opaque barrier on the observer’s side. This allowed the observer fish to see the demonstrator and they could watch the demonstrator move the disc to reach the food reward. The clear PVC barrier prevented the observer from entering the middle compartment and directly interacting with either the demonstrator or the feeding tray. After allowing the observer to watch the five demonstrator trials, we ran one observer trial. During the observer trial both barriers on the observer’s side were raised, but both barriers on the demonstrator’s side were down. This allowed the observer to interact with the disc and feeding tray, but fully blocked the demonstrator fish from view and prevented any potential social distractions. We repeated this process twice a day approximately an hour apart for a total of 10 demonstrator trials, and two observer trials per day for each observer-demonstrator pair of fish. Discs always fully covered the food. Trials ran until the observers had moved the disc in three consecutive trials or for a maximum of 12 days (i.e. up to a maximum of 24 observer trials per fish). If the demonstrator failed to move the disc during one of their demonstration trials, that trial was rerun immediately. If the demonstrator failed again to move the disc (failed in two consecutive trials), we ended that set of trials for the day. One demonstrator completely stopped moving the disc halfway through the experiment, so we excluded that demonstrator-observer pair from our analysis. Observers were given a maximum of 24 trials due to time restraints on the facility where the social learning tanks were housed and to prevent the observer fish from eventually learning to move the disc asocially. 
Phase 3: Control Trials
To ensure that the observers were indeed copying the behaviours of the demonstrators and not simply asocially learning to move the disc, we also ran control trials with 18 naive fish, nine dominants and nine subordinates. These 18-control fish did not see demonstrators. They were placed individually into the asocial learning tanks (see Figure 2.1A) without any demonstrator to show them how to lift the disc. Just like the observer fish in the social learning experiment, control fish were given 24 hours to acclimatize to the tank, plus one hour to explore the empty feeding tray, before the control trials began. Each control fish was randomly assigned to a disc colour, resulting in an equal number of fish learning on blue and yellow discs. In each control trial, food was placed in a random well and then fully covered by the disc. Each control fish was given two trials a day (just like the observer fish) to try and move the disc. Trials ran for a total of 12 days (24 trials per fish in total) or until the fish moved the disc in three consecutive trials.  All control and social trials were recorded on an FDR-AX700 camcorder set up in front of the tank on a tripod.
[bookmark: _Toc176178484]2.3.4 Behavioural assays
Behavioural traits such as boldness, exploration, activity and sociality have been found to affect aspects of cognition across a wide range of taxa (Dougherty & Guillette, 2018). To control for any potential differences in these behavioural traits across social rank, we ran a series of behavioural assays before conducting the learning trials. Within four days of beginning the learning trials, focal fish were tested using two behavioural assays. One tested for activity, exploration and boldness, the second assay tested sociality. The order of these behavioral assays was randomized for each fish by flipping a coin. 
Activity and Exploration in an Open Field Assay
Activity and exploration were tested by placing an individual focal fish into a large, novel behavioural tank (96 x 46 x 43 cm) that had the back, front and one side covered with blue adhesive paper to prevent any potential distractions from outside the tank. The bottom of the tank was a simple glass bottom, with a 5 x 5 cm grid drawn on it. The water temperature in the tank was maintained between 26-28º C and a half clay flowerpot was placed at one end of the arena, which served as a shelter and starting place for the fish. To begin this assay, a focal fish was taken from its group tank and gently placed inside the clay flowerpot with the entrance of the pot blocked by a movable clear plastic barrier. The barrier prevented the fish from exiting the flowerpot and we left the barrier in place for five minutes. After five minutes, the plastic barrier was lifted, allowing the fish to exit the shelter if it desired and freely swim around the tank for 10 minutes. Across the tank from the shelter there was a movable opaque barrier, behind which was a Lepidiolamprologus kendalli, a predator of N. pulcher, that was housed in a separate tank to avoid any olfactory cues.  After the initial 10 minutes, we lifted the opaque barrier to reveal the L. kendalli. This response to predator part of the trial lasted for an additional 10 minutes. 
The exploration, activity and the predator response phases of the trial were all recorded by a camera (FDR-AX700 Handycam) mounted above the aquarium. We scored the time it took the fish to leave the shelter, how many times the fish returned to the shelter and how much time each fish spent in the shelter. We recorded the total number of gridlines crossed by each fish, and the number of unique gridlines crossed by each fish in the 20 minutes of the trial. We also measured the time the focal fish spent near the predator, defined as the fish being in the grid row closest to the predator. Finally, we recorded the time the fish spent near the walls of the tank (a measure of thigmotaxis) and in the central grids. This last measure was based on classic open field tests which measure thigmotaxis (staying close to vertical surfaces), which is thought to be an antipredator defense strategy (Lamprea et al., 2008).  

Sociality assay
Sociality was tested on all focal fish in a different but identical 96 x 46 x 43 cm glass tank, split into three identical compartments (each compartment was 32 x 46 x 43 cm in size). The compartments were separated by a clear unmovable barrier and by an opaque movable barrier. In this assay, a previously established social group was placed in one of the end compartments, while the opposite tank compartment was left empty. The social group consisted of two dominants and one subordinate that were unknown to the focal fish, and the side on which the social group was placed (left vs right) was randomly assigned by flipping a coin. The middle compartment was separated into four, even 8-cm-wide sections by drawing vertical lines on the front of the tank. At the start of this assay, each focal fish was placed individually in a clear tube in the middle compartment for a five-minute acclimation period. The two opaque barriers and the plastic tube were then remotely lifted, allowing the focal fish to see both outer compartments and to swim freely around the middle compartment. Trials lasted for 10 minutes and were recorded on a FDR-AX700 camcorder set up on a tripod in front of the tank. We measured the proportion of time that the focal fish spent within one grid space (approximately one body length, 8cm) of the social group. 
[bookmark: _Toc176178485]2.3.5 Video scoring
All the videos were scored by research assistants who remained blind to the rank identity of the focal fish. In each trial we recorded if the focal fish moved the disc, the number of times it moved the disc (frequency of interaction), and the time it took before the fish moved the disc (latency to interaction). In the social learning experiment, we also recorded the total number of interactions fish had with the feeding tray, the time each fish spent in the centre compartment, and any interactions that occurred between the demonstrator and the focal fish (e.g. charging or biting the clear barrier). We considered anytime the fish touched the “incorrect” disc or tried to eat out of an empty well as a mistake and scored these as well.  In total, we scored 1250 asocial trials and 962 social trials. Although a small percentage of trials were lost due to video camera or memory card technical issues (n=22, 1.8% for the asocial trials and n=24, 2.5% of the social learning trials), we had notes that were taken after each trial so we could determine if the discs had been moved. 
[bookmark: _Toc176178486]2.3.6 Statistical analysis
All data analyses were conducted using R (version 4.3.3), with an α set to 0.05. We initially analyzed the influence of social rank on learning performance using a Cox Proportional Hazards Regression model (Survival package in R). A Cox Proportional Regression model is a semi parametric model that does not make assumptions about the distributions of the response variables. Any individual that failed to reach its learning criteria (eight out of 10 trials in the asocial learning tasks or three moves in a row for the social learning task) were coded as censored observations. This allows us to avoid making assumptions about the learning capabilities of these individuals as they might have been able to learn if we had continued trials for longer. 
To reduce the number of variables/behaviours that needed to be analyzed, we conducted a principal components analysis (PCA) for the behavioural assays scored (the total number of lines crossed, the number of unique lines crossed, the time spent in the shelter, the time it took fish to leave the shelter, the time spent in the centre grids, the time spent near the predator and the time spent near the social group) using the FactorMineR package in R. All behavioural scores were mean centred and standardized before being used in the PCA with the scale function in R (Schielzeth, 2010). After performing the PCA, we used a Cattell-Nelson-Gorsuch (CNG) scree test (using the nFactors package in R) to determine how many principal components to keep. The CNG scree test is a more objective version of the commonly used technique of visually inspecting a scree plot (Gorsuch & Nelson, 1981). Using this more objective method, we determined that it would be appropriate to include the first three principal components for both experiments. All principal components had an eigenvalue ≥ 1.
We used separate models to examine how social rank influenced success on the associative, reversal and social learning tasks as well as the initial training task, using the number of trials to reach the learning criteria as the response variable, and the focal fish’s rank as a predictor variable. We also wanted to know if the inclusion of the sex, performance in the behavioral assays and the dominance rank and/or sex of the demonstrator fish would improve the fit of the models. To find the best fitting model, we used the dredge function (MuMIn package in R) to test a set of models with all combinations of variables. This function produces AICc scores for all possible models. We then chose the best fitting model that included the rank predictor variable. A reduction of the AICc score of at least two was treated as a better model, and if multiple models were different by a score of two or less, we chose to use the model with the fewest variables to avoid overfitting.
To test for proportional hazards in our models we visually inspected the Schoenfeld residuals against the transformed number of trials it took the fish to learn. This analysis plots the covariate value for an individual that failed to learn, minus the individual’s estimated value assuming our sample had proportional hazards across all trials, which allows us to test if the hazard rate across our trials was constant. We then used a DFBETA residual plot to check for any influential observations, with any DFBETA residual ≥ 1 being considered an influential observation (Xue and Schifano, 2017). We did not find any violations of the Cox Proportional Hazards model assumptions in our models. 
After testing for the effect of social rank on learning, on the behavioural tendencies of the focal fish (via PCA), and on how the rank of the demonstrators influenced learning (number of trials until the fish consistently moved the disc), we analyzed if there was any correlation between the number of trials it took fish to learn and the time it took to move a disc or to the number of mistakes made. We also tested whether learning speed was correlated to the number of times the demonstrator fish moved the disc, the time it took the demonstrator to move the disc, or the number of mistakes the demonstrator made. 
[bookmark: _Toc176178487]2.4 Results	
[bookmark: _Toc176178488]2.4.1 Behavioural assays
Asocial learning PCA
The behavioural traits scored for the fish in the asocial learning trials loaded strongly on to three principal components (see Table 2.1 for the contributions and loadings of each behaviour). PC1 explained 41% of the total variation, PC2 explained 21.5% and PC3 explained 16.6%. PC1 increased as the fish crossed more gridlines in total, crossed more unique gridlines, left the shelter faster and spent less time in the shelter. Thus, we considered PC1 to be a measure of activity and exploration. PC2 increased as the fish spent more time in the open centre grids (grids away from the shelter and walls). Being out in the open away from any potential protection of walls or shelter means that the fish is bold, hence we considered PC2 to be a measure of boldness. PC3 increased as fish spent less time near the social group (were less social) and less time near the predator. So, we considered PC3 to be a measure of shyness. We did not find a significant difference in PC1, PC2 or PC3 between ranks (see supplementary Table 2.1), nor did we find a significant difference between ranks in the individual behaviours scored (see supplementary Table 2.2).
Social learning PCA
The first three principal components were also included in our results for the social learning experiment (see Table 2.2 for the contributions and loadings). In this second experiment, PC1 explained 44.8% of the total variation, PC2 explained 16.6% of the total variation and PC3 explained 14.3% of the total variation. We found that the first three principal components for the social learning experiment had similar loadings to results we found in the asocial learning experiments. PC1 increased as fish moved more, crossing more total and unique gridlines, and as the fish spent less time in the shelter. So again, we considered PC1 to be a measure of activity and exploration. PC2 increased if individuals spent more time in the centre grids of the arena so like in the first experiment PC2 was considered to be a representation of boldness. However, we found that PC3 increased as time spent near a social group increased, the inverse of what we found in the asocial learning experiment. So, we considered PC3 to be a measure of sociality not shyness in this experiment. We did not find a significant difference in PC1, PC2 or PC3 between ranks (see supplementary Table 2.3). We also did not find a significant difference between ranks in the individual behaviours scored (see supplementary Table 2.4).	
[bookmark: _Toc176178489]2.4.2 Experiment 1. Asocial learning
Initial training: We found that 23 of our 34 fish (67%) were able to consistently move the disc during our initial training phase. In total, 13 dominants and 10 subordinates learned the simple training task. Dominants took 21.2 ± 0.1 trials (mean ± SE) trials to learn, while subordinates were learning a little faster, taking only 15.4 ± 0.3 trials to learn to consistently move the disc, however this was not a significant difference. For the initial learning task, the model of best fit included the third principal component, largely driven by sociality and the time spent near the predator, both variables that strongly negatively loaded on the third principal component. We found no significant effect of rank on how many trials it took for the fish to learn (Cox Proportional Hazards model, hazards ratio=0.59, z=-1.21, p=0.23), but there was a significant effect of the third principal component (hazards ratio=0.24, z=-3.94, p<0.001).  The third principal component was significantly positive correlated to the number of trials to learn (Spearman’s rank test, rho=0.46, p=0.029), indicating that fish that were less social and spent less time near predator took fewer trials to learn to move the disc.  
Associative Learning Phase: In the associative learning phase, 82% of the fish (19/23) learned to move the correct disc. Fish took an average of 15.5 ± 2.5 trials to learn to move the correct disc. Dominant (n=10) fish learned the associative task in 14.7 ± 4.2 trials, while subordinates (n=9) took 16.3 ± 2.5 trials to learn. For the associative learning task, the model of best fit again included third principal component. We found no significant effect of social rank on how long it took the fish to associatively learn (Cox Proportional Hazards model, hazards ratio=0.76, z=-0.60, p=0.54, Figure 2.1B), but again there was a significant effect of the third principal component (Cox Proportional Hazards model, hazards ratio=0.45, z=-3.28, p=0.001, see Figure 2.3C). We found a positive correlation between the third principal component and the number of trials it took to learn, which was trending towards significance, suggesting that fish who were less social and were more afraid of the predator tended to learn faster (Spearman’s rank test, rho=0.42, p=0.08).
Reversal Learning Phase: Only fish that successfully reached the associative learning criteria advanced to the reversal learning trials. The reversal learning criteria was met by 63% of the fish (12/19 fish, six of each social rank). Overall fish took 43 ± 6.9 trials to reverse the task they had previously learned, taking more than double the number of trials (15.5 ± 2.5) that it took fish to master the associative task. Dominants (n=6) took significantly longer (more trials) to learn the reversal task (57 ± 10.0 trials) than subordinates (n=6, 29 ± 5.3, hazard ratio=5.37, z=2.02, p=0.04, Figure 2.1D). While it was not included in our Cox proportional model, we found a significant correlation between the number of trials taken to learn and how much time the fish spent near the social group and the predator, with less social, fearful fish learning fastest (Spearman’s rank test, rho=0.61, p=0.035, see Figure 2.3F).
[bookmark: _Toc176178490]2.4.3 Experiment 2. Social learning
Learning from others to move a disc and reaching the social learning criteria of moving a disc three times in a row was met by only 51% of the fish that we attempted to train (24/47, 13 dominants and 11 subordinates). However, none of the control fish (n=18) were able to successfully learn to move the disc consistently. There was no improvement to the model with the addition of any other variables (sex, behaviour, etc.). Naïve dominants (13.2 ± 1.7 trials) and naïve subordinate (16.3 ± 1.9) observers did not differ in the number of trials taken to socially learn to move the disc (hazard ratio=0.77, z=-0.63, p=0.53, see Figure 2.2B). 
Latency to move the disc 
During the associative learning phase, fish took an average of 47 ± 3.5 seconds to move the correct disc (see Figure 2.1 C). The time taken to move the disc tended to be positively correlated with the number of trials taken to associative learn, showing that the fish who learned more quickly (in fewer trials) tended to move the disc faster (Pearsons’s correlation, R2=0.4, t=1.7, p=0.09). Fish took a little longer on average to move the disc during the reversal learning trials (52.6 ± 5.2 seconds, see Figure 2.1 E), but there was no significant correlation between the time to move the disc and the number of trials to learn in the reversal learning task (R2=-0.23, t=-0.72, p=0.49). Fish in the social learning trials took the longest to move the disc during their trials with a mean of 92.3 ± 10.9 seconds before moving the disc (see Figure 2.2 C). Overall, the time fish took to move the disc was not correlated to their learning capabilities in the social learning trials (R2=0.08, t=0.4. p=0.67).  We did not find any significant difference in the time it took to move the discs between dominant and subordinate fish (see supplementary Table 2.5). 
Number of mistakes
Fish rarely interacted with the incorrect disc, nor did they investigate incorrect wells during associative learning phase of Experiment 1 (Individual Learning), making an average of 0.5 ± 0.1 mistakes per trial. Fish that made more mistakes were significantly faster learners in the associative learning phase (R2=-0.52, t=-2.4, p=0.03). Fish made the most mistakes during the reversal learning phase with a mean of 2.0 ± 0.3 mistakes per trial. The number of mistakes that a fish made during the reversal learning trials was not significantly correlated to the number of trials it took fish to learn (R2=0.39, t=1.3, p=0.23). Fish made the fewest mistakes during Experiment 2 (Social Learning), an average of 0.4 ± 0.1 mistakes per trial. Once again, the number of mistakes was not significantly correlated to the number of trials it took observers to social learn (R2=0.07, t=0.34, p=0.73).
Demonstrator behaviours
Demonstrators moved the disc in 22.4 ± 2.2 seconds. We found that there was a trend towards a significant correlation for observers to take fewer trials to learn from demonstrators who took more time to move the disc (R2=-0.40, t=-1.86, p=0.079), suggesting that rapid demonstration may impede learning. Demonstrators interacted with the disc frequently during the demonstrator trials, moving the disc an average of 3.2 ± 0.23 times in each trial. We found that observers took longer (more trials) to learn the more times their demonstrator moved the disc (R2=0.45, t=2.19, p=0.04).
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	[bookmark: _Toc175400543]Figure 2.1 
(A) Illustration of the individual learning tanks and social control tanks, (B) the survivorship curves showing the number of trials required to learn the associative learning task, and (D) the reversal learning task. 
(C) Latency (s) to move the disc in the associative learning trials, and (E) in the reversal learning trials. Dominant N. pulcher are represented by dark blue while the subordinate N. pulcher are represented by light blue.  
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(A) An illustration of the social learning tank, (B) the survivorship curve showing the number of trials to learn the social learning task, and (C) latency (s) to move the disc in the social learning trials. Control fish are represented by the black dotted line in (B), dominant N. pulcher are represented by dark blue and the subordinates are represented by light blue in both (B) and (C). 
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	[bookmark: _Toc175400545]Figure 2.3
The relationship between the trials taken to associative learn with (A) principal component 1, (B) principal component 2, and (C) principal component 3. The relationship between the trials taken to reversal learn with (D) principal component 1, (E) principal component 2, and (F) principal component 3.  The relationship between the trials taken to social learn with (G) principal component 1, (H) principal component 2, and (I) principal component 3. Dominant N. pulcher are represented by dark blue points; subordinates are represented by light blue points. The blue line represents the correlation between the trials taken to learn and the principal components for both ranks combined. Dotted lines represent principal components with no significant effect on learning, while the solid line represents a significant effect on learning. The grey bars represent the 95% confidence interval. 
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Average behavioural scores measured for the fish in the asocial learning trials, and how these behaviours loaded on to the three principal components used in our analysis. PC1 has an eigen value of 2.8, PC2 has and eigen value of 1.5, and PC3 has an eigen value of 1.1. The contribution % is the percent a variable contributes to each principal component. The loading strength explains the correlation and direction (positive or negative) of each variable for each principal component. The main variables contributing to each principal component are bolded. 


