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Abstract 

Predators impose a strong selective pressure on the behavioural traits of prey species. Group 

living, or sociability, allows individuals to reduce their own risk of predation through 

avoidance, dilution, and confusion effects. Another potentially beneficial mechanism is 

behavioural lateralisation, or “handedness”, the asymmetrical expression of cognitive brain 

functions through a directional bias in visual or motor tasks. In my thesis, I explore the 

interaction between behavioural lateralisation, sociability, and predation in both natural and 

captive populations of Trinidadian guppies (Poecilia reticulata). In Chapter Two, I examine 

the consistency between current behavioural lateralisation methodologies and assess the 

assumptions behind these methods, including the number of incorporated turn choices and the 

impact of random chance. In Chapter Three, I present the use of environmental DNA in 

assessing natural piscine guppy predator communities at six sites across the Northern Range of 

Trinidad. Using this measure of predation, I assess its viability in predicting differentiation of 

adaptive anti-predatory behaviours in natural guppies, including sociability, activity, and both 

visual and motor lateralisation. In Chapter Four, I assess the visual lateralisation of guppies 

tested either solitarily or in groups in the presence or absence of a live predator, the blue acara 

(Andinoacara pulcher). Using a repeated measures design, I investigate the repeatability of 

guppies’ visual lateralisation in terms of personality variation across the investigated contexts. 

In Chapter Five, I assess the visual lateralisation of natural guppies when viewing a social 

stimulus and their sociability across a gradient of predation risk using nineteen sites in the 

Northern Range of Trinidad. Overall, my research demonstrates relatively low levels of 

lateralisation throughout contexts and populations. However, subtle trends in the lateralisation 

of eye-use when viewing a predatory or social stimulus appear to exist in relation to predation 

risk, with an apparent social conformity in lateralisation when assessed in groups.  
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parameters are available in Table 3.1. (B – C) Non-metric multidimensional 

scaling ordination displaying the first two axes based on the presence-absence of 

fish species. (B) Each point represents a discrete sampling point for either eDNA 

(2019; n = 3 per site, filled triangles) or census sampling (2011 – 2015; n = 10 per 

site, filled circles) (Deacon et al., 2018, 2017). Variables that are more similar to 

one another are ordinated closer together. Ellipsoid hulls enclose all points in the 

group. Sampling sites correspond to Figure 3.1A. (C) Each point represents a 

species. Red points represent predator species and grey points represent non-
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predator species, acronym names are as follows: AH = Anablepsoides hartii, AT 

= Ancistrus trinitatis, AP = Andinoacara pulcher, ABi = Astyanax bimaculatus, 

ABa = Awaous banana, CA = Corydoras aeneus, CR = Corynopoma riisei, CF = 

Crenicichla frenata, DM = Dajaus monticola, GC = Gymnotus carapo, HT = 

Hemibrycon taeniurus, HU = Hemigrammus unilineatus, HM = Hoplias 

malabaricus, HR = Hypostomus robinii, ON = Oreochromis niloticus, PR = 

Poecilia reticulata, RQ = Rhamdia quelen, RD = Roeboides dientonito, SA = 

Steindachnerina argentea, and SM = Synbranchus marmoratus. ...................... 105 

Figure 3.2: (Top) Apparatus used to assay (A) Sociability: stimulus shoal, (B) Visual 

Laterality: quasi-circular mirror, (C) Motor Laterality: symmetric Y-maze. 

(Bottom) Example diagrams indicating positions of coordinates required for data 

extraction and measurements of assay arenas for (D) Sociability assay, (E) Visual 

laterality assay and (F) Motor laterality assay. ................................................. 116 

Figure 3.3: Bubble plot demonstrating mean percentage (%) of reads for eDNA metabarcoding 

and percentage of total mass (g) for biomass (mean across all samplings) of each 

site. Sites are ordered from lowest to highest eDNA-derived predator diversity 

(H’). Species categorised as either (A) predators of Trinidadian guppies and (B) 

non-predators. Biomass values have been standardised to average % for 

comparison. ......................................................................................................... 123 

Figure 3.4: Assessed behaviours of guppies from sites that vary in predator diversity. Sites are 

in ascending order of predator diversity from left to right. Medians are illustrated 

by thick horizontal lines, the interquartile range (IQR) is represented within the 

boxes, and the whiskers represent individuals within 1.5 × IQR. Circles represent 

data points falling outside of the whiskers. (A) Sociability: Proportion of the trial 

spent in closer proximity to the social stimulus compared to the control; higher 

values indicate a higher level of sociability (nind = 584). Visual lateralisation: (B) 

Absolute (intensity) lateralisation index in a social quasi-circular mirror maze 

assay. (C) Relative (directional) lateralisation index; an index < 0 indicates a 

leftward bias and > 0 indicates a rightward bias (nind = 606). Motor lateralisation: 

(D) Absolute (intensity) lateralisation index in a detour Y-maze assay. (E) Relative 

(directional) lateralisation index; an index < 0 indicates a leftward bias and > 0 

indicates a rightward bias (nind = 522). Activity (nobs = 1780): Speed (cm/min) over 

the total trial for the (F) Visual lateralisation assay (nind = 606), (H) Sociability 

assay (nind = 584), and (G) Motor lateralisation assay (nind = 591). .................. 126 

Figure 3.5: Correlations between predator diversity (or pressure) parameters. Correlation 

coefficients are calculated with Spearman’s rank (rs). The red line presented on the 

scatterplots is a linear model between the two corresponding variables. All 

continuous variables (eDNA, Abundance, Biomass and Observation) have been 

transformed (log(x+1)) for presentation. Each point represents the value averaged 

(mean) for each site............................................................................................. 129 

Figure 4.1: (A) Schematic representation of the lateralisation assay displaying a group trial 

with the predator stimulus within the chamber. (B) Still image from a video of a 

trial demonstrating the lateralisation assay, blue acara predator (Andinoacara 

pulcher), and displaying size differences between the individual guppies (Poecilia 

reticulata) within the group. ............................................................................... 145 

Figure 4.2: Stacked histogram of the median degrees of the guppies’ position from the acara’s 

head, with data split by the shoaling treatment (Blue = Group, Purple = Solitary). 
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Large fish icon indicates orientation of the blue acara (Andinoacara pulcher), 

smaller fish icons represent the Trinidadian guppies (Poecilia reticulata). ...... 150 

Figure 4.3: Absolute (intensity) lateralisation index for the predation and grouping treatments. 

Medians are illustrated by the thick horizontal central line, the boxes enclose the 

interquartile ranges (IQR), and the whiskers represent cases within 1.5 × IQR. The 

circles represent datapoints outside of the whiskers.  The data distributions are 

represented with kernel density plots. ................................................................. 151 

Figure 4.4: Relative (directional) lateralisation index for the predation and grouping 

treatments. Medians are illustrated by the thick horizontal central line, the boxes 

enclose the interquartile ranges (IQR), and the whiskers represent cases within 

1.5 × IQR. The circles represent datapoints outside of the whiskers. The data 

distributions are represented with kernel density plots. ..................................... 156 

Figure 4.5: Activity (speed: cm/sec) for the predation and grouping treatments. Medians are 

illustrated by the thick horizontal central line, the boxes enclose the interquartile 

ranges (IQR), and the whiskers represent cases within 1.5 × IQR. The circles 

represent datapoints outside of the whiskers. The data distributions are 

represented with kernel density plots. ................................................................. 158 

Figure 4.6: Sociability measured by mean distance to group centroid (cm) for the grouping 

treatments. Medians are illustrated by the thick horizontal central line, the boxes 

enclose the interquartile ranges (IQR), and the whiskers represent cases within 

1.5 × IQR. The circles represent datapoints outside of the whiskers. The data 

distributions are represented with kernel density plots. ..................................... 159 

Figure 5.1: Study area within Trinidad, Caribbean, depicting the nineteen sampling sites in 

Trinidad’s Northern Range river systems. Sites within each river are labelled 1-3 

(or 1-2) from north to south. Coordinates provided in Table 5.1. ...................... 172 

Figure 5.2: Schematic representations for both (A) the open free-swimming sociability assay, 

and (B) the visual lateralisation assay depicting the central social stimulus shoal 

of three female guppies. ...................................................................................... 179 

Figure 5.3: Non-metric multidimensional scaling ordination displaying the first two axes 

based on the presence-absence of guppy predator species. Each circle represents 

an assessed site (see Table 5.1), and each square represents a species. Variables 

that are more similar to one another are ordinated closer together. Site 

abbreviations: Aa = Arima, Ao = Aripo, C = Caura, G = Guanapo, L = Lopinot, 

S = St Josephs, and T = Turure. Species abbreviations: AB = Astyanax 

bimaculatus, AH = Anablepsoides hartii, AP = Andinoacara pulcher, CF = 

Crenicichla frenata, HM = Hoplias malabaricus, HT = Hemibrycon taeniurus, MC 

= Macrobrachium crenulatum, RD = Roeboides dientonito, and RQ = Rhamdia 

quelen. ................................................................................................................. 184 

Figure 5.4: Behaviours of guppies from sites that vary in predation risk and predator species 

richness. (Left) Graphs on the left demonstrate behavioural traits correlated with 

predation risk, assessed through the mean proportion of time that a minimum of 

one predator was in close proximity to the stimulus, and (Right) predator presence 

at site. (A – B) Sociability, assessed by the mean distance of individuals from the 

group centroid (cm), averaged per group (Ngrp = 151), (C – D) absolute 

lateralisation when viewing a stimulus shoal of female conspecifics (Nind = 605), 

and (E – F) relative lateralisation when viewing a stimulus shoal of female 
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conspecifics (Nind = 605). The blue line demonstrates a linear model between the 

parameters specified on the graph. ..................................................................... 186 

Figure 5.5: (A) Absolute and (B) relative lateralisation index correlated with the measure of 

sociability, mean distance of individuals from group centroid (cm), averaged per 

group (Nind = 601). The blue line demonstrates a linear model between the 

parameter specified on the x and y axis, in each instance. ................................. 188 
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“It is interesting to contemplate a tangled bank, clothed with many plants of many kinds, with 

birds singing on the bushes, with various insects flitting about, and with worms crawling 

through the damp earth, and to reflect that these elaborately constructed forms, so different 

from each other, and dependent on each other in so complex a manner, have all been produced 

by laws acting around us.” 

 

Charles Darwin, Origin of Species (1872)
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1 Chapter One: General introduction 
 

 

 

 

Saint Joseph River, Trinidad 

Photography: I.L. Penry-Williams 
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In addition to my general introduction, I have also published a collaborative literature 

review in Applied Animal Behaviour Science. All authors contributed equally to the 

manuscript: Berlinghieri, F., Panizzon, P., Penry-Williams, I.L., Brown, C., 2021. Laterality 

and fish welfare- a review. Applied Animal Behaviour Science. 236, 105239. 

https://doi.org/10.1016/j.applanim.2021.105239 
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1.1 Ecology, behaviour, and predation 1 

 2 

We, as all life, are inextricably bound to one another in ways that often seem chaotic or 3 

unimaginable, but these interactions are guided by natural laws, which we can only hope to 4 

disentangle through our research. To consider Darwin’s famous “tangled bank” analogy 5 

(Darwin, 1859), ecological systems are complex and interweaving, with careful consideration 6 

of trophic dynamics, niche separation and species interactions, particularly in predator-prey 7 

interactions, required when investigating wild organisms (Pimm et al., 1991). While most 8 

between-individual interactions, be they communicative, sexual, or aggressive, may have 9 

associated costs or put an individual at risk, there is little more costly and unforgiving than 10 

failure to avoid a predator, with death being the ultimate fitness cost (Kelley and Magurran, 11 

2003; Lima and Dill, 1990).  12 

 13 

Predation greatly influences community structure and dynamics, with predators exerting top-14 

down control of food webs, potentially causing trophic cascades with either direct or indirect 15 

impacts on other species present within the food web (Schmitz et al., 2010, 1997). Predators 16 

can directly, i.e. lethally, impact prey species’ abundances, leading to further effects on the 17 

food web along entire networks of interweaving pathways that connect the species within the 18 

community (Baum and Worm, 2009; Lynam et al., 2017; Menge, 1995; Northcote, 1988; 19 

Schmitz et al., 1997; Sih et al., 1985). For example, predator species’ consumption of 20 

herbivorous prey species may limit foraging pressure on plant species, leading to potential 21 

increases in abundance at the lower levels of the food chain. The introduction of an apex 22 

predator, wolves (Canis lupus), into Yellowstone National Park resulted in increased 23 

predation pressure on elk (Cervus elaphus), culminating in increased growth of plant species 24 

grazed by elk, including cottonwoods (Populus spp.) (Ripple and Beschta, 2003; White et al., 25 

1998). Predation can also have indirect consequences, causing adaptive shifts in prey life 26 

history and behaviour. After hatching, European perch (Perca fluviatilis) are at most risk to 27 

predation due to their small size. Consequently, they select a safer pelagic lifestyle, shifting 28 

to more littoral habitats as they grow through their first year of life. When they are fully 29 

grown, at two years old, they experience a lower predation risk and make full use of both 30 

pelagic and littoral habitats (Byström et al., 2003). Not responding to an increase in predation 31 

risk may be costly, resulting in a reduction of fitness through injury or, ultimately, death. 32 

However, responding too heavily to predation may incur other fitness costs vital for survival, 33 
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such as reduced foraging or mating, which can lead to reduced reproductive success and even 34 

mortality (Abrams, 1984; Hik, 1995; Lima and Dill, 1990; Schmitz et al., 1997).  35 

 36 

Prey are, therefore, required to make difficult decisions, in optimising a trade-off between 37 

predation risk and important behavioural activities, including foraging, mating, and habitat 38 

selection (Krause and Ruxton, 2002; Ludwig and Rowe, 1990; Sih, 1987; Werner et al., 39 

1983; Werner and Anholt, 1996) to maximise their individual fitness in adverse conditions 40 

(Kelley and Brown, 2011; Lima and Dill, 1990; Sih, 1980; Sih et al., 1985). Consideration of 41 

both direct (lethal) and indirect (behavioural and adaptive) predator impacts are required to 42 

fully evaluate prey life-histories and population abundances and dynamics. These are also 43 

important considerations in understanding the behavioural impacts that predators may have 44 

on individual prey, species, and community dynamics as a whole (Åbjörnsson et al., 2002; 45 

Batzer et al., 2000; Bohenek et al., 2022; Schmitz et al., 1997; Toscano et al., 2016; Voelkl et 46 

al., 2016; Werner and Anholt, 1996; Wissinger and McGrady, 1993). Measuring predation 47 

risk and the impact a predator, or a group of predators, may have is difficult. This is typically 48 

assessed and characterised using static population averages (Pettorelli et al., 2011), limiting 49 

inference of individual risk, diurnal fluctuations of risk, seasonal differences in risk, and 50 

predator personality differences (Deacon et al., 2018; Hirsch and Morrell, 2011; Pettorelli et 51 

al., 2011; Szopa-Comley et al., 2020).  52 

 53 

The direct and indirect impacts of predation impose a strong selective pressure on prey 54 

species (Åbjörnsson et al., 2002; Bohenek et al., 2022; Voelkl et al., 2016; Wissinger and 55 

McGrady, 1993). This has led to the development of numerous physiological, morphological, 56 

and behavioural defensive strategies to minimise an individual’s chance being encountered, 57 

detected, or captured by a predator and thus, surviving (Araújo et al., 2011; Bourdeau and 58 

Johansson, 2012; Kelley and Brown, 2011; Lima and Dill, 1990). Morphological 59 

evolutionary adaptations developed under such natural selection include protective armour, in 60 

the form of carapaces, thickened keratinised scales, spines, and plates of dermal bone 61 