	
	Time Near Social Group (s)
	Total Lines Crossed
	Unique Lines Crossed
	Time in center grids (s)
	Time Near Predator (s)
	Time in shelter (s)
	Time To Leave Shelter (s)

	Mean+SE
	263 ± 30
	70 ± 12
	12 ± 2
	322 ± 55
	125 ± 27
	431 ± 88
	180 ± 44

	PC1 (Activity and Exploration) contribution %
	0.25
	20.23
	18.96
	2.68
	8.58
	25.15
	24.13

	PC1 loading strength
	-0.05
	0.45

	0.43

	0.16
	0.29

	-0.50
	-0.49

	PC2 (Boldness) contribution %
	8.63
	3.77
	11.8
	45.26
	16.24
	5.4
	8.32

	PC2 loading strength
	-0.29

	0.19
	0.34

	-0.67

	0.40

	0.23
	0.28

	PC3 (Shyness) contribution %
	48.26
	11.71
	1.82
	6.86
	27.10
	3.35
	0.88

	PC3 loading strength
	-0.69

	0.34

	0.13

	-0.26

	-0.52
	0.18
	0.09
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Average behavioural scores measured for the fish in the social learning trials, and how these behaviours loaded onto the three principal components used in our analysis. PC1 has an eigen value of 3.1, PC2 has and eigen value of 1.1, and PC3 has an eigen value of 1.0.  The contribution % is the percent a variable contributes to each principal component. The loading strength explains the correlation and direction (positive or negative) of each variable for each principal component. The main variables contributing to the principal components are bolded.   


	
	Time Near Social Group (s)
	Total Lines Crossed
	Unique Lines Crossed
	Time in center grids (s)
	Time Near Predator (s)
	Time In shelter 
(s)
	Time to 
Leave 
Shelter (s)

	Mean+SE
	421 ± 29
	91 ± 14

	13 ± 1

	215 ± 37

	140 ± 24
	552 ± 67
 
	316 ± 58

	PC1 (Activity and Exploration) contribution %
	0.003
	23.17
	21.20
	3.32
	17.75
	26.00
	8.55

	PC1 loading strength
	-0.001

	0.48

	0.46

	0.18

	0.42

	-0.51
	-0.29

	PC2 (Boldness) contribution %
	16.6
	1.71
	0.021
	55.37
	2.65
	6.09
	17.52

	PC2 loading strength
	0.41

	-0.13

	-0.015

	0.74

	-0.16

	-0.25
	0.42

	PC3 (Sociality) contribution %
	79.1

	0.64
	0.79
	17.3
	1.71
	0.017
	0.38

	PC3 loading strength
	0.89

	0.08

	-0.089

	-0.41

	0.13

	-0.013
	-0.062





[bookmark: _Toc176178491]2.5 Discussion
[bookmark: _Hlk174967214]In this study we tested how social rank influences learning capabilities in the group living fish species Neolamprologus pulcher. We expected subordinates to be faster asocial learners, and dominants to be faster social learners. We also expected both subordinates and dominants to socially learn faster from a dominant demonstrator. We found that social rank did not influence all forms of learning, as dominants and subordinates learned to associate a coloured plastic disc with a food reward in a similar number of trials, but subordinates were able to reverse their learned colour preferences faster than the dominants (reversal learning). We also found that dominants and subordinates took a similar number of trials to learn to access a food reward when learning from others. As well, we found that the rank of the demonstrator did not influence the number of trials it took observers to learn the social learning task. 
A possible explanation for why we did not find a difference with rank in terms of the number of trials needed to learn the associative learning task is the simplicity of the task. Simple learning tasks may be too easy and may hide differences in learning abilities. Differences between dominants and subordinates are often found in more cognitively challenging tasks such as differences in innovation, as seen in guppies, Poecilia reticulata, chimpanzees, Pan troglodytes, and European starlings, Sturnus vulgaris (Laland & Reader, 1999; Reader & Laland, 2001; Boogert et al., 2008). In black-capped chickadees, Poecile atricapillus, dominants were better innovators than subordinates (Devost, 2016; Prasher, 2018). However, there were no differences between ranks in black-capped chickadees when testing simpler colour or spatial association tasks (Cho, 2020). In our experiment, moving the disc mimics a natural behaviour of N. pulcher, where they will move sand, debris, small rocks and snails from their shelter as a means of territory and shelter maintenance (Taborsky & Limberger, 1981; Balshine et al., 2001). As this was a familiar behaviour for the N. pulcher, it is presumably a simple task for the fish to learn to move the disc. 
[bookmark: _Hlk175177751][bookmark: _Hlk175088282]We did find that subordinate N. pulcher were faster at reversal learning. This matches what has been found in crab-eating macaques, Macaca fascicularis, where subordinates were both faster and more accurate during a reversal learning task (Bunnell et al., 1980).  Reversal learning requires the learner to be flexible in their behaviours (Lai et al., 1995; Lucon-Xiccato & Bisazza, 2014; Izquierdo et al., 2017). Subordinate animals are often more behaviourally flexible (Katzir, 1982; Drews, 1993; Reader & Laland, 2001; Stahl et al., 2001), and the differences found in the reversal learning likely reflect this flexibility. Greater flexibility can allow individuals to adapt to changes easier, such as adapting to new social circumstances. Subordinate N. pulcher have been found to leave their natal groups and join new groups to increase their social status (Balshine et al., 2001; Kokko & Ekman 2002; Heg et al., 2004; Stiver et al., 2007; Reddon et al., 2011). Better reversal learning capacity may help explain how the subordinates are able to quickly adapt to their new groups and make the most of new opportunities. 
We found that dominant and subordinate fish took a similar number of trials to social learn. Our findings contrasted with our predictions, and the commonly held expectation that subordinates should be worse social learners (van Boekholt et al., 2021). However, a similar result has been found in other species, including in black-capped chickadees (Seok An et al., 2011). A possible explanation for why our results do not match our expectations is that in our experiment dominants and subordinates had equal social learning opportunities. Often in social groups, dominants control social learning opportunities by displacing the other members of the group. For example, lower ranked chacma baboons, Papio ursinus, are found to be less likely to social learn (Carter et al., 2016). But lower ranking chacma baboons are also relegated to the peripheries of their group, limiting their social learning opportunities. It is possible that if tested within a group, the social dynamics of the group may lead to rank differences in social learning in N. pulcher.  
Our results suggest that N. pulcher can learn a task socially, but only 51% of the total fish managed to learn from others. This was a much lower frequency than expected as this is a behaviour that the N. pulcher are familiar with (as mentioned above). It is interesting to note, however, that none of the control fish learned to move the disc over the similar time frame, indicating that performance in this behaviour was significantly enhanced by learning socially. This is also supported by the fact that fish made the fewest errors during the social learning task. So why did only half of our observers learn? One possibility is that in our laboratory experiments, observers may have had little motivation to move the discs. Motivation has been found to effect learning performance in another African cichlid fish, Astatotilapia burtoni, where more motivated individuals interacted with their learning apparatus more frequently and were more likely to learn than fish with little to no motivation (Wood et al., 2011). 
Another possibility is that while the N. pulcher were familiar with the behaviour, movement of substrate or debris can be energetically costly (Grantner & Taborsky, 1998) and is often performed by subordinates as part of the payment to be allowed on the dominants territory (Balshine et al., 2001; Fischer et al., 2014; Naef & Taborsky, 2020). The discs in the assay were presented in the central area of the tank and not in what the fish would have naturally considered part of their main territory or sub-territory (Werner et al., 2003). The lack of group members to assist or impress and the disc not being in their territory also could have led to low motivation for observers to interact with the discs. 
Surprisingly, we did not find that the rank of the demonstrator affected learning. The rank pairings of the observer and demonstrator also did not significantly change the number of trials it took to learn, regardless of whether it was a same rank pairing (dominant-dominant or subordinate- subordinate) or a mixed rank pairing (subordinate–dominant or dominant-subordinate).  We expected that all observers would learn faster from dominant demonstrators, as dominants are often older, larger fish with more resources and hence can be seen as more reliable sources of information (Pongrácz et al., 2008; van Schaik, 2010; Camacho-Alpízar & Guillette, 2023). However, a bias toward learning from dominants is not universal among animals. Rats, Rattus norvegicus, have been shown to copy the food choices of subordinate demonstrators (Awazu & Fujita, 1998; Awazu & Fujita, 2000), and there has been no bias toward learning from either rank in wild vervet monkeys, Chlorocebus aethiops (Botting et al., 2018). 
We did find that the actions of the demonstrator affected the learning of the observers. Observers took longer to learn from demonstrators that moved the disc more times during the demonstrator trials. As the demonstrator only received a food reward for moving the disc the first time, multiple moves of the disc might have weakened the association between the food reward and the disc for the observers. Demonstrator behaviour has been found to be an important element of successful social learning in other species. In rats, observers learned a spatial learning task more accurately when paired with a demonstrator who made fewer mistakes (Troha et al., 2023). Guppies have also been found to benefit from well-trained demonstrators compared to poorly trained demonstrators, but only in the initial learning of a task (Swaney et al., 2001). During the initial trials, a well-trained demonstrator will direct attention to the solution to a task, but well-trained demonstrators also tend to perform a task quickly, making it hard for observers to copy their behaviours. While not significant, here we found a similar trend toward N. pulcher taking longer to learn from faster demonstrators.
We also examined if behavioural traits, such as activity, exploration, boldness, or sociality were correlated to learning. Our behavioural traits were captured in three principal components that were reasonably stable constructs across both asocial and social learning experiments. Across both experiments, we found that PC1 seemed to be a measure of activity and exploration, and PC2 appeared to be a measure of boldness. However, we found that PC2 was specific to our open field assay (the time the fish spent in the centre of the arena away from the walls and shelter) and did not include our measure of the time spent near the predator. While both measures are often used to measure boldness, thigmotaxis in the open field test can be considered a measure of anxiety, because fish show a tendency to remain close to vertical surfaces (Lamprea et al., 2008; Collier et al., 2017), while proximity to the predator can be considered a measure of boldness to a direct threat. This might explain why we didn’t find both behaviours in PC2. PC3 captured differences in sociality across both experiments, but in the first experiment it was negatively correlated with sociality, while in the second experiment it was positively correlated with sociality. We also found that in the asocial experiment PC3 included a measure of time spent near the predator. This suggests that sociality and boldness may be correlated, which has been found in a few other species (Irving & Brown, 2013; Varma et al., 2020; Gartland et al., 2022). For example, in the fish species Deccan Mahseer, Tor khudree, bolder individuals were found to spend more time near conspecifics (Varma et al., 2020).  However, why sociality and boldness were only found linked in the fish in the asocial learning experiment, but not in the fish in the social learning experiment, remains unclear. It is possible that this difference is due to differences in sample sizes between experiments, as there were fewer fish used in the asocial learning experiment than in the social learning experiment. 
We found that PC3 in the asocial learning experiment was correlated with the number of trials it took N. pulcher to learn. Our finding matches the findings of a meta-analysis of personality and cognition, which found that boldness in the presence of predators is one of the few behavioural traits that was consistently related to learning abilities across taxa (Dougherty & Guillette, 2018). Past research on N. pulcher social behaviour in the presences of a predator has also been found to be correlated to learning (Culbert et al., 2021). N. pulcher that changed their preference from a large group to a small group when presented with a predator, perhaps as a way of avoiding detection, were found to be faster learners. We did not find that the trials it took to social learn were correlated to any behavioural traits tested. While social learning and sociality are often expected to be linked, aggressive juvenile Atlantic salmon who are non-social can learn socially (Brown & Laland, 2002), suggesting that social learning and sociality are not inherently linked (Webster, 2023). N. pulcher are also highly social fish, and it is possible that by isolating them from a social group, so they were only able to view and interact with their demonstrator, we masked any differences in social preferences between individuals.
One limitation of studying learning, particularly asocial learning in relation to social rank, is that the fish had to be removed from their social groups to be tested. In the wild, N. pulcher have very stable social ranks within permanent social groups, with dominants and subordinates showing obvious behavioural and physiological differences (e.g., dominants are larger, have higher expression levels of arginine vasopressin and are more aggressive) (Buchner et al., 2004; Aubin-Horth et al., 2007; Culbert et al., 2018; Culbert et al., 2024). By removing fish from their groups, we removed any potential impact the group dynamics might have on learning. For example, the social inhibition hypothesis predicts that subordinate animals will be worse learners because they need to devote more energy and attention to the dominant members of the group to avoid aggression (Overington et al., 2009; Griffin et al., 2013; Keynan et al., 2016). By removing the potential aggression from the dominants, we could be removing this distractor from the subordinates in our experiments, allowing them to pay more attention and learn better. The aggression subordinates face in their groups can also increase their cortisol levels, which is often correlated to worse learning capabilities (Mateo, 2008; Ferguson & Sapolsky, 2007). It remains possible that more learning differences would be found if the fish were tested while remaining in social groups. It is also possible that the impacts of social interactions could be tested for by having the observers remain in visual contact with other group members while they learn to move the disc. 
The relationship between social rank and learning is still relatively unexplored across taxa. N. pulcher make a useful study species due to their stable social hierarchies and clear physiological, behavioural, and morphological differences between social ranks. Such strong rank differences do not occur in all group living animals (Chase et al., 2002; van der Marel et al., 2023). In many group living animals, the social hierarchies are more fluid, and the differences in social ranks are not so closely tied to physiology but rather to the experiences and interactions of individuals in a group (Hobson & DeDeo, 2015; Tibbetts et al., 2022). In these more fluid hierarchies, individuals with better memory and decision-making skills could have more opportunities to increase their rank. This is because the individuals with superior cognitive abilities might be more careful about who to interact with and who to avoid, for example, to only fight with individuals against whom they will win (Chase & Seitz, 2011; Massen et al., 2014; Hobson & DeDeo, 2015; Reichert & Quinn, 2017). Due to the potential differences between animals living in these more fluid hierarchies and animals living in more stable hierarchies, such as N. pulcher, it could be interesting to compare if there are similar learning differences between ranks in different types of hierarchies. 
In conclusion, we found that social rank can influence certain aspects of learning but does not impact all forms of learning in the group living fish Neolamprologus pulcher. Specifically, we found that subordinate N. pulcher took fewer trials to reversal learn in a foraging assay, but there were no differences found between social ranks in a simple associative learning task or in a social learning task. Similar to past findings on N. pulcher, we also found that boldness and sociality were correlated to learning speed in the asocial learning tasks. These findings help us better understand how different individuals in the group can learn and adapt to changes in their environments. The differences in learning that we uncovered were observed when individuals were isolated from their group, and it is possible that stronger differences would arise, especially in social learning, if individuals were studied within the confines of their natural state, within the social group. 
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2.6 Supplementary materials