(Broeckhoven et al., 2015), camouflage and aposematic colouration (Stevens and Merilaita, 62 

2009; Stevens and Ruxton, 2012), and chemical alarms and defences (Chivers and Smith, 63 

1998; Wisenden, 2008). In fishes, a diverse array of morphological adaptations can be found 64 

throughout our aquatic systems. Poachers (Agonidae) use a combination of bony armoured 65 

plates and visual crypsis. Their crypsis aims to minimise detection by predatory demersal and 66 

pelagic flatfishes (Pleuronectiformes), while their armour aides in avoiding capture if spotted 67 
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(Kolmann et al., 2020). Spotted trunkfish (Lactophrys bicaudalis) have not only a bony 68 

carapace for defence, but also produce a colourless ostracitoxin, which is toxic and harmful to 69 

most would-be predators (Burton and Burton, 2002). Such morphological adaptations can 70 

vary within a species according to predation pressure, such as the distribution and number of 71 

armoured plates in both three-spined sticklebacks (Gasterosteus aculeatus) (Bell and Foster, 72 

1995; Klepaker and Østbye, 2008; Wasserman et al., 2022) and nine-spined sticklebacks 73 

(Pungitius pungitius) (Välimäki et al., 2012).  74 

 75 

Variation in the abundances, diversity, and the presence of specific predator species greatly 76 

influences many aspects of prey behaviour. This includes foraging behaviours (Abrams, 77 

1984; Lima and Dill, 1990), habitat use and selection (Eggers et al., 2005; Krause and 78 

Ruxton, 2002; Sih, 1987), mate choice (Briggs et al., 1996; Forsgren, 1992; Vakirtzis, 2011), 79 

life history patterns (Byström et al., 2003; Ludwig and Rowe, 1990; Werner and Anholt, 80 

1996, 1993), dominance hierarchies (Naman et al., 2019; Schneider, 1984; Stamps, 1984), 81 

and, most importantly, anti-predator strategies (Ioannou, 2017; Krause and Ruxton, 2002). 82 

Moreover, these anti-predation strategies utilised by prey species act to minimise their 83 

encounters, detection, and capture by predators (Kelley and Brown, 2011; Lima and Dill, 84 

1990). Avoiding encounters and detection by predators is most beneficial for prey species, 85 

reducing their predation risk to zero. Avoiding such potential predatory encounters can be 86 

achieved through behavioural changes, such as adopting a nocturnal lifestyle (Hobson, 1979; 87 

Holzman and Genin, 2005; Pohlmann et al., 2001), effective refuge use and habitat selection 88 

(Amo et al., 2007; Eggers et al., 2005; Krause et al., 1998; Sih, 1987), and by coupling 89 

behaviour to morphology to maximise crypsis through background choice, body orientation, 90 

and positioning (de Jager and Anderson, 2019; Moore, 1992; Sazima et al., 2006; Stevens and 91 

Ruxton, 2019).  92 

 93 

When avoidance of a potential predator is impossible, however, certain behaviours can be 94 

employed to reduce an individual’s chance of being captured. These include altering 95 

movement or direction, such as through unpredictable “protean” movements in swimming 96 

behaviours (Jones et al., 2011; Szopa-Comley and Ioannou, 2022), fleeing and escape using 97 

fast-starts (Heathcote et al., 2020; Turesson et al., 2009; Walker et al., 2005), intimidation 98 

(Hossie and Sherratt, 2013; Vallin et al., 2006), maintaining visual inspections of a potential 99 

predator (Botham et al., 2006; Magurran and Seghers, 1994b) and group living (Ioannou, 100 

2017; Krause and Ruxton, 2002). Another important mechanism can be “attack-cone 101 
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avoidance”, whereby prey avoid the most dangerous zones directly in front of a potential 102 

predator’s face and mouth, where prey would be most vulnerable to attack (Magurran and 103 

Seghers, 1990a). In avoiding these areas, prey decrease their chance of detection or capture 104 

by a predator. These behavioural responses can be enhanced through synergies or in tandem 105 

with prey personality traits. This includes boldness/shyness or risk-taking behaviours 106 

(Cooper, 2009; Delnat et al., 2017), sociability (Gartland et al., 2022; Rodríguez-Prieto et al., 107 

2011), and behavioural and cognitive lateralisation (Brown, 2005; Brown et al., 2004; 108 

Frasnelli and Vallortigara, 2018). For example, Trinidadian guppies (Poecilia reticulata) 109 

have been shown to demonstrate greater levels of predator inspection alongside an increase in 110 

sociability (Botham et al., 2006) and in larger groups (Magurran and Seghers, 1994b). This 111 

allows individuals to gain from more effective vigilance at a reduced individual predation 112 

risk. Additionally, the combination of activity, boldness, and exploratory behaviours in 113 

guppies better explain increased survival rates when exposed to a predator than any of these 114 

behavioural traits do independently (Smith and Blumstein, 2010). Therefore, prey species 115 

may be able to evade predation more effectively using a combination of anti-predation 116 

behavioural adaptations rather than relying solely on one behavioural mechanism.  117 

 118 

In response to prey’s physiological, morphological, and behavioural adaptations to predation, 119 

predators in turn are also driven to adapt and modify their own traits and responses to 120 

overcome defensive strategies and increase their capture success. Selection may favour 121 

adjustments of hunting tactics, diet, or new offensive morphology (Baudrot et al., 2016; 122 

Demšar et al., 2015; Mougi et al., 2011). These adaptation pressures stoke the fires of an 123 

evolutionary arms race between predators and potential prey (Bartos, 2007; Cairns et al., 124 

2020; Heiling and Herberstein, 2004; Hollis, 2017; Van Valen, 1973) that can have 125 

widespread consequences for entire ecosystems (Baum and Worm, 2009; Estes et al., 2011; 126 

Ives et al., 2004; Lima, 1998; Schmitz et al., 2010).  127 

  128 
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1.2 Sociability and predation 129 

 130 

1.2.1  Group living 131 

 132 

Group formation – associating or living with other similar organisms – is observed across a 133 

diverse range of taxa, from colonies of slime mould to complex human cities (Ioannou, 134 

2017). Aggregations can occur as a result of social attraction, with individuals actively 135 

seeking the company of other individuals, to synchronise their behaviour and activities over 136 

spatial and temporal scales (Ioannou, 2017). Associating with a group compared to being a 137 

solitary lone individual can bring about a number of adaptive benefits, including enhanced 138 

predator detection and avoidance (Hamilton, 1971; Herbert-Read et al., 2015; Krause and 139 

Ruxton, 2002), improved foraging efficiency (Creel and Creel, 1995; Templeton and 140 

Giraldeau, 1996), and allow for cooperative breeding (i.e. alloparental care) (Cockburn, 1998; 141 

Hatchwell and Komdeur, 2000) and greater mating success (Courchamp et al., 1999; 142 

Westneat et al., 2000). However, while group living has numerous benefits, existing in close 143 

proximity to other individuals comes at a cost. Compared to solitary individuals, group 144 

members may experience increased levels of competition for food resources, shelter, and 145 

mates (Hirsch, 2007; Rubenstein, 1978; Zemel and Lubin, 1995), theft (i.e. kleptoparasitism) 146 

(Dolman, 1995; Flower et al., 2013; Hamilton, 2002), aggressive or antagonistic interactions 147 

(Hillman, 2013; Holekamp and Strauss, 2016; MacCormick et al., 2012), disease and 148 

parasitic infection (Schmid-Hempel, 2017; Sih et al., 2018; Walsman et al., 2022), and even 149 

cannibalism (Andersson et al., 2021; Dou et al., 2000).  150 

 151 

Group formation is a common defence mechanism amongst prey species in response to 152 

predation across a wide range of taxa (Ioannou, 2017), leading to the classic “safety in 153 

numbers” expression. The tendency for individuals to aggregate into social groupings in 154 

response to a predatory threat has been observed over both short-term (Hoare et al., 2004) 155 

and long-term timescales (Herbert-Read et al., 2017), with aggregations more pronounced in 156 

predatory environments (Beauchamp, 2010; Seghers, 1974). Individuals living in groups in 157 

predatory environments typically experience higher survival rates compared to solitary 158 

individuals (Cresswell, 1994; Foster and Treherne, 1981; Neill and Cullen, 1974; Rubenstein, 159 