[bookmark: _Toc175400969][bookmark: _Toc175401293][bookmark: _Toc176109045][bookmark: _Toc175400712]Supplementary Table 2.1 

Differences in the medians of the principal component scores for the fish used in the asocial learning trials. All differences were tested for using a Wilcoxon signed-rank test, with the test statistic (W) and significance (p) shown.
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	Principal Component
	Dominants
median ± SE
n=17
	Subordinates
median ± SE
n=17
	W
	p

	1 (Activity and Exploration)
	0.23 ± 0.4
	0.05±0.4
	161
	0.82

	2 (Boldness)
	-0.10 ± 0.3
	0.35 ± 0.2
	142
	0.76

	3 (Shyness)
	-0.04 ± 0.2
	0.20 ± 0.3
	162
	0.73





[bookmark: _Toc176109046]Supplementary Table 2.2 

Differences in the medians of the behavioural scores for the fish used in the asocial learning trials. All differences were tested for using a Wilcoxon signed-rank test, with the test statistic (W) and significance (p) shown. 

	Behavioural Assay
	Dominants
median ± SE
n=17
	Subordinates
median ± SE
n=17
	W
	p

	Time Near social group (s)
	295 ± 44
	258 ± 38
	160
	0.83

	Total Lines
	69 ± 14
	45± 18
	170
	0.59

	Unique Lines
	13 ± 2
	12 ± 2 
	160.5
	0.82

	Time In Center (s)
	305 ± 83
	214 ± 70
	189
	0.24

	Time Near Predator (s)
	49 ± 36.
	37 ± 40
	148.5
	0.89

	Time In Shelter (s)
	330 ± 86 
	125 ± 153
	162
	0.79

	Time To Leave Shelter (s)
	208± 70
	154 ± 31 
	184
	0.31
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Differences in the medians of the principal component scores for the fish used in the social learning trials. All differences were tested for using a Wilcoxon signed-rank test, with the test statistic (W) and significance (p) shown.

	Principal Component
	Dominants
median ± SE
n=24
	Subordinates
median ± SE
n=24
	W
	p

	1 (Activity and Exploration)
	0.82 ± 0.4
	0.77 ± 0.3
	333
	0.21

	2 (Boldness)
	-0.18 ± 0.3
	-0.26 ± 0.2
	297
	0.62

	3 (Sociality)
	-0.27 ± 0.2
	0.24 ± 0.2
	184
	0.06





[bookmark: _Toc176109048]Supplementary Table 2.4 
Differences in the medians of the behavioural scores for the fish used in the social learning trials. All differences were tested for using a Wilcoxon signed-rank test, with the test statistic (W) and significance (p) shown. 
	Behavioural Assay
	Dominants
median ± SE
n=24
	Subordinates
median ± SE
n=24
	W
	p

	Time Near social group (s)
	264 ± 33
	264 ± 43
	194
	0.086

	Total Lines
	96.5 ± 24
	39 ± 13
	332
	0.23

	Unique Lines
	14 ± 2
	15 ± 2
	304
	0.54

	Time In Center (s)
	171 ± 66
	162 ± 26
	348
	0.12

	Time Near Predator (s)
	109 ± 35
	39.5 ± 31
	301
	0.58

	Time In Shelter (s)
	479 ± 93
	616 ± 74
	235
	0.40

	Time To Leave Shelter (s)
	211 ± 80
	81 ± 74
	322
	0.33
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[bookmark: _Toc176109049]Supplementary Table 2.5 
Differences in the median time taken to move the disc in each learning trial by rank. All differences were tested for using a Wilcoxon signed-rank test, with the test statistic (W) and significance (p) shown.
	Learning Trial
	Dominants
median ± SE
	Subordinates
median ± SE
	W
	p

	Initial
	42 ± 5.5
	42 ± 4.7
	83
	0.98

	Associative
	45 ± 4.8
	50 ± 5.0
	66
	0.26

	Reversal
	41 ± 6.9
	60 ± 7.8 
	11
	0.18

	Social
	55 ± 15.7
	84.1 ± 16.7
	36
	0.07
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Chapter 3: The Impact of Social Rank on Information Use                 and Learning Trade-offs in a Cichlid Fish
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[bookmark: _Toc176178495]3.1 Abstract
Animals can learn through their own experiences (asocial learning) or by observing and copying others (social learning). Asocial learning is typically costly in terms of time, energy and risk, but it is highly reliable. In contrast social learning is less costly but also potentially less reliable. While the low cost associated with social learning may make it seem like the obvious choice, the associated unreliability of this form of learning prevents animals from using it exclusively. Thus, animals often rely on a mix of asocial and social learning to guide their behaviour. However, not all individuals are flexible in their learning strategies and can prefer to use only one kind of learning over the other. Sex, reproductive status and personality have all been found to influence an individual’s likelihood of using one form of learning over another, but if and how social rank influences learning preferences has rarely been examined. Here we used a foraging assay to test how social rank influences the use of asocially versus socially learned information in the cichlid fish, Neolamprologus pulcher. We found that dominant N. pulcher were more likely than subordinates to use social information (adopting solutions to a problem they had observed others solving). We also found that observers were more likely to use information when they learned it from dominant demonstrators. Taken together our results shed light on how social ranks influence information use and help us better understand how information is transferred within social groups.
[bookmark: _Toc176178496]3.2 Introduction
Learning can be essential for human and non-human animals, resulting in fitness benefits for the learner and is especially important when individuals need to quickly adapt to changing environments (Bókony et al., 2014, Trompf & Brown, 2014). One way animals learn is through interacting with their environment, gaining information through their experiences. Such trial-and-error learning is known as asocial or individual learning (Kendal et al., 2005). Asocial learning results in the acquisition of highly reliable information as the learner gains information directly, however, asocial learning often comes at high energetic and time costs and can be associated with survival risks, such as greater exposure to predation (Lee & Thornton, 2021; Munch et al., 2018). Animals can forgo these costs by learning through observing the behaviour and choices of other individuals; this is known as social learning (Kendal et al., 2005; Galef, 2009). By watching what others do and how others do things, individuals can learn while avoiding time and energy consuming and sometimes even dangerous environmental sampling. Social learning is cheaper and usually faster than asocial learning, but because the learner cannot directly verify the reward outcomes, social information is inherently less reliable (Lee & Thornton, 2021; Camacho-Alpízar & Guillette, 2023). 
Although social learning is often assumed to be the optimal or the most efficient way to learn, the lack of reliability associated with social learning can severely limit its usefulness (Boyd & Richerson, 1985; Laland, 2004; Kendal et al., 2005; Boyd & Richerson, 2013). The reliability of social information will also decrease as the proportion of individuals relying on social learning in a population increases. As more and more animals within a population rely on social learning, there will be fewer individuals ground-truthing or producing the much-needed information (Boyd & Richerson, 1985; Boyd & Richerson, 1995; Giraldeau et al., 2002; Kendal et al., 2005; Boyd & Richerson, 2013). In fact, an overreliance on social learning can lead to the use of suboptimal information or even the adoption of maladaptive behaviours, such as continued use of a poor-quality resource even when a better resource is available (Swaney et al., 2001). Such maladaptive behaviours can at times persist for multiple generations leading to suboptimal traditions in particular populations (Laland, 2008). For example, guppies, Poecilia reticulata, followed a path to reach food set by a demonstrator guppy, even when a faster route was available (Laland & Williams, 1998). Similarly, blue tits, Cyanistes caeruleus, when presented with a novel foraging task almost exclusively copied the techniques learned socially, leaving food accessible through other techniques untouched (Marković et al., 2023). 
[bookmark: _Hlk175159790]While the exclusive use of social learning is not typically an optimal strategy, neither is completely ignoring social information. Animals should instead be flexible in their use of social and individual information (Rogers, 1988; Giraldeau et al., 2002; Laland, 2004). The use of social information can depend on a few factors, such as how costly and how difficult it is to learn asocially (Laland, 2004) versus socially. For example, European starlings, Sturnus vulgaris, did not use social information when they were presented with simple foraging patches that they could easily explore, but switched to using social information when they were presented with larger and more complex foraging patches where individual exploration would have been more difficult (Templeton & Giraldeau, 1996). Callitrichid monkeys, Callitrichidae (multiple species), used individual information when learning to open simple puzzle boxes, but relied on social information to open complex puzzle boxes (Day et al., 2003). Three-spined sticklebacks, Gasterosteus aculeatus, relied more on individual learning than ninespined sticklebacks, Pungitius pungitius, perhaps because the three-spined sticklebacks are more heavily armed and less prone to predation (Coolen et al., 2003). Animals can also use a variety of strategies to determine what source of information to use. For example, the ninespine sticklebacks have been shown to use a hill-climbing social learning strategy to achieve a locally adaptive mix of social and asocial learning (Kendal et al., 2009). With this approach fish used social information and switched patch preferences but only if a more profitable patch was demonstrated, otherwise maintained their individually learned patch preference. 
[bookmark: _Hlk175160104][bookmark: _Hlk175160176][bookmark: _Hlk176174652]Animals must regularly choose when to use social and individual information, but this decision is especially important when individual and social information are in conflict. Conflicting information can be caused by environmental and temporal fluctuations (Boyd & Richerson, 1985; Laland, 2004; Trompf & Brown, 2014). While animals are still expected to use the most beneficial information, different individuals show a preference for using either individually learned or socially learned information. In the Japanese quail, Coturnix japonica, offspring whose mothers experienced stress during their development were more likely to use social information, while offspring that experienced stress after hatching were less likely to use social information (Boogert et al., 2013). An animal’s personality, referring to repeatable or consistent behavioural variation, has also been shown to affect the use of social information (Carter et al., 2012). Shyer individuals are usually more reactive to other individuals, suggesting that these shy individuals may pay closer attention to others, which in turn could provide them with more social learning opportunities (van Oers et al., 2005; Stöwe & Kotrschal, 2007; Harcourt et al., 2009). Bolder barnacle geese, Branta leucopsis, were less likely to use social information (Kurvers et al., 2010). In great tits, Parus major, fast explorers copied the demonstrator’s behaviours more often than slower explorers (Marchetti & Drent, 2000). In contrast, highly exploratory female zebra finches, Taeniopygia guttata, were less likely to use social information while foraging (Rosa et al., 2012). In wild guppies, Poecilia reticulata, both boldness and sociality moderated the use of social information (Trompf & Brown, 2014). Bolder guppies avoided foraging in the area they saw a group forage, while more social guppies used social information over their personal information. In ninespine sticklebacks, gravid females were more likely to use social information, while reproductive males only used individual information (Webster & Laland, 2011). These results suggest that stress, reproductive status and personality can all influence which type of information is most likely to be used.
A less well studied factor that may influence information use is an animal’s social rank (Laland & Reader, 1999a; Laland & Reader, 1999b; Cook et al., 2014; Ohtsuki & Ujiyama, 2022). In many group living species, the groups are separated into social hierarchies, where the top members of the group are the dominants and the group members below them are subordinate (Chase et al., 2002; Sapolsky, 2005; Tibbetts et al., 2022). An individual’s social rank can influence the resources available to them and the benefits they gain from being in the group (Drews, 1993; Hamilton, 1971; Hemelrijk, 2000; Herberholz et al., 2007). The dominant members of the group are typically the ones with the greatest access to resources (Drews, 1993; Herberholz et al., 2007) and they are commonly more risk adverse to losing these resources and their status or position in the group. Dominants are often more active and connected (Aplin et al., 2013; Tibbetts et al., 2022), and therefore have more access to social information from other group members or neighbors, resulting in more social learning opportunities (Kappeler, 1987; Aplin et al., 2013). For these reasons, dominants are expected to be more likely than subordinates to prefer to use social information (Barta & Giraldeau, 1998; Giraldeau & Caraco, 2000; Cook et al., 2014; Jones et al., 2017). 
Social rank can also influence which individuals will be chosen to copy or learn from. Animals may choose to employ a social learning strategy where they copy successful individuals (Boyd & Richerson, 1985; Laland & Kendal, 2003; Laland, 2004; Camacho- Alpízar & Guillette, 2023). Within group living animals, the dominant members are often the largest and have the most resources, so they can be perceived as the most successful group members (Kappeler, 1987; Aplin et al., 2013; Camacho-Alpizar & Guillete, 2023). Whether or not animals choose to copy the actions of others based on rank has been examined in a few species such as domestic chickens (gallus gallus), and chimpanzees (Pan troglodytes), and these studies showed a bias toward copying dominant demonstrators (Nicol & Pope, 1999; Kendal et al., 2015). However, to date there has been limited research on this topic. 
To address this gap in our understanding of how social rank affects the use of contradicting individual and social information, as well as who to copy, we studied the group living cichlid fish, Neolamprologus pulcher, which are endemic to Lake Tanganyika in Africa. Groups of N. pulcher live in clustered shared territories within a colony and each group has its own social hierarchy with two dominant group members, a male and female, and up to 20 mixed sex subordinates (Taborsky, 1984, 1985; Balshine et al., 2001; Wong & Balshine, 2011). These social hierarchies are highly stable with dominant members typically holding their ranks for several months up to a year and performing most of the breeding (Stiver et al., 2004, Wong & Balshine 2011; Hellmann et al., 2015). Subordinate members of both sexes help with territory maintenance and brood care, and most do not breed (Balshine et al., 2001; Stiver et al., 2006; Hellmann et al., 2015). The stable hierarchies and well documented social behaviors of N. pulcher have made this fish species a well-known model for studying group living, dominance and social behaviour. Therefore N. pulcher is an ideal model species for testing how social rank influences social learning and how individuals weigh the costs and benefits of using asocial information versus conflicting social information. We predict that subordinate N. pulcher will only use their private information, while dominant N. pulcher will switch to the public information that they learned from the demonstrators. We also expected that more fish will switch to using the public information if they can learn it from a dominant demonstrator. 
[bookmark: _Toc176178497][bookmark: _Hlk177811133]3.3 Methods
[bookmark: _Toc176178498]3.3.1 Study animals
This experiment was conducted at the Aquatic Behavioural Ecology Laboratory at McMaster University using laboratory-reared N. pulcher. Prior to the experimental trials, the fish were held in 189 L social tanks maintained at 26-28º C, with a 12:12h light:dark cycle. Fish were held in these tanks in long-term social groups that were observed daily to monitor their health and were fed ad libitum six days a week with commercial fish flakes. Prior to each experiment fish were sexed and measured for their standard body length (to the nearest mm), weighed (to the nearest 0.01 g). 
[bookmark: _Toc176178499]3.3.2 Individual vs. social knowledge trade-off experiment
This experiment was conducted between February 15th and March 20th, 2024. All the fish used had previous experience with our foraging assay. The foraging assay involves providing the fish with a feeding tray (a white rectangular plastic block 2 x 10 x 5 cm) with 10 evenly spaced wells along the top (each well was 0.9 cm in diameter and 0.5 cm deep, see Chapter 2). The fish learned to access a food reward in one of the wells by moving a plastic disc (2 cm in diameter) that covered the well. 
[bookmark: _Toc176178500]3.3.3 Experimental trials
Fish were removed from their social groups (where they had been housed in 189 L communal holding tanks, see above) and placed into 70 L experimental tanks (76 x 30.5 x 30.5). The experimental tanks were maintained between 26-28º C, and all tanks were equipped with an air stone, a mechanical filter and approximately 2 cm of crushed coral sand as substrate. Each experimental tank was divided into three compartments by two pairs of movable plastic barriers (one clear and one opaque barrier in each pair, see Figure 3.1A). Two fish were placed in each experimental tank, one in each of the two outer compartments. The outer compartments contained an identical half clay pot which the fish used as shelter. Each pair of fish consisted of one fish that had previously only interacted with a yellow disc, while the other fish had only interacted with a blue disc. As well, half the fish were dominant (n=22), while the other half were subordinate (n=22). There was an equal number of same rank pairs (subordinate-subordinate or dominant-dominant) and pairs of opposite ranks (subordinate-dominant). All fish were given 24 hours to acclimatize to their outer compartment within the learning tanks, during which time the fish pairs could not see nor interact with one another because the opaque barriers were in place. Each fish was then individually given one hour to explore the central compartment to refamiliarize themselves with the feeding tray. The order with which each fish explored was randomly assigned by flipping a coin. During this one-hour refamiliarization period there were no discs present on the feeding tray nor was there any food in the wells. 
Following the acclimation period, fish were tested to see if they would perform the disc moving behaviour by placing a 5 mm long piece of bloodworm (midge larvae, Chironomidea) in a random well and covering it with a plastic disc of the colour that the fish was already familiar with. Both barriers (opaque and clear) on the fish’s side were raised and each fish was given two minutes to move the disc. Each fish was given three chances to move the disc from a fully covered well. If the fish failed to move the disc during these three trials, they were retrained on the disc-moving behaviour. To retrain the fish, a 5 mm piece of bloodworm was placed in a random well that was only half covered by the plastic disc, allowing the fish to see the food reward. If the fish moved the disc when it was only half covering the well, in the next trial the disc would cover ¾ of the well, and more of the well was covered in each subsequent trial until the fish moved the disc from a fully covered well. If the fish did not move the disc, we ran training trials with the disc half covering the well until they began moving the disc. Fish were given up to 10 retraining trials a day, for a maximum of five days (50 trials). Once fish were consistently moving the disc from a fully covered well (five times in a row), we then started the associative learning phase of the experiment. Most fish required some retraining, and in total 32 fish had to be retrained. Two fish failed to consistently move the disc even during retraining and were therefore removed from the experiment. 
In the associative learning phase of the experiment, we randomly placed four discs (two blue and two yellow) on four different wells on the food tray. The location of the four discs on the food tray was randomized in each trial using a random number generator (numbergenerator.org). Each disc covered a 5 mm piece of bloodworm. The two discs that represented a novel colour (the colour the fish hadn’t seen before) had steel nuts glued to their undersides so that they fit snuggly into the wells and made it extremely difficult to move them. The two discs of the colour the fish was familiar with remained nut free and so were light and easy to move. The barriers were then raised, and each fish was given two minutes to interact with the four discs (two that were of the familiar colour and two of an unfamiliar colour that were extremely hard to lift). During these associative trials, the pair of fish could not see each other because one of the opaque barriers was still in place. Trials continued until the fish moved the correct discs in eight out of 10 consecutive trials (learning criteria; binomial test p = 0.047). Fish were given up to seven days (70 trials) to learn the associative task. If one fish in a tank reached the learning criteria before the other, the faster learner would receive three reinforcement trials a day until their partner (in the opposite outer chamber) had reached the learning criteria. Once both fish in a tank had reached the learning criteria (8/10 correct), we ran the individual vs social knowledge trade-off experiment. Five out of 42 failed to reach the associative learning criteria and were excluded from the trade-off experiment. All fish that learned to associate their familiar disc colour with food moved on to the social learning phase of the experiment.  
During the social learning trials, one fish in each tank was randomly selected to be the demonstrator fish while the other was assigned to be the observer. Demonstrator trials were set up in the identical way as the associative trials for the demonstrator fish, meaning the discs of the “correct colour” that the demonstrator had previously learned to move remained easy to move, while the discs of the opposite colour could not be moved. Both barriers on the side of the demonstrator were raised, while only the opaque barrier (but not the clear barrier) on the observer’s side was raised. This allowed the demonstrator to access the discs and rewards on the feeding tray while the observer watched. Each demonstrator was given two minutes to move the discs and were then gently guided back to their side as all the barriers were lowered. We repeated this process two more times for a total of three demonstrator trials. If a demonstrator failed to move a disc during the demonstrator trials, we immediately reran the trial. If the demonstrator again failed to move a disc (in two consecutive trials), then we ended demonstrator trials for that pair for that day, and the demonstrator was given 10 more reinforcement trials. If the demonstrator still failed to move the disc during demonstrator trials the following day they were replaced by another fish of the same rank. This happened twice in this experiment. 
After the third demonstrator trial, we ran one observer trial. In this observer trial four coloured discs were randomly placed on the feeding tray (just as in the demonstrator trial), but all of the discs were easy to move.  Only the barriers on the observer’s side were raised allowing the observer to access the feeding tray but an opaque barrier blocked the demonstrator from view. This ensured that the observer would not be distracted or intimidated by the demonstrator. The observer was given two minutes to interact with the discs. After running the single observation trial, the observer fish had their original colour preference reinforced before running a second round of social learning trials with the roles of the fish reversed. We did not find any differences in the performances of the fish based on the order in which they were a demonstrator or an observer (chi-squared test, ꭕ2=1.2, p=0.3), nor based on the disc colour they were trained to move (ꭕ2=0.05, p=0.8). 
[bookmark: _Toc176178501]3.3.4 Personality trials
To control for any potential differences in behavioural tendencies or traits between social ranks, and to explore how personality might affect information use, all fish were tested in two behavioural assays. We ran each set of assays twice, once within four days prior to the start of the experiment and once within four days following the completion of the experiment. 
Assay 1. Open field test: In this assay fish were placed individually in a large empty behavioural tank (96 x 46 x 43 cm) with the back, front and one side covered with blue adhesive paper to reduce glare and any potential distractors from outside the tank. The bottom of the tank had a 5 x 5 cm grid drawn on it. The water temperature in this tank was maintained between 26-28° C and an air stone kept the water oxygenated. The air stone was removed during the video recordings to improve visibility. Inside the behavioral tank, a half clay pot served as a shelter and starting point for the fish. Across the tank from the shelter was a movable opaque barrier blocking a Lepidiolamprologus kendalli, a natural predator of N. pulcher that was located in an adjacent aquarium. The predator was kept in an entirely separate glass tank so that no olfactory cues could pass into the open field part of the tank. Fish were placed gently into the half clay pot that had a clear barrier placed in front of it. The barrier prevented the focal fish from exiting the shelter for a five-minute acclimatization period after which the barrier was removed, allowing the fish to freely move around the tank for 10 minutes. Following this initial 10-minute period, the opaque barrier was lifted revealing the predator, and the focal fish was allowed to move around for another 10 minutes. The entire 20-minute trial was recorded by a camera (FDR-AX700 Handycam) mounted above the aquarium. From the videos we scored the total number of gridlines each fish crossed, the number of unique gridlines crossed, the time each fish spent in the shelter, the latency to first leave the shelter and how much time was spent in centre of the tank (i.e. in grid squares that did not touch any wall). During the last 10 minutes, we also recorded the time spent within one grid square of the predator.
Assay 2. Sociality: Sociality was tested in a 96 x 46 x 43 cm glass tank, split into three identical smaller compartments (each 32 x 46 x 43 cm in size) by two pairs of barriers. In each pair, one was a movable opaque barrier and the other clear and fixed. None of the barriers were perforated to prevent olfactory cues from moving between areas. Three fish from a social group (two dominants and a subordinate) were placed into either the right or left compartment. The side to which the fish were added was selected by flipping a coin. This group of three fish were always unknown to the focal fish. The focal fish was then placed in the central compartment within a clear plastic, perforated cylinder to allow water flow. The central compartment was divided into four evenly spaced sections by vertical black lines drawn on the front of the tank. Each focal fish was given five minutes to acclimatize to the clear cylinder and then the cylinder was remotely lifted as were the opaque barriers. The focal fish was then given 10 minutes to freely swim around. The 10-minute trials were recorded using a camera (FDR-AX700 Handycam) mounted on a tripod in front of the tank. We scored the time the focal fish spent in each section (grid area) within the central compartment and considered the time spent near the social group as the sociality metric.
[bookmark: _Toc176178502]3.3.5 Video scoring
All observer trial videos were scored by two research assistants who remained blind to the rank and identity of the focal fish they were scoring. In each learning video we recorded 1) if the focal fish moved the disc 2) the time it took the focal fish to move the disc 3) the colour of the discs that the fish moved and 4) the order the four discs were moved. All the behavioural trial videos were scored by a separate single research assistant, who was blind to the rank and identity of each fish they were scoring. 
[bookmark: _Toc176178503]3.3.6 Statistical analysis
Analysis was performed using R (version 4.3.3) with significance set to α=0.05. We used a visual inspection of the quantile-quantile (Q-Q) plot to check for normality for our behavioural scores and transformed any non normal data. If the transformations did not improve the distribution of the data, we resorted to using nonparametric tests. 
We examined whether the fish abandoned their individually learned information about what disc colour to move to get a reward and adopted the disc colour that they observed the demonstrator lifting. In addition, we examined how the social rank of the observer and the social rank of the demonstrator influenced the use of the social information. We did this using binary logistical multivariable models where the use of social information was coded as a binary event (yes or no). If the observer moved at least one disc of the colour they saw the demonstrator move, they were deemed to have used social information, often referred to as public information (i.e. scored “yes”). Fish were counted to have used social information even if the fish moved a disc of the colour they had been trained on first. However, if the observer moved only discs of the colour that they had been previously trained on (i.e. individually learned information, often referred to as private information), they were deemed to not use social information (i.e. scored “no”). We built a separate model for the observers and the demonstrators, using their respective ranks as a predictor variable.
[bookmark: _Hlk175739574][bookmark: _Hlk175739583]To examine how the behavioural tendencies gleaned from our assays influenced learning, we first reduced the number of behavioural variables tested by running a principal component analysis (PCA) on the average of the behavioural traits across all behavioural assays. All behavioural scores were standardized using the scale function in R, which centres and normalizes the scores by subtracting the mean and dividing them by the standard deviation (Schielzeth, 2010). We then performed a Cattell-Nelson-Gorsuch (CNG) scree test (using the nFactors package in R), a more objective version of the scree test (Gorsuch & Nelson, 1981). Our CNG test determined that the first three principal components could be kept in the models. However, as the third principal component had an eigenvalue less than 1, we decided to exclude it from our models. 
We also measured the repeatability of the behavioural measurements and principal component scores with an intraclass correlation coefficient (ICC) estimate. The ICC estimates and their 95% confidence intervals were calculated using the irr package in R, using a two-way mixed effect model based on a single measurement, with absolute agreement.  	
For each model we tested how the inclusion of sex, personality traits or disc colour as additional predictor variables improved the model fit. To find the best fitting model out of all possible models we used the dredge function (MuMIn package in R). The dredge function produces AIC corrected scores (AICc) for all models. We used the AICc scores to pick the model of best fit (the model with the lowest AICc score), with a reduction in AICc scores of two or greater representing a better fit. In the case where there were multiple models within 2 AICc scores of the lowest score, we selected the model with the fewest variables to avoid overfitting.  
To test the assumption of multicollinearity in our binary logistic multivariable models, we used the vif function in R (car package). We then checked for any influential observations using Cook’s distance. We did not find that our results violated the multicollinearity assumption, and we did not find any influential observers. Finally, we examined if there was a difference in the number of discs moved between social ranks using a Wilcoxon rank-sum test 	
[bookmark: _Toc176178504]3.4 Results 
[bookmark: _Toc176178505]3.4.1 Information use
Although 88% of the fish (37 out of 42) successfully associatively learned to move a particular-coloured disc to get a food reward, only three fish (one dominant and two subordinates) completely changed their colour preferences after the demonstrator trials and exclusively moved the disc colours they were not trained on. However, many of the fish did interact with the disc colour that they saw the demonstrator move, but only after first moving the disc colour they had been individually trained on. In fact, 74% of the dominant fish (14 of 19) moved at least one disc of the colour they hadn’t been trained on (i.e. they made use of the social information passed on by demonstrators), while only 39% percent of the subordinates (seven out of 18) did so (binary logistic regression, z=-2.42, p=0.017, see Figure 3.1B). Essentially, many fish used social information and individual information together, but arguably prioritized individually acquired information. 
Observers were more likely to use information gained from dominant demonstrators compared to information gained from subordinate demonstrators (z=-2.08, p=0.01, see Figure 3.1C). Although demonstrator’s sex was also included in the best fit model, it did not have a significant effect on whether fish used social information (z=1.24, p=0.27). 
As fish did not completely switch their colour preferences but rather used social information in addition to their individual information, we also investigated if there was a difference in how many discs in total were moved by dominant versus subordinate fish.
We found that while dominants on average moved slightly more discs (mean ± SE = 2.84 ±0.3) than subordinates (2.22 ± 0.3), the difference was not significant (Wilcoxon rank-sum test, W=22.4, p=0.10, see Figure 3.2).
[bookmark: _Toc176178506]3.4.2 Behavioral assays
PCA
We included the first two principal components from our PCA (see Table 3.1 for the contribution and loadings of each behaviour on PC1 and PC2). The first principal component accounted for 62.3% of the total variation and the second principal component accounted for 16.2% of the total variation. PC1 increased as fish crossed more total and more unique lines, and with the speed that fish left the shelter. PC1 also increased as fish spent less time in the shelter. Therefore, we considered PC1 to be a general representation of activity and exploration. PC2 increased as the fish spent more time near a novel social group, so we considered PC2 to be a measure of sociality. We did not find any differences between ranks in the behaviours we scored (see supplementary Table 3.1) or in the first two principal components (see supplementary Table 3.2).
Repeatability
Intraclass correlation coefficients were calculated for each behaviour scored in our assay, as well as for the first two principal components (see supplementary Table 3.3). We found low to moderate correlations across all behaviors (ranging between 0.16 to 0.57), and low correlations across PC1 and PC2 scores (0.14 and 0.10 respectively). This may be due to the fish becoming habituated to the arena in the second behavioral assay, and the data shows that all fish were more active, exploratory and bolder in the second assay. 
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[bookmark: _Toc175400546]Figure 3.1
(A) An illustration of the trade-off tank, as well as (B) how the rank of the observer and (C) how the rank of the demonstrator influenced the proportion of fish that used social information. We considered it to be successful social learning if the individual moved at least one disc of the colour they were not trained on after watching the demonstrator trials. In these demonstration trials, the demonstrator fish moved the colour disc the observer had not been trained on. Dominants are represented by dark blue while subordinates are represented by light blue.   
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[bookmark: _Toc175400547]Figure 3.2 
The proportion of observers of each rank that moved (A) two unique discs, (B) three unique discs or (C) four discs during the observer trials. Dominants are represented by dark blue, and subordinates are represented by light blue. 