1978; Treherne and Foster, 1981). A number of mechanisms and phenomena act to reduce an 160 

individual’s per capita risk of predation when associating with a group including avoidance, 161 
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dilution, confusion, selfish herd, and group vigilance (“many eyes”) effects. A summary of 162 

these mechanisms can be found in Table 1.1. Via these mechanisms groups may provide 163 

increased safety to their members, and importantly they are not necessarily mutually 164 

exclusive and can function in combination to maximise benefits (Krause and Ruxton, 2002; 165 

Lehtonen and Jaatinen, 2016). These mechanisms generally enhance survival by either 166 

reducing the probability that prey species occupy the same areas as predators, thus decreasing 167 

encounters with predators, or reducing the probability of a successful attack when within the 168 

sensory field of a potential predator (Brodie et al., 1991; Turner and Pitcher, 1986; Wrona 169 

and Dixon, 1991).   170 

 171 

1.2.2  The avoidance effect 172 

 173 

Having more individuals within a group may increase their conspicuousness to predators 174 

(Ioannou et al., 2011; Treisman, 1975; Uetz and Hieber, 1994). However, an increase in 175 

group tendency and aggregation when population size is constant would decrease the number 176 

of groups within a habitat. In situations where the perceptual range of the predator is low 177 

relative to the movement and activity of both predator and prey, predators would be less 178 

likely to find a single group of prey than many solitary individuals scattered through the 179 

habitat (Figure 1.1A) (Ioannou et al., 2011; Travis and Palmer, 2005; Turner and Pitcher, 180 

1986; Vine, 1971). This “avoidance effect” or “encounter-dilution” therefore reduces the 181 

probability that an interaction with a potential predator will occur, greatly increasing the 182 

survival chance of all individuals within the group. The effectiveness of grouping in order to 183 

gain from the avoidance effect will be linked to the relative detectability of a group compared 184 

to a single individual. If a group twice as large is detected twice as often, then the avoidance 185 

effect is cancelled out (Krause and Ruxton, 2002; Uetz and Hieber, 1994).  186 

 187 

1.2.3  The dilution effect 188 

 189 

The probability that any single individual is targeted by a predator, assuming a homogenous 190 

group, decreases as a function of group size. The “dilution effect” dictates that for any one 191 

successful predator attack, the more individuals within a group, the decreased probability that 192 

a specific individual will fall victim to the attack, essentially ‘diluting’ an individual’s risk 193 

(Figure 1.1B) (Foster and Treherne, 1981; Wrona and Dixon, 1991). The per capita risk of 194 
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predation to an individual is divided, in principle, equally among all group members to 1 / n, 195 

in which n is the number of individuals within the group (Foster and Treherne, 1981; 196 

Ioannou, 2017; Krause and Ruxton, 2002; Lehtonen and Jaatinen, 2016). The probability of a 197 

specific individual surviving a single successful attack is therefore 1 - (1 / n), with the 198 

probability of that individual surviving an attack increasing alongside an increase in the 199 

number of group members (Lehtonen and Jaatinen, 2016). The ocean skater (Halobates 200 

robustus), for example, experiences predation risk from a small fish predator (Sardinops 201 

sagax) in a similar frequency to the expected risk based on variation in group sizes (Foster 202 

and Treherne, 1981).  203 

 204 

An assumption of the dilution effect is that all individuals in a group are equally at risk from 205 

predation. However, the ecological relevance of this may be limited if predators are to 206 

selectively target certain individuals (Bednekoff and Lima, 1998a; Penry-Williams et al., 207 

2018; Treves, 2000) or consume multiple individuals (Rieucau et al., 2015; Rode et al., 208 

2013). For risk to be adequately diluted between the individuals within the group, the number 209 

of successful attacks on the group needs to be less than proportional to the group’s size, 210 

otherwise the dilution effect would be cancelled out, i.e. if a group twice as large is attacked 211 

twice as often, then the dilution effect would be void (Ioannou, 2017). Therefore, 212 

congregating in groups that are larger than the maximum predator intake, i.e. “the satiation 213 

effect”, would be beneficial for increasing an individual’s chance of survival (Karban, 1982; 214 

Lehtonen and Jaatinen, 2016; Sweeney and Vannote, 1982). 215 

 216 

Attack abatement describes the interaction between the avoidance effect, i.e. the detection by 217 

a predator, and the dilution effect, i.e. risk of being attacked by a predator (Turner and 218 

Pitcher, 1986). Turner and Pitcher (1986) propose that both the avoidance and dilution effects 219 

are required to receive any benefit from either effect, and should be considered in 220 

combination as providing an evolutionarily-stable strategy for surviving predators (Figure 221 

1.1C) (Turner and Pitcher, 1986). By contrast Inman and Krebs (1987) argued this is only the 222 

case if we examine group living as a means of reducing predation as an isolated benefit, but 223 

not if we consider group living to provide additional benefits outside of prey safety from 224 

predators (Inman and Krebs, 1987; Uetz and Hieber, 1994). Overall, the individual predation 225 

risk can be calculated to be the same for a solitary individual, an individual in a group 226 

experiencing the avoidance effect, and an individual in a group experiencing the dilution 227 

effect (see Inman and Krebs, 1987). Therefore, it could be argued that only in utilising both 228 
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the avoidance and dilution effects in combination would provide a theoretical decrease in an 229 

individual’s predation risk (Inman and Krebs, 1987; Turner and Pitcher, 1986). 230 

 231 

1.2.4  The confusion effect 232 

 233 

A greater number of prey present within a group increases the difficulty of a predator 234 

successfully targeting and capturing a single individual, i.e. “the confusion effect” (Figure 235 

1.1D) (Ioannou et al., 2008; Krakauer, 1995; Landeau and Terborgh, 1986; Miller, 1922). 236 

High numbers of, often moving, prey targets within a predator’s visual field are believed to 237 

cause a sensory overload (Ioannou et al., 2008; Landeau and Terborgh, 1986; Neill and 238 

Cullen, 1974; Tosh et al., 2006). When a predator is required to process the spatial 239 

information of multiple targets within aggregated groups, this causes the accuracy and speed 240 

of this processing to decline with more moving targets. This allows prey to exploit this 241 

constraint in a predator’s information-processing in order to escape (Ioannou et al., 2008). 242 

This can reduce the rate and success of attacks made by the predator (Krause and Ruxton, 243 

2002), with the expectation that an increase in ‘confusion’ from more visual targets will 244 

result in an increased spatial targeting error for each attack (Ioannou et al., 2008; Tosh et al., 245 

2006). This may cause the predator to selectively target individuals on the periphery of the 246 

group with fewer conspecifics nearby, where there are less confusing visual cues (Duffield 247 

and Ioannou, 2017; Ioannou, 2017; Milinski, 1997, 1984). Classic examples of this reduced 248 

attack success have been provided by cephalopod and fish predators (Neill and Cullen, 1974) 249 

and raptor attacks on redshanks (Tringa tetanus) (Cresswell, 1994). The confusion effect is 250 

particularly important for visual predators, with those not visually targeting prey species, 251 

such as filter feeders, less impacted or unaffected by the confusion effect (Rieucau et al., 252 

2015; Rode et al., 2013). 253 

 254 

Conspicuous non-conforming prey differing in their colour (Landeau and Terborgh, 1986; 255 

Ohguchi, 2010; Penry-Williams et al., 2018), size (Rodgers et al., 2015; Theodorakis, 1989), 256 

species (Almany et al., 2007), or behaviour (Landeau and Terborgh, 1986; Szulkin et al., 257 

2006) to other individuals in the group, may experience a higher rate of predation through 258 

“the oddity effect”. In selectively targeting phenotypically or behaviourally odd individuals in 259 

dense prey aggregations, predators may reduce their sensory confusion and cognitive 260 

demand, allowing for a higher frequency and success rate of attacks (Almany et al., 2007; 261 
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Landeau and Terborgh, 1986; Milinski and Heller, 1978). Selective predation of 262 

phenotypically-odd minority prey items within a group has been found for largemouth bass 263 

(Micropterus salmoides) selectively targeting minority coloured (dyed blue) silvery minnows 264 

(Hybognathus nuchalis) (Landeau and Terborgh, 1986), and for kerri tetra’s (Inpaichthys 265 

kerri) selective predation of minority coloured (dyed either black or red) Daphnia magna 266 

(Penry-Williams et al., 2018). In both instances, minority odd individuals were targeted and 267 

attacked in a higher proportion than would be expected from their frequency within the prey 268 

group, resulting in an increased individual predation risk and a heterogeneity in predation risk 269 

allocation within the group (Landeau and Terborgh, 1986; Penry-Williams et al., 2018).  270 

 271 

1.2.5  The selfish herd effect 272 

 273 

The majority of beneficial group mechanisms under predation rely on the assumptions that 274 

prey groups have homogeneous distributions and assortment, equally distributed risk, and 275 

that they are phenotypically identical (Krause and Ruxton, 2002; Penry-Williams et al., 276 

2018). However, risk is not likely to be equally distributed among all members of the group, 277 

with prey size (Litvak and Leggett, 1992; Newman and Waters, 1984; Stein, 1977), health 278 

(Genovart et al., 2010), and conspicuousness (Landeau and Terborgh, 1986; Penry-Williams 279 

et al., 2022) contributing to an individual’s predation risk through selective targeting from 280 

predators. The avoidance effect, dilution effect, and to some degree the confusion effect can 281 

explain group living through spatial distributions alone, without consideration of prey 282 

movement, communication, or coordination. The “selfish herd effect” recognises this and 283 

considers the position of individuals within the group (Figure 1.1E) (Hamilton, 1971). 284 

Specifically it states that predators will selectively target the nearest prey item, i.e. the first 285 

individual that comes within range (Hamilton, 1971; Krause and Ruxton, 2002). Therefore, 286 

due to this unequal distribution of risk, prey should selectively position themselves closer to 287 

other prey when under predatory threat. In particular, an individual may ‘selfishly’ reduce 288 

their own chance of being preyed upon at the expense of increasing others’ risk by selectively 289 

positioning themselves next to their nearest neighbour in terms of either distance or approach 290 

time (Krause and Tegeder, 1994), or by moving closer to the centre of the group (Hamilton, 291 

1971; Ioannou, 2017; Krause and Ruxton, 2002). This reduces the individuals “domain of 292 

danger” i.e. the area around a focal individual in which a potential predator may be closest to 293 

that individual, rather than another member of the group (Hamilton, 1971). When individuals 294 
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comprising the group all move closer together to reduce their own domains of danger, this 295 

generally forms a large, compact aggregation (Hamilton, 1971).  296 

 297 

While individuals on the edge of the group experience a disproportionately higher risk of 298 

predation within the group, this is still safer than if they were to encounter a predator on their 299 

own. Solitary individuals are more vulnerable to attack due to their larger domain of danger, 300 

since attacks would be possible from all directions. Generally, reduced inter-individual 301 

distances in response to detecting a predator have been identified in prey species over short 302 

temporal scales, including in banded killifish (Fundulus diaphanus) (Hoare et al., 2004) and 303 

in sand fiddler crabs (Uca pugilator) (Viscido and Wethey, 2002). However, such a response 304 

is difficult to disentangle from other defensive mechanisms as increased group cohesion and 305 

closer aggregation can also be beneficial for confusion effects and group vigilance (Ioannou, 306 

2017). Examples of selfish herd effects have been well-documented in a wide range of taxa. 307 

This includes evidence from Cape fur seals (Arctocephalus pusillus pusillus) when preyed 308 

upon by white sharks (Carcharodon carcharias) (De Vos and O’Riain, 2010), sand fiddler 309 

crabs (U. pugilator) attacked by clapper rails (Rallus longirostris) (Viscido and Wethey, 310 

2002), and in merino sheep (Ovis aries) herding experiments with an Australian Kelpie 311 

working farm dog (Canis familiaris) (King et al., 2012). Generally, across taxa, predation risk 312 

is greatest on the periphery of the group and decreases towards the centre. This can lead to 313 

interesting dynamics in dominance hierarchies, whereby more dominant individuals may 314 

usurp safer central positions, forcing more subordinate group members into riskier positions 315 

towards the edge of the group (Eshel et al., 2011). 316 

 317 

1.2.6  The group vigilance effect 318 

 319 

Vigilance within a group is a key mechanism for acquiring information related to food 320 

resources and competition (Beauchamp, 2009; Goodale et al., 2010; Sumpter et al., 2008), 321 

limiting aggressive interactions (Beauchamp, 2007; Keys and Dugatkin, 1990), mate 322 

guarding (Artiss and Martin, 1995; Jormalainen, 1998), and predator detection (Beauchamp, 323 

2001; Bednekoff and Lima, 1998b; Favreau et al., 2010; Tchabovsky et al., 2001; Ward et al., 324 

2012; Ward and Mclennan, 2008). When in groups, the ‘many-eyes’ of the vigilant prey 325 

means that predators are more likely to be detected than they would be by a solitary 326 

individual, i.e. “the group vigilance effect” (Figure 1.1F) (Ioannou, 2017; Magurran et al., 327 
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1985; Siegfried and Underhill, 1975). Larger groups have consistently demonstrated more 328 

effective detection of potential predators across a range of taxa (Cresswell, 1994; Godin and 329 

Morgan, 1985; Lazarus, 1979; Powell, 1974; van Schaik et al., 1983), with larger schools of 330 

banded killifish (Fundulus diaphanous) detecting a fish model predator quicker than smaller 331 

groups (Godin and Morgan, 1985). Information transfer of early predator detection between 332 

individuals within the group, alerting those who may not have even detected a predator, has 333 

the potential to reduce the rate of successful attacks by allowing time for prey to escape 334 

(Herbert-Read et al., 2015; Morelli et al., 2019).  335 

 336 

Of all the aforementioned anti-predation mechanisms, group vigilance, or the “many eyes 337 

hypothesis”, is the only one acting beyond an individual’s detection of a predator, and relies 338 

on information transfer between individuals within the group (Herbert-Read et al., 2015; 339 

Ioannou, 2017). This information can be indirect, such as in observing individuals within the 340 

group fleeing (Herbert-Read et al., 2015), or enhanced and more direct, such as warning 341 

alarm signals that take the form of visual, auditory, or chemical cues (Manser et al., 2002; 342 

Smith, 1965). An individual may reduce their personal commitment to predator vigilance 343 

when in larger groups (Roberts, 1996). This suggests they may be relying on some alleviation 344 

of vigilance from the group’s collective effort (Ale and Brown, 2007; Beauchamp, 2001; 345 

Pulliam, 1973; Pulliam et al., 1982). This is especially important when certain activities may 346 

decrease an individual’s ability to remain vigilant, particularly when performing other visual 347 

tasks such as foraging (Brandl and Bellwood, 2015; Lima and Bednekoff, 1999). However, 348 

additional evidence indicates that individuals within the group do not show any reaction to 349 

differing vigilance rates of other group members (Lima, 1995). This suggests that individuals 350 

do not wholly rely on the vigilance of others, and instead the maintenance of some level of 351 

personal vigilance appears to ensure an evolutionary stable non-zero level of vigilance within 352 

a group (Krause and Ruxton, 2002; McNamara and Houston, 1992; Packer and Abrams, 353 