[bookmark: _Toc176109050]Table 3.1 

Average behavioural scores measured for the fish in the trade-off experiment, and how these behaviours loaded on the two principal components used our analysis. PC1 has an eigen value of 4.3, and PC2 has an eigen value of 1.13. The contribution % is the percent a variable contributes to each principal component. The loading strength explains the correlation and direction (positive or negative) of each variable for each principal component. The main driving factors for each principal are in bold font. 
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	Time Near Social Group (s)
	Total Lines
Crossed
	Unique Lines
Crossed
	Time in center grids (s)
	Time Near Predator (s)
	Time In shelter 
(s)
	Time to leave shelter
(s)

	Overall mean + SE
	190 ± 13
	107 ± 13
	17 ± 1
	84 ± 13
	79 ± 11
	433 ± 51
	275± 40 

	PC1 (Activity and Exploration)
Contribution %
	1.9
	16.6
	17.8
	9.4
	14.5
	20.5
	149.1

	PC1 Loading Strength 
	0.14
	0.40
	0.42
	0.31
	0.38
	-0.45
	-0.43

	PC2 (Sociality) Contribution %
	66.9
	4.18
	1.07
	23.4
	0.08
	3.74
	0.06

	PC2 Loading Strength 
	0.81
	-0.20
	-0.10
	0.48
	-0.03
	0.19
	0.08


[bookmark: _Toc176178507]3.5 Discussion
In this experiment, we tested how social rank related to the use of conflicting individual and social information in the group living fish species Neolamprologus pulcher. N. pulcher learned that only discs of one colour could be moved to access a food reward, while discs of another colour were immovable. The fish then watched a demonstrator move a disc of the other colour and get a food reward such that their social information clashed with their private information. We asked whether the fish would switch their colour preference to copy their demonstrators or stick with the information they had personally learned. We found that regardless of social rank, the fish preferentially used the information they had initially learned on their own, with only three fish out of 37 exclusively copying the demonstrator. This suggests that in general N. pulcher overwhelmingly preferred to use their individual information over conflicting social information. However, many fish also started secondarily to move the discs the demonstrator had interacted with. We found that dominants were more likely than subordinates to modify their behaviour and use public information gleaned from the demonstrators but did so only after using their private information. We also found that N. pulcher were more likely to use information they gained from dominant demonstrators. We did not find that activity, exploration, boldness, or sociality had any relation to social information use.  
Nearly all fish consistently moved the disc that they had learned to move during individual learning trials even after observing a demonstrator moving a different coloured disc. This lack of switching to using social information might be explained by our stable experimental conditions. With no environmental fluctuations, and having recently reinforced their individual information, there would be no reason for the N. pulcher to think their individual learning was outdated or invalid (Boyd & Richerson 1985; Laland, 2004; Kendal et al., 2005; Coolen et al., 2003; van Bergen et al., 2004). So, in our experimental set up, there may have been little pressure or reason to switch to using social information. Future work on how social rank influences information use could introduce uncertainty by delaying the time between the learning period and the observation period. 
While N. pulcher did not switch to using social information exclusively, half the fish (57%) began interacting with the discs that had previously not led to food rewards based on personal experience. However, the fish began interaction with these previously unrewarded discs only after first removing at least one disc they had been trained on. Thus, they appeared to prioritize personal information but then combine it with public information by moving discs of both colours. We found that dominant N. pulcher were more likely to modify their behaviour to include the socially acquired information. A similar behaviour has been found in house sparrows, Passer domesticus (Liker & Barta, 2002). When foraging in groups, all house sparrows used their individual information, but dominant birds were more likely than subordinates to also use social information and join other foragers. By adopting a flexible use of individual and social information, dominants can increase their benefits while they are foraging. As the dominant N. pulcher seem to be more flexible in their willingness to use social information, it is likely that they would also be more willing to switch to social information when faced with environmental or temporal fluctuations that might render their individual information outdated. However, future work is required to test this hypothesis.  
It is also possible that the differences found were a result of subordinate N. pulcher avoiding the use of social information. While being flexible in information use is generally thought to be the most adaptive strategy, animals may have strong preferences for individual information. Such a preference has been seen in barnacle geese, Branta leucopsis, where Bolder barnacle geese were less likely to use or even ignored social information provided to them about foraging patch quality, despite the fact that they had no prior individual knowledge about the foraging patch quality (Kurvers et al., 2010). Reproductive male ninespine sticklebacks, Pungitius pungitius, have also been shown to ignore all social information and instead only use individual information (Webster & Laland, 2011).  Our results suggest that subordinate N. pulcher may not employ a flexible learning strategy and instead may only use private information.
It is also possible that the subordinate N. pulcher did use social information, but with a different purpose. Subordinates may have used the social information provided by the demonstrator to avoid competing over resources. As the demonstrator only moved one set of coloured discs, the subordinates might have seen those coloured discs as food sources they have to compete over, while they could instead move the discs they had been trained on and not have to compete. Similar behaviour has been found in other species. Bold female guppies have been found to avoid feeding in the area where they witnessed a group feeding, even if they have previously learned that it was a higher quality foraging area (Trompf & Brown, 2014). This choice is suspected to be a tactic to avoid foraging in an area that may have been depleted by the group (i.e. to reduce competition). Japanese quails, Coturnix japonica, that faced food shortages after hatching avoided foraging in the same area as their demonstrators (Boogert et al., 2013). Future experiments that include a demonstrator that moves the discs of the same colour as the observer could help determine if the subordinate was using social information to avoid trying to access potentially depleted food sources.  
We found that the rank of the demonstrator affected the use of social information. N. pulcher were more likely to use social information they gained from a dominant demonstrator than from a subordinate demonstrator. This suggests that N. pulcher employ a “copy successful individuals” learning strategy (Laland, 2004; Camacho-Alpizar & Guillete, 2023). By being selective and only copying successful individuals, observers have a higher chance of learning beneficial behaviours (Laland, 2004; Hoppitt & Laland, 2013; Camacho-Alpizar & Guillete, 2023). In many group living animals, the dominants are larger, older, and in better body condition (Tibbetts et al., 2022; Camacho-Alpizar & Guillete, 2023) and so can be seen as the most successful individuals with the most resources in the group. This can lead to a bias in learning from dominant individuals, which has been found in domestic chickens, Gallus gallus, as well as chimpanzees, Pan troglodytes (Nicol & Pope, 1999; Kendal et al., 2015). The strategy of copying more successful individuals, though not necessarily the dominants, has also been found in other animals. Female fruit flies, Drosophila melanogaster, have shown a preference for copying egg laying substrates of mated females over virgin females (Sarin & Dukas, 2009), and ninespined sticklebacks, Pungitius pungitius, have shown a preference for learning from larger demonstrators (Duffy et al., 2009). 
Somewhat surprisingly we did not find any correlation between the behavioural traits we examined, namely activity, exploration, boldness or sociality, and the use of social information in N. pulcher. We expected that the tendency to socialize and affiliate would be intimately tied to the tendency to rely on social learning, but we found no evidence of that in our study. It is worth mentioning that even asocial species can and do regularly use public information (Brown & Laland, 2002; Webster & Laland, 2017; Webster, 2023). Exploration has been shown to influence social information use in some animals. In male great tits, Parus major, faster explorers were more likely to copy the foraging choices of demonstrators (Marchetti & Drent, 2000). However, the correlation between exploration and social information use seems to be species specific, as the opposite effect was found in zebra finches, Taeniopygia guttata (Rosa et al., 2012). Boldness has also been shown to affect the use of social information in both barnacle geese and guppies (Kurvers et al., 2010; Trompf & Brown, 2014). However, both these studies used latency to approach a novel object as their measure of boldness, which was not a measurement we used in our study. While multiple behavioral tests are often used to test boldness, different measures of boldness have been shown to be either correlated or not correlated with learning abilities (Dougherty & Guillette, 2018). Therefore, it is possible that there is a relationship between boldness toward a novel object and social information use in N. pulcher that we were unable to find simply because we did not run the appropriate assay. Future experiments could test a range of other behavioural traits to determine if they influence the trade-off between social and individual information use in this species. It would also be useful if researchers could converge on the same set of behavioural tests for the same aptitudes or traits across species. 
In conclusion, while rank has been hypothesized to influence whether animals prefer to use asocial or social information, there has been little previous research on this topic. Here we found that neither dominant nor subordinate N. pulcher preferred to exclusively use social information over private information, but dominant N. pulcher were more likely than subordinates to use social information along with their own individual knowledge. We also found that social information gained from a dominant was preferred over that gained from a subordinate. This bias toward learning from high-ranking individuals is expected to cause a stagnation of information transfer through the social group as innovations from subordinates and new group members will not spread. However, despite having a similar bias toward learning from dominants, innovations produced by subordinate chimpanzees still managed to spread through wild groups (Watson et al., 2017). Future work could investigate how new information propagates through N. pulcher groups, or if the bias toward learning from dominants prevents these innovations from spreading.
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Differences in behavioural scores between ranks across all behavioural assays for the fish used in the tread-off experiments. The median and standard error for each rank is presented below, along with the Wilcoxon test statistic (W) and the significance (p) shown. 
	[bookmark: _Hlk176040338]Behavioural Trait
	Dominant 
(median ± SE)
n=19
	Subordinate 
 (median ± SE)
n=18
	W 
	p

	Time Near Social Group (s)
	191 ± 13.3
	218 ± 18
	130
	0.22

	Total Lines Crossed
	124 ± 20
	78 ± 14
	222
	0.13

	Unique Lines Crossed
	19 ± 1.9
	18.8 ± 2.1
	181.5
	0.76

	Time in Center Grid (s)
	56.7 ± 15.7
	73.6 ± 20.6
	158
	0.71

	Time Near Predator (s)
	74.4 ± 13.3
	76.2 ± 18
	158.5
	0.71

	Time in Shelter (s)
	389 ± 73.5
	343 ± 73.5
	173
	0.96

	Time To Leaving Shelter (s)
	210 ± 60.2
	175± 53.6
	175
	0.92
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Supplementary Table 3.2
Differences in principal component scores between ranks for the fish used in the tread-off experiments. The median and standard error for each rank is presented below, along with the Wilcoxon test statistic (W) and the significance (p) shown. 

	Principal Component
	Dominant
median ± SE
n=19
	Subordinate
median ± SE
n=18
	W
	p

	1 (Activity and Exploration)
	0.11 ± 0.4
	0.26 ± 0.4
	198
	0.94

	2 (Sociality)
	0.12 ± 0.2
	0.20 ± 0.3
	136
	0.30
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The repeatability between performances of the fish used in the trade-off experiments in the first and second behavioral trials, as well as the differences in PC1 and PC2 for each set of behavioural trials. The median and standard error is presented below, with the ICC score and 95% CI.

	Behavioural Trait
	First assay
(median ± SE)
n=37
	Second assay
(median ± SE)
n=37
	ICC
	95% Confidence Interval

	Time Near Social Group (s)
	314 ± 22
	253 ± 18
	0.19
	(-0.13, 0.47)

	Total Lines Crossed
	51 ± 14	
	131± 14
	0.48
	(0.19, 0.70)

	Unique Lines Crossed
	14 ± 1.8
	22 ± 1.8
	0.19
	(-0.09, 0.45)

	Time in Center Grid (s)
	59 ± 14
	75 ± 16
	0.38
	(0.07, 0.62)

	Time Near Predator (s)
	74 ± 15
	58 ± 13
	0.23
	(0.09, 0.52)

	Time in Shelter (s)
	502 ± 63
	318 ± 51
	0.57
	(0.3, 0.76)

	Time To Leaving Shelter (s)
	211 ± 65
	115 ± 38
	0.16
	(-0.11, 0.43)

	PC1
	0.53 ± 0.31
	0.22 ± 0.17
	0.14
	(-0.58, 0.37

	PC2
	0.26 ± 0.30
	0.04 ± 0.18
	0.10
	(-0.56, 0.50)
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[bookmark: _Toc176178511]4.1 Summary of the thesis
In this M.Sc. thesis, I investigated how social rank and personality influence learning and information use in the group living cichlid fish Neolamprologus pulcher. Specifically, I used a variety of foraging assays to test two types of asocial learning (associative and reversal), as well as social learning. I then tested the relative use of social versus individual information by providing conflicting individual and social information to the fish. All N. pulcher used came from stable social groups, allowing me to test for inherent differences between the social ranks. In this final chapter, I discuss the implications of my findings as well potential future experiments that could extend our understanding of my findings as presented in this thesis.
I found that subordinate N. pulcher took fewer trials than dominant N. pulcher to reversal learn, although there was no difference in the capacity for associative learning, or social learning. Reversal learning requires behavioural flexibility as the individuals must suppress previous associations and learn new ones (Lai et al., 1995; Lucon-Xiccato & Bisazza, 2014; Izquierdo et al., 2017). In N. pulcher, a dominants social rank is stable, and individuals can maintain their position for many months and even up to a year (Stiver et al., 2004). A subordinate’s rank is less stable. As N. pulcher live in linear social hierarchies, each member of the group, aside from the very top member, is subordinate to any individuals above them and dominant to some number of individuals below them (Balshine-Earn et al., 1998; Fitzpatrick et al., 2008; Wong & Balshine, 2011; Reddon et al., 2011). If group members who are above an individual in the hierarchy leave the group or die, their relative rank in the group will increase, and they will be one position closer to the dominant. Similarly, if a new member joins their group above them, their relative rank will decrease. Subordinates can also leave their groups to join a new group and improve their social standing, as they can join the new group higher up in the hierarchy (Kokko & Ekman, 2002; Stiver et al., 2004; Reddon et al., 2011; Jordan et al., 2010; Wong & Balshine, 2011). Subordinates may have to be more adept at social changes and their swifter reversal learning capacity and may reflect this flexible nature. Dominants who do not face the same social instability might invest their energy elsewhere instead of into cognitively expensive flexible learning. It is also possible that dominants are less flexible as they want to continue to use the behaviours that allowed them to reach dominance, although more work is required to support this idea.   
We also found that individuals that were less social and spent less time near the predator were faster learners in all the asocial learning tasks. Our findings are similar to past research on N. pulcher, where fish who had weaker preferences for socializing were found to be faster at reversal learning (Culbert et al., 2021). While sociality seems to be linked to asocial learning in N. pulcher, we surprisingly did not find a link between sociality and social learning.  Non grouping non-social animals are capable of social learning, and so sociality and social learning may not necessarily be inherently connected (Brown & Laland 2002; Webster & Laland, 2017; Webster, 2023). However, it is also possible that because the observers were isolated during the social learning experiment, all observers were more willing to interact with the demonstrators than they would be if they were housed in their social groups. If the observers were given more social stimulus during the learning trials, then it is possible we would have found a relationship between sociality and social learning.  
[bookmark: _Toc176178512]4.2 Differential use of social information 
When presented with conflicting individual and social information, N. pulcher showed a clear preference for the use of information gained by individual learning (private information). Very few fish switched to using the foraging preferences of the demonstrators. However, N. pulcher could incorporate the social information with their individual information, and dominant N. pulcher were more likely to do so than subordinates. We did not find any difference between dominants and subordinates in the number of trials it took them to socially learn. As such, this difference in the use of social information with rank seems to indicate not that subordinates are unable to learn by watching others, but instead that subordinates choose not to use the social information. Social learning, and therefore social information, is cheap but unreliable (Boyd & Richerson, 1985; Laland, 2004; Kendal et al., 2005). Dominants, who have access to more resources, may be the only ones in the group who are able to take the gamble on unreliable social information, as they will not be in a dire or precarious situation if the information turns out to be wrong. 
There could also be a difference between the ranks in their ability to generalize the information they learned in new situations. In Arabian babblers, Turdoides squamiceps, dominants were better at generalizing what they learned, meaning they were able to use their prior knowledge of a task and apply it in a new context (Keynan et al., 2016).  In my foraging assay the N. pulcher only had the opportunity to learn that the food was under the “correct” disc. The N. pulcher never saw the food being placed under the “incorrect” disc, and we cannot guarantee that the observers saw the food reward when the demonstrator moved the disc. Therefore, it is possible that the subordinates disregarded the social information because they had not had sufficient time to learn that all discs had a food reward underneath. However, it was clear that all fish regardless of rank improved performance if a demonstrator was present, being both more likely to solve the task and less likely to make mistakes while doing so.
We found N. pulcher were biased toward learning from dominants, suggesting they are employing a “learn from successful individuals” or “learn from high status individuals” strategy (Laland, 2004; Camacho-Alpizar & Guillette, 2023). High ranking and successful individuals could be expected to perform more beneficial or adaptive behaviours, so learning from them would result in more optimal behaviours. However, there are other social learning strategies that the N. pulcher could be using that we were unable to test for. One learning strategy that might be employed is to only copy a behaviour when it is clearly more profitable (Laland, 2004). This strategy has been found in ninespine sticklebacks, Pungitius pungitius, where fish will switch to copying a demonstrator only when they can tell that the demonstrator’s behaviour is more rewarding than their own behaviour (Kendal et al., 2009). In our assay, the tray had the same number of “incorrect” and “correct” coloured discs. This meant that the demonstrator could only move two discs, the same number of discs the observer could move without using the social information. The observer would see that the demonstrator’s behaviour was no more profitable than their own learned behaviour. If there had been more “incorrect” coloured discs than “correct” coloured discs, the observer would see the demonstrator get more food rewards, a more profitable behaviour. Future work could test for the use of this learning strategy by varying the number of “correct” and “incorrect” coloured discs in the demonstrator trials.
Another social learning strategy sometimes observed is to “follow the majority”, or to only copy a behaviour if it is common in a group. This strategy has been found in guppies, Poecilia reticulata, rats, Rattus rattus, and pigeons, Columba livia (Lachlan et al., 1998; Chou & Richerson, 1992; Lefebvre & Giraldeau, 1994). As N. pulcher are highly social, it seems plausible that they could be employing a similar learning strategy. Future work could test if N. pulcher are employing this strategy by comparing social information use between observers watching a single demonstrator to observers watching multiple demonstrators. 

[bookmark: _Toc176178513]4.4 Limitations and future directions
One limitation of my research is that I tested different stable dominant and stable subordinate individuals. By testing individuals who were stable in their ranks, we were able to be confident in our assessment of the fish’s rank even when we removed them from their social group. However, the use of stable dominants and stable subordinates prevented us from being able to draw firm conclusions about how and/or when the change in reversal learning capabilities occurs. This remains an obvious knowledge gap. It seems likely that the differences in learning could be caused by, or have some relationship to, the physiologic and behavioural changes associated with ascension in social rank. When N. pulcher ascend to dominance they experience increased gonadal growth, increased androgen concentrations, and increased aggression among other changes (Fitzpatrick et al., 2008; Culbert et al., 2018). Such changes may well be underlined by mechanisms that also affect cognition either via hormones or changes in brain architecture, for example. By only testing individuals at stable ranks, we were unable to ascertain if these physiological changes are the cause of the differences in learning. Future work could test an individual’s learning as a subordinate, then create an opportunity for them to ascend in social rank, quickly test them again, and then test them a third time after they have stabilized their position in the group. If the changes in learning are only a consequence of the physiological changes associated with ascending to dominance rank, then they would appear after the N. pulcher reached dominant status. However, if there are other factors involved, then the differences in learning might only be found after the dominants rank has stabilized.  
Another potential limitation is that the groups of N. pulcher used for my research were created and maintained in the laboratory setting. In this artificial setting, groups, and movement between groups, is limited and controlled. The lack of movement affects not only the group composition, but even which fish were able to reach dominant status. In their natural environment, better decision making, such as when to leave a group, and which group to join, could ensure that individuals with greater cognitive capacity would be more likely to reach the dominant positions. This could also result in bigger learning differences between dominants and subordinates in their natural environment compared to what we report in the lab where selection for good decision making is likely weaker.
During the social learning task, we were careful to test observers on their own to reduce interference, harassment or intimidation, but this may not be representative of how social learning occurs with in a group. Future work could test for more natural transmission of information by seeding a novel behaviour and following it as it moves through the group using a social network approach (e.g. Hoppit et al., 2010; Hasenjager et al., 2020).
Finally, our foraging assay was not necessarily imparting ecologically relevant information. While the act of moving the disc was mechanically similar to territory maintenance actions performed by N. pulcher, they perform very little of this carrying behaviour overall, and usually do not move objects to get food (Taborsky & Limberger, 1981; Balshine et al., 2001). While these fish can and do feed from the substrate, typically, N. pulcher feed on zooplankton in the water column above their territories (Heg et al., 2004; Schürch & Heg, 2010). During this water column feeding, there is little to no aggression found in the N. pulcher (Balshine et al., 2001; Buchner & Balshine, 2004), suggesting there is little necessity for social learning in a foraging context.   
It remains possible that N. pulcher would prioritize socially learning for more ecologically relevant behaviours. Animals will often learn how to identify and respond to predators from others (Griffin, 2004). As N. pulcher naturally live near many other cichlid species, and are under high predation pressures (Balshine et al., 2001; Heg et al., 2004; Wong & Balshine, 2011) it is possible that they would be using social learning to identify and respond to predators. Territory and shelter use are also extremely important for N. pulcher. Within a group’s territory each N. pulcher controls a subsection of the group’s territory, known as a sub territory (Werner et al., 2003). The quality of the sub territory increases with rank, and sub territories are inherited from other subordinates as an individual ascends through the hierarchy. Testing for spatial learning or for predator avoidance could therefore be more ecologically relevant learning tasks for the N. pulcher.
[bookmark: _Toc176178514]4.5 Conclusion
Understanding how social rank influences learning, and how rank influences information use is a growing field of research. Previous work, primarily conducted on birds and mammals, has shown that social rank can influence learning. However, past findings have not all been in the same direction, and it was unclear if the differences found (or lack thereof) were species specific or assay specific. In my thesis, I was able to compare multiple kinds of learning and information use in the same species, using variations of a foraging task. This allows us to make direct comparisons about the differences in rank in both asocial and social learning and can better help us understand how information in these groups is generated and spread. 
In this thesis, I focused on studying the influence of social rank on learning. However, this is not the only factor that may influence learning. Grace Ogundeji investigated how familiarity and sex might impact learning in her undergraduate thesis, and her findings are included in the appendix below. 
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5.1 Introduction
Animals need to adapt to their environment to increase their chances of survival and reproduction (Camacho-Alpízar & Guillette, 2023). Learning is a skill that helps animals do this by influencing their behaviours related to mate choice, foraging tactics, predator aversion strategies, and more (Camacho-Alpízar & Guillette, 2023; Stanbrook et al., 2020). At the same time, learning can be a difficult task that requires various cognitive skills, such as attention and memory (Manning et al., 1992). Animals often learn by sampling their environments, which comes with its associated costs and dangers. One way they can reduce the need for sampling is by observing and copying the behaviours and choices of other animals, a phenomenon known as social learning (Stanbrook et al., 2020). Social learning is a useful ability that has been noted across many taxa, including invertebrates, mammals, birds, reptiles, and fishes (Camacho-Alpízar & Guillette, 2023). It is also used in various contexts, such as learning about new food sources as seen in Mongolian gerbils (Meriones unguiculatus), learning about what substrates to breed on as reported in female fruit flies (Drosophila melanogaster) (Choleris et al., 1998; Sarin & Dukas, 2009), or when selecting a mate as noticed in guppies (Poecilia reticulata) (Dugatkin & Godin 1992).
As mentioned above, several benefits and costs are associated with social learning. One of the advantages is the reduction of the risks compared to when the individual has to learn through their own experiences. Since the learner does not need to be directly involved in the learning process, social learning lowers the metabolic costs and inherent associated risks (e.g., encountering predators) of sampling (Lee & Thornton, 2021; Munch et. al, 2018). However, a major drawback of social learning is that the observer is unable to personally verify the quality of the information. So, an individual must rely on incomplete data that could be false or even potentially harmful (Camacho-Alpízar & Guillette, 2023; Lee & Thornton, 2021). When looking for food, guppies (Poecilia reticulata) socially learned to follow a particular path even when more direct routes were available (Laland & Williams, 1998). Similarly, in a novel situation, domestic dogs (Canis familiaris) preferred a more conservative and socially learned behaviour to acquire a target, even though it was the more complex option (Pongrácz et al., 2003). With such uncertainties associated with socially learned information, it can be maladaptive to rely exclusively on social information (Galef & Laland, 2005), and individuals must carefully choose the appropriate setting to employ social learning.
The choice to use social learning can be influenced by many factors such as the complexity of the environment, the difficulty of the task or behaviour, or the motivation state of the learner (Camacho-Alpízar & Guillette, 2023; Munch et al., 2018). Social learning theory suggests that familiarity between the demonstrator and observer can increase the probability that social information will be used (Camacho-Alpízar & Guillette, 2023). Familiar individuals, like parents or relatives, often have more relevant, and therefore beneficial and reliable information for learners (Camacho-Alpízar & Guillette, 2023). Moreover, a familiar individual has the ability to reduce stress which can improve teaching capacity (Figueroa et al., 2013); hence, learning from familiar individuals, with which the learner has established bonds, may be more effective and efficient. A preference to associate with familiar individuals has been observed in juvenile cichlid species, Pelvicachormis taeniatus, where individuals preferred to shoal with familiar conspecifics compared to unfamiliar ones (Thünken et al., 2015). Familiarity has also been shown to have a positive effect on learning in species, such as the white skink lizard (Liopholis whitii), where observers learning from familiar demonstrators learned more readily and made fewer errors than observers that learned from unfamiliar demonstrators (Munch et al., 2018). Likewise, pigs (Sus domesticus) only accepted a novel food if they learned about these items from a familiar demonstrator but would not accept new food when an unfamiliar pig demonstrated their interest (Figueroa et al., 2013). However, this preference for familiarity is not observed in all animals.
There are some species where individuals appear to prefer learning from unfamiliar demonstrators - this phenomenon is known as the ‘novel social partner’ hypothesis (Ramakers et al., 2016). This may be part of a more general preference for the unfamiliar or novel things and could be adaptive because copying unfamiliar demonstrators can facilitate new information entering a social group and can be a way to avoid an information bottleneck. Although this preference for unfamiliar teachers appears to be a fairly rare phenomenon, it has been observed in Peter’s tent-making bat (Uroderma bilobatum), where individuals tended to copy food choices from unfamiliar demonstrators rather than from their familiar groupmates (Ramakers et al., 2016). Norway rats (Rattus norvegicus) also have a slight preference for learning food cues from unfamiliar individuals (Galef & Whiskin, 2008). Galef and Whiskin theorized that prolonged recognition sniffing of the unfamiliar rat compared to the familiar one led to more information sharing (Galef & Whiskin, 2008). However, such results indicate that animals may pay more attention to unknown conspecifics because they may need to assess whether the strange individual poses a threat or could be a potential mate. As a result of the increased attentiveness and observation, there may be greater or faster learning from unfamiliar individuals. Therefore, the role familiarity plays in social learning may be species-dependent and potentially even dynamic and context dependent.
The sex of the demonstrator has also been hypothesized to bias social learning (Camacho-Alpízar & Guillette, 2023). The ‘copy philopatric sex’ hypothesis proposes that many species prefer copying the philopatric sex as these individuals remain in the natal groups, giving them more opportunities to form closer ties with group members and provide more relevant, environment-specific information (Camacho-Alpízar & Guillette, 2023). For example, Vervet monkeys (Chlorocebus pygerythrus) preferentially learn from females who remain with their native groups, compared to males who disperse (Van de Waal, 2014). In African striped mice (Rhabdomys pumilio), juveniles relied on information received from their mothers, who stay, more than their fathers (Rymer et al., 2008). If the copy philopatric sex hypothesis is true, we would also expect to see a preference for learning from the sex that shows more philopatry (Camacho-Alpízar & Guillette, 2023). 
It is also likely that the sex of the observer could impact social learning. Females of a species typically provide more parental care, are less bold, and are less exploratory than males, which means they might sample their environment less and may increase their dependence on social learning (Choleris & Kavaliers, 1999). In chimpanzees (Pan troglodyte), females were 15–24% more likely to use social information to solve experimental tasks than males (Watson et al., 2018). Simultaneously, sex differences in behavioural flexibility should also be considered as male Atlantic mollies (Poecilia mexicana) socially learned to pick the correct coloured disc, whose colour changed each trial, to obtain a food reward more accurately than their female conspecifics (Fuss et al., 2021). While the females selected a disc faster, they often made the wrong choice (Fuss et al., 2021). Therefore, differences in behaviour between males and females may influence their likelihood of engaging in social learning.
To better understand the role of familiarity and sex in social learning, we tested the group-living cichlid, Neolamprogus pulcher, a well-studied model for group living and cooperation. Endemic to Lake Tanganyika in Africa, N. pulcher is a highly social cichlid fish species that lives in hierarchical groups with two dominant individuals and an average of five to nine subordinate male and female helper fish (Taborsky et al., 2016). N. pulcher is a matrilineal species, where females are philopatric and provide more parental care than the males, who are often polygynous and move between several social groups to breed with the residing female (Dierkes et al., 2005; Desjardins et al., 2008; Wong et al., 2012). These N. pulcher social groups are highly stable, remaining together for months and years in the same location (Balshine et al., 2001, Wong & Balshine, 2011), providing many opportunities to learn from their familiar groupmates. N. pulcher social groups live in clustered territories, with each group defending its own small area (Balshine et al., 2001; Taborsky et al., 2016). This spatial arrangement allows these fish to observe and acquire information from familiar neighbours and unfamiliar dispersing individuals from other colonies and further away territories (Taborsky et al., 2016). N. pulcher use their unique facial patterns to help them rapidly and accurately (within approximately 400 milliseconds) discriminate between individuals who are within or external to their social group (Kohda et al., 2015), making them an excellent study species for experiments that rely on the capacity of the focal individual to identify groupmates. Additionally, this species shows evidence of familiarity influencing behaviour, with male fish and large dominant helper fish of both sexes showing more aggressive behaviour to unfamiliar conspecifics compared to familiar competitors (Frostman & Sherman, 2004; Hick et al., 2014; Jordan et al., 2009). This observation has been argued to show the ‘dear enemy effect’, where unfamiliar individuals are less likely to have an established territory and are thus seen as a more dangerous threat (Christensen & Radford, 2018; Hick et al., 2014). Lastly, the mixed sex social groups allow us to examine how information is spread between sexes.
In this thesis, we tested how familiarity, demonstrator sex, and observer sex affect social learning in group living fish. We examined whether an N. pulcher observer learns a novel foraging task more frequently and/or faster based on three criteria: familiarity with the demonstrator, sex of the demonstrator, and sex of the observer. We predicted that N. pulcher observers would learn more readily (more frequently and faster) from familiar demonstrators because this cichlid is a highly social species with a strong tendency to group with familiar fish (Hick et al., 2014; Jordan et al., 2009; Thünken et al., 2015). And if the observer and demonstrator come from the same social group, they share a similar environment, social, and physical landscape. Conversely, unfamiliar demonstrators from foreign groups should have less relevant, reliant, and beneficial information (Camacho-Alpízar & Guillette, 2023). We also predicted that female observers and observers with female demonstrators will learn more frequently and faster based on the copy philopatric sex hypothesis. Female N. pulcher remain in their natal territories (Desjardins et al., 2008), and are thus more likely to form the bonds that may be required for efficient social learning.
5.2 Methods
5.2.1 Study Animals
We conducted a social learning experiment in the Aquatic Behavioural Ecology Laboratory at McMaster University, Hamilton, ON from June 2023 – September 2023 using the African cichlid species, N. pulcher. The fish used in the experiment were lab-reared descendants of wild-caught fish from the southern shores of Lake Tanganyika in Africa.
5.2.2 Housing 
We housed study fish in hierarchal social groups in 190-L glass tanks (91 x 41 x 51 cm). The social group tanks contained a heater, mechanical filter, air stone, two half-clay pots, and two mirrors. The tanks were lined with a crushed coral sand substrate. The water temperature was maintained between 25.0°C - 29.0°C, while the room temperature was kept at 24.4°C. The fish were fed commercially available fish flakes ad libidum six days a week and were held under a 12:12-hour light: dark cycle regime with 30 minutes fade on/off mimicking dawn and dusk. 
5.2.3 Experimental set-up
 The experimental set-up consisted of 12 learning tanks (each containing 75-L and were 75 x 32 x 32 cm), each fitted with an air stone, heater, and mechanical filter. The back and sides of the tanks were covered with opaque blue adhesive backing, while the front of the tank was left clear to permit video recordings of the trials. A crushed coral sand substrate approximately 2 cm deep covered the floor of each tank. We divided each experimental tank into three compartments: two equally sized compartments on each end of the tank (30 x 32 x 32 cm) and one smaller middle compartment (15 x 32 x 32 cm). The compartments were separated by movable clear and black opaque plastic partitions. The centre compartment held a white plastic feeding tray (10 x 5 x 2 cm) with ten face-up wells (depth of well: 9 mm), while each outer compartment contained a half clay pot that the fish could use as shelter (Figure 1A).
[image: A black and white drawing of a letter