1990). The reduction in an individual’s vigilance could also be an artifact of an individual’s 354 

reduced perceived predation risk due to alternative anti-predation mechanisms, such as the 355 

dilution effect (Foster and Treherne, 1981). Remaining vigilant is important as predators may 356 

preferentially attack less vigilant individuals within the group. This has been found with 357 

cheetahs (Acinonyx jubatus) preferentially attacking less vigilant Thomson’s gazelle (Gazella 358 

thomsoni) (FitzGibbon, 1989) and in blue acara (Andinoacara pulcher) predating on less 359 

aware Trinidadian guppies (P. reticulata) (Krause and Godin, 1996).  360 

 361 
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Despite aggregations of prey reducing an individual’s level of predation risk, predators still 362 

often successfully consume prey items from groups. There are several mechanisms predators 363 

can employ to minimise, or take advantage of, the effects of social behaviour in prey species. 364 

Some predators, such as filter feeders (Rieucau et al., 2015; Rode et al., 2013), are able to 365 

consume multiple prey items at once (Turner and Pitcher, 1986) or can even trap prey (Bauer 366 

et al., 2015). This allows them to actually take advantage of the collective behaviour in their 367 

prey and reduce potential capture issues arising from dilution effects. To reduce the impact of 368 

the confusion effect, predators can focus and increase their attention on prey detection and 369 

capture at the cost of reducing vigilance for their own predators, which may increase their 370 

own risk to predation (Milinski, 1984). Predators may also overcome these effects through 371 

targeting less dense areas of group aggregations, such as at the edge (Duffield and Ioannou, 372 

2017), or selectively targeting more conspicuous individuals which stand out from other 373 

group members (Landeau and Terborgh, 1986; Ohguchi, 2010; Penry-Williams et al., 2018; 374 

Rodgers et al., 2015; Szulkin et al., 2006; Theodorakis, 1989).  375 

  376 
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Table 1.1: Summary of group living mechanisms increasing survival probability (adapted 377 

from Lehtonen and Jaatinen, 2016). 378 

 379 

Mechanism Rationale Individual Effect Group Effect 

Avoidance Effect Fewer groups 

through increased 

aggregation 

decreases chance of 

being found by a 

predator than 

homogenously 

scattered solitary 

individuals. 

 

Increased chance of 

survival compared to 

being a solitary 

individual.  

Survival of entire 

group if not detected 

by predators.  

Dilution Effect Larger groups dilute 

an individual’s 

relative risk of 

predation, 

decreasing 

probability that a 

specific individual 

will fall victim. 

 

Increased chance of 

survival compared to 

being a solitary 

individual. 

Increased chance of 

survival in larger 

groups compared to 

smaller groups. No 

individual 

differences in fitness 

cost within the 

group.  

Satiation Effect Aggregating in 

groups larger than 

the maximum 

predator intake 

means that a 

threshold minimum 

number of 

individuals will 

survive a predator 

encounter. 

 

Increased chance of 

survival compared to 

being a solitary 

individual or 

individuals in groups 

smaller than a 

predator’s maximum 

intake. 

Increased chance of 

survival in groups 

larger than a 

predator’s maximum 

intake.  

Confusion Effect Greater number of 

prey present within a 

group increases the 

difficulty in the 

predators successful 

targeting and capture 

of a single individual 

due to visual 

confusion. 

 

Increased chance of 

survival compared to 

being a solitary 

individual or 

conspicuous 

individuals within 

the group. 

Decreased predator 

attack success 

increases group 

average survival. 

Increased chance of 

failed attack on 

more, or possible, 

less synchronised 

groups.  

Selfish Herd Effect An individual 

positioned on the 

outside of the group 

is more likely to be 

Increased chance of 

survival to focal 

individual that can 

move to a safer 

Unequal distribution 

of risk within the 

group, could 

potentially increase 
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selectively targeted 

by a predator. Prey 

should selectively 

position themselves 

closer to other prey 

or in the centre of 

the group. 

 

position within the 

group at the expense 

of other group 

members.  

or decrease group 

average survival.  

Group Vigilance 

Effect (“many eyes”) 

When in groups, the 

‘many-eyes’ of the 

prey staying vigilant 

to, and watching out 

for, predators, means 

that predators are 

more likely to be 

detected than would 

be by a solitary prey 

item. 

Individuals can 

potentially reduce 

their own vigilance 

without reducing 

their risk. An 

individual giving a 

warning signal may 

increase their own 

risk to benefit the 

groups survival.   

Increased chance of 

group survival from 

higher levels of 

vigilance than 

smaller groups or a 

solitary individual. 

Can lead to unequal 

distribution of risk 

when predator 

detection is not 

perfect. Increased 

survival of relatives 

(i.e. kin-selection).  

 

 380 
  381 
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 382 

 383 

Figure 1.1: Visual representations of group living effects including (A) Avoidance effect, 384 

depicting associated risk for each group, (B) Dilution effect, depicting associated risk for 385 

each individual, (C) Attack abatement, depicting the risk to each individual from the 386 

interaction between the avoidance and dilution effect, (D) Confusion effect (left) by 387 

comparison to the oddity effect (right), with preferential targeting of a phenotypically odd 388 

individual, (E) Selfish herd effects, in which a potential predator attacks the nearest 389 

individual, and (F) Group vigilance, in which forming a group allows increased visual range 390 

(empty circle) compared to a solitary individual. Adapted from Krause and Ruxton (2002).  391 

  392 



40 
 

1.3 Lateralisation and predation 393 

 394 

1.3.1  Lateralisation  395 

 396 

In addition to sociability and group living, other related behavioural mechanisms have an 397 

important impact on an individual’s survival and predation risk, including cognitive and 398 

behavioural lateralisation. Lateralisation of brain structures, cognitive function, and 399 

behaviour, were originally believed to be unique characteristics of humans, but are now 400 

known to be widespread throughout many taxa (Rogers et al., 2013). Lateralisation is the 401 

tendency for some contrasting and complimentary neural functions or cognitive processes to 402 

be split or specialised in either the left or right hemisphere of the brain (Robins and Phillips, 403 

2010). “Behavioural lateralisation”, “handedness”, or simply “laterality”, describes the 404 

asymmetrical expression of this cognitive brain function through a directional behavioural 405 

bias in activities. The most studied example of behavioural lateralisation is hand-use in 406 

humans, i.e. the preferential use of one hand over the other for undertaking fine motor skills 407 

or object manipulation (Knecht et al., 2000; Warren, 1980). Right-hand dominance generally 408 

presides over left-hand dominance, with this frequency dependence seemingly unchanged 409 

since the Neolithic period (Raymond et al., 1996). Even morphological expressions of 410 

lateralisation appear to be subject to frequency dependent natural selection, for example in 411 

the right or left facing mouth of the scale-eating cichlid (Perissodus microlepis) (Hori, 1993; 412 

Takeuchi et al., 2012). In humans, beyond behavioural lateralisation in hand use, many 413 

cognitive functions are known to be lateralised, including emotional response (Phelps et al., 414 

2001), facial recognition (Rossion and Lochy, 2022), mathematical abilities (Chochon et al., 415 

1999), and language (Powell et al., 2012). Given the presence of both cognitive and 416 

behavioural lateralisation, it is likely that there is a link between the two, with cognitive 417 

lateralisation informing and determining behavioural directional biases (Rogers et al., 2013).  418 

 419 

An individual’s response to certain stimuli can vary depending on the salience (arousal or 420 

emotional intensity) and the valence (positively or negatively perceived) of the stimulus. This 421 

is generally dependent on an individual’s experience, with novel objects or situations being 422 

inherently neutral unless they are perceived to be threatening, in which case they would be 423 

perceived negatively, i.e. neophobia. The differing hemispheres of the brain appear to be 424 

associated with differing emotional processing. The right hemisphere of the brain is more 425 
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associated with timorous, aggressive and emotional behaviours, while the left hemisphere 426 

seems to be related to calmer, more exploratory behaviours and learning (Figure 1.2) 427 

(Rogers, 2011, 2010; Rogers et al., 2013). Emotional partitioning is well supported in warm-428 

blooded vertebrates, typically being studied in mammals and birds, with more limited 429 

evidence to support this link across other taxa, including fish (Berlinghieri et al., 2021; 430 