Description automatically generated]Figure 1A. Social learning experimental tank setup.



Demonstrator re-enforcement trials
 We divided the fish into ‘demonstrators’ and ‘observers’ based on their experience with a feeding tray. Demonstrator fish had been previously trained to move a coloured disc (blue or yellow) off a feeding tray to obtain a food reward underneath the disc, while observers were completely naïve to this task and had never seen or interacted with the feeding trays. One demonstrator was placed into one of the outer compartments in each learning tank and was given 24 hours to acclimate to the tank. 
After the 24-hour acclimatization period in the experimental tanks, we began the retraining regime for the demonstrator fish to ensure they would consistently move the plastic disc off the feeding tray. The plastic discs used were either yellow or blue; half of the demonstrators had previously been trained with blue discs, the other half with yellow discs. For each retraining trial, we placed a 5 mm piece of bloodworm into a randomly selected well on the feeding tray and fully covered it with a plastic disc (that matched the colour that the demonstrator had been trained on previously). We then raised the black and clear barriers, allowing the demonstrator to enter the centre compartment and interact with the tray. Demonstrators could not see the observer fish and were given five minutes to move the disc. Once they had moved the disc and eaten their reward, we gently guided them back to their compartments and lowered both barriers. Following the end of the trial, we reset the feeding tray which took approximately five minutes. We retrained demonstrators until the moved the disc 10 times in a row, which this typically took 1-3 days in total.
If a demonstrator did not move the disc at all, we half-covered the well for the next trial, which allowed them to see the bloodworm and encouraged the fish to interact with the disc on subsequent trials. We then gradually covered more of the hole until it was completely covered. In the event that a demonstrator still did not learn, we replaced them with a new demonstrator; we had to replace three demonstrators for this reason. Each day after the end of the trials, after approximately 15 trials were completed, demonstrators were fed commercial fish flakes ad libidum. 
Focal observer fish 
Once all demonstrators were retrained (i.e., consistently moving a plastic disc), we placed a naive observer fish in the other outer tank compartment of each learning tank (Figure 1B). Demonstrators and observers were paired so that they were either familiar to one another (both from the same social group) or were unfamiliar (not from the demonstrator’s old social group). There were an equal number of familiar and unfamiliar pairs (N = 24), giving a total of 48 fish in the experiment (24 demonstrators and 24 observers). Note: Each observer had 24 hours to acclimate to the tank and then one hour to explore the centre compartment and interact with the empty feeding tray. During this hour, the demonstrator was hidden behind the black barrier, and there was no plastic disc nor food in any of the wells. After the hour, we gently guided the observer back to its compartment and the learning trials began.
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Figure 1B. Social learning experimental tank setup showing one demonstrator fish and one observer fish on opposite sides of the tank behind clear barriers. In the middle of the tank is the feeding tray, which is visible to both fish.

5.2.4 Social learning trials
Once the social learning trials began, we ran ten demonstrator trials and two observer trials each day. Before each observation trial, we would place a 5 mm bloodworm into a random well on the feeding tray and fully covered it with a disc. The black barriers were in place while we positioned food into the wells to obstruct both the demonstrator's and observer's view into the centre compartment. After the disc was placed over the well and the food was hidden underneath, we removed the opaque barriers allowing both fish to see each other and to see the feeding tray.
To start the demonstrator trials, we raised the clear barrier on the demonstrator's side and gave the demonstrators two minutes to move the disc off the tray while the observer fish watched from behind its clear barrier (Figure 1C). Once two minutes passed, we gently guided the demonstrator back into its compartment, lowered the clear barrier, and replaced both black barriers. We then reset the feeding tray in approximately three minutes to start the subsequent trial. We repeated this process four more times for a total of five demonstrator trials. So, each observer fish saw the demonstrator lifting a disc and getting a food reward five times before being given a chance to move a disc and get a food reward itself. If the demonstrator fish did not move the disc on a particular trial, we reran the trial. If the demonstrator did not move the disc for two consecutive trials, we ended that set of trials.
After five demonstration trials were complete, we ran one observer trial. During the observer trials, we lifted both of the observer's barriers allowing the observer to access the middle compartment (Figure 1D). However, we did not lift either of the demonstrator’s barriers, which blocked the demonstrator from view, prevented any interactions between the two fish and allowed the observer to focus on the food tray. The observer was given five minutes to move the disc after which We would gently guide them back to their compartment. We repeated each set of five demonstrator trials and one observer trial twice a day with an approximate one-hour break between sets, for a total of ten demonstrator trials and two observer trials. Trials ran until the observer learned (i.e., used their head or mouth to move the disc in three consecutive trials) or when 12 days of experiments had elapsed (i.e., a maximum of 24 observer trials).
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Figure 1C. Demonstrator trial showing the demonstrator fish moving the plastic disc off the feeding tray while the observer watches from behind the clear barrier.
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Figure 1D. Observer trial showing the observer fish near the feeding tray while the demonstrator is hidden behind the black opaque barrier.  

5.2.5 Control trials
 We also ran 18 control trials to determine if fish could learn to move the disc independently (i.e., without observing a demonstrator fish). Thus, the control fish were also naive and had never seen or interacted with the feeding trays or plastic discs before.
The control trials took place in six 40-L tanks (50 x 26 x 30 cm) each fitted with an air stone, heater, and mechanical filter. The back and sides of the tanks were covered with opaque blue adhesive backing, while the front was left clear to record the trials. A 2 cm deep crushed coral and sand substrate covered the floor. We divided the tank into a front and back compartment of equal size (25 x 26 x 30 cm); the front compartment contained the same white plastic feeding tray used in the previous trials, while the back compartment contained a half clay pot. The two compartments were separated by a black plastic partition.
We ran two control trials each day. Before starting the trials, we placed a naïve fish in the back compartment and gave them 24 hours to acclimate to the tank (Figure 1E). Following this acclimation period, we lifted the black barrier, and each control fish was given one hour to explore the front compartment with the empty, uncovered feeding tray. After the hour, we guided the fish back to their compartment and began the trials.
To start the trials, we placed a 5 mm bloodworm in a randomized well and fully covered it with a yellow or blue plastic disc: the colour used was randomized, but We used an equal number of blue and yellow discs across all control fish (9 had yellow and 9 had blue). Then, we raised the black barrier and gave the control fish five minutes to interact with the tray and move the disc. After the five minutes elapsed, we gently guided the control back to its compartment with a shelter. We repeated the control trials twice daily, with an approximate one-hour break between sets. Trials ran until the control fish learned (i.e., used their head or mouth to move the disc in three consecutive trials) or when 12 days elapsed (i.e., a maximum of 24 control trials had been conducted).
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Figure 1E. Control trial set up (side view).  


5.2.6 Video recordings and scoring 
We recorded all demonstrator, observer, and control trials from the front of the tanks on Sony 4K cameras. All videos were deidentified and input into the Behaviour Observation Research Interactive Software (BORIS, Version 8.25; Friard & Gamba, 2016). Three independent assistants helped score all the videos from September 2023 - December 2023 and were checked for consistency.  
5.2.7 Statistical analyses 
Statistical analyses of the data were performed using R (Version 2023.12.1+402; R Core Team, 2023). Data were tested for normality, square-transformed when necessary, and analysed with parametric tests. A significance level (α) of 0.05 was used for all tests and the results of two-tailed tests are provided unless otherwise stated. A chi-squared test was conducted to test the effects of familiarity, demonstrator sex, and observer sex on the percentage of observers who learn. A t-test was performed to test the effects of familiarity, demonstrator sex, and observer sex on observer learning speed (i.e., trials to learn and average time to move the disc per trial). All values presented on speed of learning and speed of moving the disc only include the fish who learned the task (i.e., moved the disc in three consecutive trials). 
*Note: One demonstrator was retrained to move the disc for ten consecutive trials. However, later in the observer trials, the demonstrator stopped moving the disc consistently, and we could not reach 24 observer trials. Since the demonstrator stopped their behaviour late in the trials, we could not replace it. So, we excluded the pair, leaving a total of 47 pairs of observers and demonstrators. Additionally, the camera malfunctioned for a few trials, so we do not have the average time it took to move the disc for one of the fish who learned. This was a male fish taught by a familiar male demonstrator. 
5.3 Results
5.3.1 Impact of familiarity on social learning
Of the 47 pairs of observers and demonstrators in our experiment, 24 observers managed to learn the task (i.e., they moved the disc off the feeding tray in three consecutive trials). Of these successful learners, 14 were familiar to the demonstrator they were observing, while 10 observers were unfamiliar with their demonstrator. Accordingly, 58% of observers in a familiar pairing and 43% of observers in an unfamiliar pair learned; this difference is not significantly different (chi-squared test, χ2 = 0.53, df = 1, p-value = 0.47, Figure 2A). 
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Figure 2A: Percentage of observer fish who learned according to their relationships with their demonstrator.