Demaree et al., 2005; Leliveld et al., 2013; Rogers et al., 2013). Domestic goldfish 431 

(Carassius auratus) have demonstrated a bias in their flight response (i.e. a “c-start"), by 432 

bending their head and tail to the right, believed to be indicative of left-hemisphere 433 

dominance (Heuts, 1999). While convict cichlids (Archocentrus nigrofasciatus) demonstrated 434 

no population consensus to emotionally conditioned positive or negative stimuli, displaying 435 

individual differences in their eye-use (Reddon and Hurd, 2009). Given the potential for 436 

preferential processing for certain behaviours or stimuli in a particular hemisphere of the 437 

brain, there is believed to be a link between the direction of behavioural lateralisation and the 438 

hemisphere used in its processing (Rogers, 2010; Rogers et al., 2013). Behavioural 439 

asymmetries can vary not only in their direction, but also in strength, with some individuals 440 

being more left-biased, others more right-biased, and yet others completely unbiased 441 

(Frasnelli and Vallortigara, 2018). These biases can be measured both in terms of their 442 

“relative laterality” – the directional bias (left or right) – and “absolute laterality” – the 443 

strength or intensity of this bias regardless of directionality.  444 

 445 

 446 

 447 

Figure 1.2: Summary of the functional differences between the left and right hemispheres of 448 

the brain in vertebrate species. Adapted from Rogers, (2011) and Rogers et al. (2013).  449 
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 450 

Behavioural lateralisation has been observed across a wide range of taxa, spanning mammals 451 

(Hamilton and Vermeire, 1988; Humle and Matsuzawa, 2009; Schaafsma et al., 2009; 452 

Trouillard and Blois-Heulin, 2005), birds (Beauchamp, 2013; Csermely, 2004; Rogers and 453 

Anson, 1979), reptiles (Csermely et al., 2010; Frohnwieser et al., 2017; Rodríguez-Prieto et 454 

al., 2011), amphibians (Robins et al., 1998; Vallortigara et al., 1998), fish (Bisazza et al., 455 

1998b; Bisazza and Brown, 2011; Stancher et al., 2018), and even insects (Cooper et al., 456 

2011; Niven and Bell, 2018). Lateralised behaviours include tool use, predator avoidance, 457 

visual observations, and escape responses (Bisazza et al., 2000a; Bradshaw and Rogers, 1993; 458 

Rogers et al., 2013). Observed directional behavioural biases are believed to be driven by 459 

different external and cognitive influences, including “visual lateralisation”, an assessment of 460 

asymmetric eye-use when completing visual tasks such as in viewing a predatory, social, 461 

sexual, novel, or even neutral stimulus (Dadda et al., 2012; Rogers et al., 2013). Visual 462 

lateralisation in eye-use has been found in the common octopus (Octopus vulgaris) when 463 

viewing a model crab, with approximately half of the population biased in using their left eye 464 

and the other half in their right eye (Byrne et al., 2004). As well as a left-eye preference in 465 

bearded dragons (Pogona vitticeps) when viewing videos of various moving stimuli 466 

(Frohnwieser et al., 2017). Observed directional biases have also been demonstrated in 467 

“motor laterality”, asymmetric movements such as unilateral turn choices, body use, or 468 

escape responses (Gross et al., 2007; Izvekov et al., 2012). For example, there is a general left 469 

foreleg preference during grazing in horses (Equus caballus) (McGreevy and Thomson, 470 

2006) and a right turning bias when selecting a directional turn in American cockroaches 471 

(Periplaneta americana) (Cooper et al., 2011). Visual and motor lateralisation are the two 472 

most commonly assessed classifications of behavioural lateralisation, with the assessment 473 

and measurement of lateralisation often conducted through simple behavioural assays 474 

(Vallortigara and Rogers, 2005; Walker, 1980). 475 

 476 

Over the last few decades, fishes have emerged as arguably the most common taxa used to 477 

examine laterality in non-human animals (Bisazza and Brown, 2011). The widespread nature 478 

of laterality among vertebrates, and even some invertebrates, hints to this trait being an 479 

advantageous evolutionary innovation (Magat and Brown, 2009; Warren, 1980). Benefits 480 

associated with laterality include improved cognitive capacity, multitasking capabilities and 481 

task specialisation (Rogers, 2000; Vallortigara and Rogers, 2005). For example, sandpipers 482 

(Calidris pusilla) demonstrate improved foraging success when staying vigilant to predators 483 
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with their right eye (Beauchamp, 2013). Additionally, various species of toad (Bufo viridis, 484 

Bufo bufo and Bufo marinus) also use the right eye to guide predatory tongue-striking 485 

towards prey and the left eye to guide antagonistic tongue-striking towards conspecifics 486 

(Vallortigara et al., 1998). However, despite these associated cognitive and multitasking 487 

benefits, studies investigating lateralisation have revealed widespread variation in both the 488 

directionality and intensity within and between populations and contexts (Bisazza et al., 489 

1998b; Brown and Magat, 2011; Ferrari et al., 2015; Roche et al., 2020). The existence of 490 

such variability suggests that laterality might be under balancing selection, in which there 491 

may be contexts that laterality is beneficial, but also contexts where lateralisation does not 492 

provide a fitness benefit or may even be costly (Dadda et al., 2009). Identifying these key 493 

drivers to the development of lateralisation and the behaviours in which lateralisation is 494 

demonstrated is vital for our understanding of how and why lateralisation develops, and the 495 

contexts or environments that we should expect to find lateralised tendencies.   496 

 497 

1.3.2  Visual lateralisation 498 

 499 

The eyes of many prey species are commonly laterally positioned on the head with limited 500 

overlap in optic fields, maximising their visual field and resulting in stimuli generally being 501 

viewed by only one eye at a time (Middlemiss et al., 2018; Vanegas and Ito, 1983). The optic 502 

nerves are primarily linked to the contralateral brain hemisphere, resulting in the information 503 

gathered from each eye being almost entirely processed by the opposite hemisphere (Miletto 504 

Petrazzini et al., 2020). This may allow for the division of two concurrent visual behavioural 505 

tasks between brain hemispheres or the specialisation of viewing particular stimuli with a 506 

certain eye. The direction and intensity of this lateralisation can be assessed through 507 

measuring directional behavioural responses in viewing stimuli, i.e. “visual lateralisation” 508 

(Bisazza and Brown, 2011). Lateralising visual tasks to perform two simultaneous visual 509 

tasks would allow more effective multi-tasking through efficient cognitive processing 510 

(Bisazza and Brown, 2011; Miletto Petrazzini et al., 2020; Vanegas and Ito, 1983). This is 511 

particularly beneficial to shoaling species, as individuals could observe shoal mates while 512 

simultaneously viewing other stimuli, such as predators or prey, to minimise detection 513 

latency and neural processing time, and maximise response efficiency and shoal cohesion 514 

(Bisazza et al., 2000a; Brown et al., 2004; Dadda and Bisazza, 2006a; Vallortigara et al., 515 

1999b). This allows prey species to maximise benefits gained from anti-predation grouping 516 
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mechanisms, including dilution, confusion, group vigilance, and selfish herd effects (Krause 517 

and Ruxton, 2002). Sociability is likely a driving force behind the development and presence 518 

of laterality, with visual lateralisation particularly relevant for maintaining cohesive 519 

schooling behaviour (Vallortigara and Rogers, 2005), with a tendency for using a specific eye 520 

when viewing conspecifics (Vallortigara and Andrew, 1994). Further investigating into the 521 

interaction between sociability and visual lateralisation is fundamental if we are to fully 522 

understand the evolution and proliferation of laterality in nature.  523 

 524 

Investigations into fishes, amongst other taxa, have identified links between behavioural 525 

lateralisation and environmental stressors such as predation (Brown et al., 2004; Hulthén et 526 

al., 2021; Lucon-Xiccato et al., 2017), parasitism (Roche et al., 2013), pollution (Besson et 527 

al., 2017), pharmaceuticals (HedayatiRad et al., 2017; Maulvault et al., 2018), and various 528 

abiotic parameters, including those representing our changing environment, e.g. dissolved 529 

carbon dioxide and temperature (Domenici et al., 2012; Lucon-Xiccato et al., 2014; 530 