On average, observers from both familiar and unfamiliar dyads took approximately the same number of trials to learn, 13 and 16 trials respectively (unpaired t-test, t = -1.27, df = 22, p-value = 0.22, Figure 2B). When examining all the trials observers learning from familiar demonstrators took an average of 96 seconds to move the plastic off the feeding tray while observers learning from unfamiliar demonstrators took on average 72 seconds to do so. Again, there was not a significant difference in the time to move the disc between familiar and unfamiliar demonstrator observer pairs (unpaired t-test, t = 1.05, df = 21, p-value = 0.30, Figure 2C).
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Figure 2B: Number of trials it took observer fish to learn according to their relationships with the demonstrator.
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Figure 2C: Average time it took observer fish to move the plastic disc off the feeding traying according to their relationship with the demonstrator.


5.3.2 Impact of demonstrator sex on social learning 
Of the 24 pairs of observers who learned, 11 had a female demonstrator and 13 had a male demonstrator. In total, 52% observers with a female demonstrators learned and 50% of observers with a male demonstrator learned. Accordingly, demonstrator sex did not significantly impact learning (chi-squared test, χ2 = 0, df = 1, p-value = 1, Figure 3A). 
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Observers with female or with male teachers took 15 trials on average to master the learning task. Demonstrator sex did not impact the number of trials that it took observers to learn (unpaired t-test, t = 0.02, df = 22, p-value = 0.98, Figure 3B). Further, observers with a female demonstrator took 72 seconds to move the disc off the feed tray, whereas observers with a male demonstrator took slightly longer at 98 seconds, however, demonstrator sex did not impact the average time it took to move the disc (unpaired t-test, t = -1.11, df = 21, p-value = 0.28, Figure 3C). 
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Figure 3B: Number of trials it took observer fish to learn according to the sex of their demonstrator.
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Figure 3C: Average time it took observer fish to move the plastic disc off the feeding traying according to the sex of their demonstrator.

5.3.3 Impact of observer sex on social learning
Of the 47 observers, 27 were male, and 20 were female. In total, 12 female and 12 male observers learned the task, corresponding to 60% of females and 44% of males in our experiment, and there was no significant difference in the percentage of males versus females learning the task (chi-squared test, χ2 = 0.58, df = 1, p-value = 0.45, Figure 4A). 
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Figure 4A: Percentage of observer fish that learned according to their sex.

Female observers took an average of 12 trials to learn the task while male observers took 17 trials to learn. Overall females appeared to learn faster, but this difference did not quite reach significance (unpaired t-test, t = -1.92, df = 22, p-value = 0.07, Figure 4B). Moreover, female observers took approximately 60 seconds to move the disc per trial, while male observers took 113 seconds. Females were significantly faster than males in moving the disc off the feeding tray (unpaired t-test, t = -2.83, df = 21, p-value = 0.01, Figure 4C).
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Figure 4B: Number of trials it took observer fish to learn according to their sex.
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Figure 4C: Average of time it took observer fish to move the plastic disc off the feeding traying according to their sex (p<0.05).

There were two outliers in our dataset. Analysis of observer sex on social learning was also conducted with the outliers removed. With the female outlier removed from the set, female observers were significantly faster at learning the task, taking 11 trials to learn, while males took 17 trials (unpaired t-test, t = -2.39, df = 21, p-value = 0.03, Figure 4D). Likewise, the females learned to move the disc even faster than male. Females took approximately 53 seconds on average to move and obtain the food reward, while males took nearly double that time at 99 seconds on average (unpaired t-test, t = -3.30, df = 19, p-value = 0.004, Figure 4E).
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Figure 4D: Number of trials it took observer fish to learn according to their sex, with outliers removed (p < 0.05).
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Figure 4E: Average of time it took observer fish to move the plastic disc off the feeding traying according to their sex (p< 0.01).

5.3.4 Control trials
Of the 18-control fish who were naïve to the foraging task, 0 of them moved the disc in a trial or learned the task (i.e., move the disc in three consecutive trials). 
The colour of the plastic disc on the feeding tray (i.e., yellow or blue) had no significant affect on the number of trials to learn or the average time to move the disc for any of the familiarity, demonstrator sex, or observer sex treatment trials. 


Table 1: Influence of disc colour on familiarity, demonstrator sex, and observer sex. P-adjusted values via post-hoc Bonferroni correction. *Significant at the 5% level. **Significant at the 1% level. 
	






Trials to learn
	Treatment
	Estimate
	Std error
	t-value
	p-value
	p-djusted

	
	Familiarity

	0.53
	0.45
	1.18
	0.25
	

	
	Familiarity & disc colour
	-0.22
	0.73
	-0.30
	0.77
	

	
	Demonstrator sex

	-0.37
	0.44
	-0.85
	0.41
	

	
	Demonstrator sex & disc colour

	0.10
	0.72
	1.38
	0.18
	

	
	Observer sex

	0.94
	0.42
	2.24
	           0.04*
	0.15

	
	Observer sex & disc colour

	-0.95
	0.70
	-1.35
	0.19
	

	





Average time to move disc (s)
	Familiarity

	0.15
	1.43
	0.11
	0.92
	

	
	Familiarity & disc colour

	-3.37
	2.28
	1.48
	0.16
	

	
	Demonstrator sex

	1.25
	1.49
	0.84
	0.41
	

	
	Demonstrator sex & disc colour

	0.05
	2.39
	0.02
	0.99
	

	
	Observer sex

	4.21
	1.21
	3.48
	0.002**
	9.95 x 10-3

	
	Observer sex & disc colour

	-3.87
	1.99
	-1.94
	0.07
	



Table 2: Spearman correlation coefficient values showing the trials to learn and the average time to move the disc according to the time spent near the familiar and unfamiliar fish from the familiarity (personality trials).
	
	Time spent near familiar fish (s)
	Time spent near unfamiliar fish (s)

	
	Familiar Observer
	Unfamiliar Observer
	Familiar Observer
	Unfamiliar Observer

	Trials to learn
	0.09
	0.28
	-0.20
	-0.16

	Average time to move disc (s)
	0.65
	0.22
	0.08
	-0.03



5.3.5 Personality trials 
There are negligible or weak correlations between trials to learn and time spent near familiar or unfamiliar fish in the personality experiment, regardless of the observer's familiarity status with their demonstrator. There are also negligible or weak relationships between the average time it took the observer to move the disc and the time spent they spent near familiar or unfamiliar fish in the personality trials. A moderate correlation is seen between the average time it took observers who were familiar with their demonstrator to move the disc and how long they spent near familiar conspecifics in the personality trials.
5.4 Discussion
In this study, we examined how familiarity and sex impact social learning, and thus the spread of information, in N. pulcher. We did not find any differences in social learning when learning from familiar demonstrators or unfamiliar demonstrators. The teacher’s/demonstrator’s sex also had no effect on the likelihood, or speed of social learning. However, females tended to socially learn more frequently and more quickly compared to males. 



5.4.1 Familiarity
In a wide variety of species individuals prefer familiar demonstrators (Figueroa et al., 2013; Munch et al., 2018), but there are fewer common examples of species learning more easily from novel social partner (Ramakers et al., 2016). Our findings of no clear impact of familiarity contradict our initial prediction that learning from a familiar demonstrator would occur more frequently and faster. It is unclear why N. pulcher did not preferentially learn from familiar demonstrators. One potential explanation is that while the observer and demonstrator were familiar with each other, they were not necessarily kin. Natural selection may favour learning between kin because there is more benefit in sharing knowledge between related individuals due to kin selection (Figueroa et al., 2013). The same benefit does not necessarily apply when sharing information between individuals who are only familiar with one another. In natural environments, animals living together in groups are often related to each other, and since they share the same environment, it is probable that learning from each other will be beneficial (Figueroa et al., 2013). This distinction between familiarity and kinship is particularly relevant to N. pulcher since non-related conspecifics can join a social group. It has also been shown that kin-relationship, not familiarity, modulates the amount of time N. pulcher spend with other individuals (Le vin et al., 2010). The N. pulcher in our laboratory are often transferred from one social group to another, mimicking a behaviour commonly seen in the wild. So, we do not know with certainty which of the pairs of N. pulcher used in this experiment were related and which were non-kin. This relationship between kinship and social learning is still unknown in N. pulcher and should be investigated in the future.
5.4.2 Demonstrator sex
Demonstrator sex has been hypothesized to bias social learning (Camacho-Alpízar & Guillette), but our findings did not support our predictions that observers would prefer female demonstrators. Females could be the more appealing demonstrators because they are more philopatric (Desjardins et al., 2008), and will likely know the environment best. Additionally, female breeders are often more related to the helpers than the breeding males (Dierkes et al., 2005; Stiver et al., 2005). Thus, there should have been an influence of kin-section, where female N. pulcher would preferentially help their kin to maximize their inclusive fitness. 
One potential reason why the philopatric sex hypothesis or kin selection did not hold in our study, may be because male animals typically engage in riskier behaviours, allowing them to generate novel information more easily (Joles, 2015; Webster & Laland, 2011). Gaining such information can help a species adapt to fluctuating environments (e.g., water temperatures, turbidity), new predators, or unfamiliar social or mating behaviour, ultimately increasing their chance of survival and reproduction. A similar finding has been shown in rats: male rats (Rattus norvegicus) spent more time with their heads outside the shelter compared to females when faced with a predator, (Joles, 2015). While exposing themselves to the predator was bold and risky, the males were able to gather novel information about the predator that the females may have missed while hiding. The males could transfer their newfound knowledge to others in the group, making them more suitable demonstrators. Thus, one possible hypothesis is that in novel situations, like the foraging assay, the demonstrator that can generate new and relevant information to prevent information bottleneck is the most useful. If this is the case, perhaps male demonstrators become just as valuable teachers as females, despite their potentially weaker social ties.
5.4.3 Observer sex
As we predicted, female observers learned faster than males, a finding that aligns with other social learning results. This sex difference in social learning could be caused by differences in male and female boldness. Females are typically less bold than males (Choleris & Kavaliers, 1999; Joles, 2015; Webster & Laland, 2011), so they would be expected to rely more on social learning, as it is less risky. As an example, in ninespine sticklebacks (Pungitius pungitius), reproductive and non-reproductive females relied more on social information than reproductive males (Webster & Laland, 2011). Male ninespine sticklebacks generally spent more time away from the group and relied on asocial learning, increasing their ability to forage and establish or defend territories (Webster & Laland, 2011). The N. pulcher females may have been more inclined to use social learning, rather than asocial learning because the risks associated with asocial learning (i.e., individual foraging) could endanger their offspring if they were carrying eggs (Webster & Laland, 2011). Gravid females are less conspicuous, have greater metabolic demands, and may swim slower (Magnhagen, 1991; Webster & Laland, 2011), increasing the risk of being caught by predators during foraging. Hence, they may rely more on social information to minimize predator risk while still obtaining resources. 
Another possible explanation for the differences between males and females could come from the different resources required for reproduction in males and females. This has been shown in guppies (P. reticulata), where female guppies' reproductive success relies on gathering more resources (Reader & Laland, 2000). Therefore, they prioritize strategies that improve locating food at a low cost, which would increase their reliance on social information. Male guppies’ reproductive success is only limited by their access to mates, which may not require as much social learning (Reader & Laland, 2000). Due to these differences in parental investment, social information spread faster in female guppy groups than in male groups (Reader & Laland, 2000). A similar explanation may exist in N. pulcher as females contribute more to rearing than males (Desjardins et al., 2008). 
Further, it is possible that male N. pulcher favour the asocial learning route, compared to females, because of their mating practices. If they are socially polygynous, they are often in new environments as they move from one territory to the next to breed with different females (Desjardins et al., 2008). Since polygynous males are between groups, they may not have as many chances to acquire social information. Additionally, they may be more likely to bypass social information since their environments are constantly changing, reducing the relevancy of their previously acquired knowledge. Conversely, females remain in their groups, giving them the chance to obtain environmentally relevant information and form those bonds that may be necessary for social learning.
Although the above offers possible explanations to the observed sex differences, this study did not consider the reproductive status of the observer fish; it is unknown whether the males or females used were reproductive and/or gravid. Also, reproduction is often suppressed in subordinate N. pulcher and varies depending on their relationship with their same-sex dominant (Heg, 2008; Hellman et al., 2016). Due to that variance, the extent to which the females in this study used social learning for its reproductive benefits is unclear. One can assume that females that are more reproductive will rely more heavily on social learning than females who are less reproductive. Thus, for those females that are not reproductive, but still had higher levels of social learning compared to the males, there must be other factors beyond reproductive success that modulated the social learning differences between the sexes. This should be examined further in future research.
It is also worth mentioning that some male N. pulcher are socially monogamous (Desjardins et al., 2008). These males, compared to polygynous males, have a greater chance of establishing long-term social bonds and exchanging environment-specific information, factors that presumably affect social learning (Camacho-Alpízar & Guillette, 2023; Lee & Thornton, 2021). Therefore, the probability of males engaging in social learning may depend on their mating practices (Wong et al., 2011).
The demonstrator fish used had been previously trained for another experiment on individual learning. The required qualifications for a fish to be a demonstrator, meant that we were unable to use an equal amount of male and female demonstrators and observers. Future studies should control for sex and analyze whether there are sex differences in social learning between reproductive and non-reproductive fish and males who are monogamous versus polygynous.
Additionally, this study used N. pulcher bred in the lab for many generations. As lab-bred fish, these N. pulcher may adapt to the lab environment over time and adopt behaviours that do not occur in wild populations. Moreover, the lab is a controlled setting that does not accurately represent the fluctuations that arise in the natural environment. While we took steps to mimic the natural habit of the N. pulcher (e.g., the study used water temperatures in similar range to Lake Tanganyika), differences in water quality, environmental stimuli, etc., could have influenced the fish's social learning abilities and habits.
Lastly, another potential limitation of the study is that the fish learned the task using yellow or blue plastic discs. N. pulcher have been shown to interact more with yellow items than blue items (Culbert et al., 2020). These colour preferences could have influenced the results of our study if one of the independent variables that we manipulated (familiarity, demonstrator sex, or observer sex) was associated with a specific colour. Individuals may have been more motivated to interact with the yellow discs compared to the blue, and their heightened response to the stimuli could have affected the learning process. However, the likelihood of this is low since the discs were randomized between the pairs. As shown in the results, disc colour did not have a significant impact on social learning and fish actually learned more on the blue discs compared to the yellow discs. Future studies could limit this colour preference by controlling for disc colour, preferably only using one colour for all demonstrator-observer pairs. 
5.4.4 Conclusion
Animals who live in social groups have more opportunities than more solitary species to engage in social learning, gaining and sharing information with individuals around them. Familiarity and sex should influence an animal's decision to engage in social learning; however, the research in this area is limited (Camacho-Alpízar & Guillette, 2023; Figueroa et al., 2013; Munch et al., 2018). In this thesis, we built upon the existing literature by investigating if these characteristics impact social learning in the group living cichlid fish, Neolamprologus pulcher. We showed that familiarity and the sex of the teacher did not affect social learning, but that the sex of the learner did, with female observers learning faster than males. Future studies should explore the mechanisms that underly these sex differences. Additionally, we need to test more species to elucidate when individuals do and do not use social learning. Ultimately, determining the characteristics that impact social learning in animals will provide insights into how animals learn from one another and how information spreads in groups. Such knowledge can increase our general understanding of social behaviour, cultural transmission, and cooperation versus competition in group-living fish and other taxa.
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