Maulvault et al., 2018; Sundin and Jutfelt, 2018). Laterality can have significant fitness 531 

implications both at the level of the individual and in the context of the broader population or 532 

group. Understanding intraspecific variation and the differentiation between received benefits 533 

is essential to fully understand population and community dynamics (Toscano et al., 2016). 534 

An individual demonstrating lateralisation, i.e. “individual-level lateralisation”, in their eye-535 

use may have several advantages. Partitioning visual tasks to complete two tasks 536 

simultaneously removes the duplication of functions in the two hemispheres and can increase 537 

the efficiency of cerebral processing (Frasnelli and Vallortigara, 2018; Ghirlanda and 538 

Vallortigara, 2004; Rogers, 2021; Rogers et al., 2004). If each hemisphere of the brain is 539 

processing different information through multi-tasking, or even processing the same 540 

information differently, cognitive capacity is increased compared to the duplication of 541 

function in both hemispheres (Rogers, 2021). Additionally, by specialising and performing 542 

particular behaviours in only one hemisphere, e.g. predator detection or conspecific 543 

recognition, this may allow a more rapid and efficient response, and leaves the remaining 544 

hemisphere free to perform other additional functions (Frasnelli and Vallortigara, 2018; 545 

Rogers et al., 2013).  546 

 547 

If individual-level lateralisation is favoured by selection in a population, we may expect a 548 

frequency distribution with higher levels of relative lateralisation in either direction (Rogers 549 

et al., 2013) (Figure 1.3). In domestic chicks (Gallus gallus), for example, while the right eye 550 
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(left hemisphere) is more adept in foraging behaviours, their left eye (right hemisphere) is 551 

better at detecting potential predators (Rogers and Anson, 1979). Similarly, goldbelly 552 

topminnows (Girardinus falcatus) appear to view predatory stimuli and social stimuli with 553 

opposite eyes (Dadda et al., 2012). While ricefish (Oryzias sarasinorum) show a preference 554 

for using their left eye when viewing a conspecific, in the form of their own reflection 555 

(Sovrano, 2004). Fishes are believed to preferentially view social stimuli with their left eye, 556 

and therefore process social information with their right hemisphere (Sovrano, 2004; Sovrano 557 

et al., 1999). However, recent evidence would suggest that this may be a more plastic trait, 558 

with eye-use differing even in closely related species (Fuss et al., 2019) and between sexes 559 

(Reddon and Balshine, 2010). Generally, there is an expectation to find that strongly 560 

lateralised individuals will outperform non-lateralised individuals across a range of contexts. 561 

For example, lateralised guppies (P. reticulata) have enhanced numerical skills compared to 562 

non-lateralised guppies (Dadda et al., 2015) and groups consisting of lateralised goldbelly 563 

topminnows (G. falcatus) demonstrate significantly more cohesion and coordination than 564 

those consisting of non-lateralised individuals (Bisazza and Dadda, 2005).  565 

  566 
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 567 

 568 

 569 

Figure 1.3: Frequency distributions of expected lateralisation. (Top) Selection of individual-570 

level lateralisation, with no population bias or population-level lateralisation. This 571 

demonstrates a similar amount of left and right aligned individuals. (Bottom) Selection of 572 

population-level lateralisation. This demonstrates a selection for population-level left 573 

alignment (left) and selection for population-level right alignment (right). Adapted from 574 

Rogers et al. (2013). 575 

While lateralisation at an individual level can be beneficial regarding cognitive functioning 576 

and efficiency, this does not necessarily justify the alignment of directional bias within 577 

populations (Frasnelli and Vallortigara, 2018; Ghirlanda and Vallortigara, 2004). Cases 578 

where the majority of individuals within a shoal demonstrate a consistent directional visual 579 

alignment, i.e. “population-level lateralisation”, are likely a consequence of selective social 580 

and environmental pressures, such as predation. This may foster the development of 581 

coordinated behaviours within a group, with biases aligning in the same direction (Frasnelli 582 

and Vallortigara, 2018; Vallortigara and Rogers, 2005). Population-level lateralisation has the 583 

possibility to enhance group synchronisation, cohesion, and escape capacity, allowing 584 

individuals to further benefit from the confusion and dilution effect (Brown, 2005; Brown et 585 

al., 2004; Frasnelli and Vallortigara, 2018; Ghirlanda and Vallortigara, 2004; Miletto 586 

Petrazzini et al., 2020; Rogers et al., 2004). If population-level lateralisation is selected for in 587 
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a population, we could expect a frequency distribution with higher levels of relative 588 

lateralisation in only a right or left direction (Rogers et al., 2013) (Figure 1.3). Plausibly, by 589 

observing shoal mates while simultaneously viewing other stimuli, such as predators or prey, 590 

this would minimise detection and processing, and hence maximise response speed (Bisazza 591 

et al., 2000a; Brown et al., 2004; Dadda and Bisazza, 2006a; Vallortigara et al., 1999b). This 592 

distinction between individual-level and population-level benefits to visual lateralisation is 593 

important, as many studies have identified individual-level lateralisation, but fail to identify a 594 

tendency in a specific direction at the population level (Brown and Magat, 2011). In 595 

goldbelly topminnows (G. falcatus), for example, many individuals were found to have a left 596 

or right bias when viewing a social stimulus, however, no consistent direction was identified 597 

within the population (Dadda et al., 2012).  598 

 599 

In environments with high levels of predation, individuals may demonstrate enhanced visual 600 

lateralisation. Specifically, they may show an asymmetric bias in eye-use when viewing a 601 

predator and/or conspecifics. Predation is believed to be a major driver of the development of 602 

lateralisation, with experiments spanning fieldwork studies and laboratory work investigating 603 

the presence and significance of lateralisation. It has been argued that fish from high 604 

predation environments, especially those relying on schooling for protection, demonstrate an 605 

enhanced visual lateralisation to maintain visual observations of shoal mates while remaining 606 

vigilant to predators, or other environmental stimuli, simultaneously (Brown et al., 2007, 607 

2004; De Santi et al., 2000). Research investigating lateralisation when viewing a potential 608 

predator has found predominantly right eye-use in goldbelly topminnows (G. falcatus) 609 

(Facchin et al., 1999) and male eastern mosquitofish (Gambusia holbrooki) when observing a 610 

simulated/dummy predator (Bisazza et al., 1997a). Similarly, females of the poeciliid species 611 

Brachyrhaphis episcopi from high predation habitats assessed in groups demonstrate right 612 

eye-use when viewing a live potential predator, a blue acara (A. pulcher), while low predation 613 

individuals had no preference (Brown et al., 2004). Further to this, male Trinidadian guppies 614 

(P. reticulata) reared with chemical predator cues demonstrate higher absolute lateralisation 615 

when viewing a fish-shaped target than those reared without the cue, regardless of whether 616 

they originated from high or low predation regimes (Dale Broder and Angeloni, 2014). Work 617 

has also investigated the social element to lateralisation. Female B. episcopi from high 618 

predation environments demonstrated increased levels of absolute lateralisation, and a trend 619 

in right eye-use, when viewing a conspecific compared to those from low predation 620 

environments. This trend was also maintained and enhanced in laboratory-reared offspring 621 
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(Brown et al., 2007), with further evidence to suggest both heritable and experiential 622 

components to lateralisation (Bisazza et al., 2000b; Brown et al., 2007). However, most 623 

interestingly, despite no population-level directional conformity, in two separate assays, 624 

goldbelly topminnows (G. falcatus) preferred to view a predator stimulus and their ‘social’ 625 

reflection in a quasi-circular mirror assay with opposite eyes (Dadda et al., 2012), evidencing 626 

the potential for specialisation and partitioning of visual stimuli in different hemispheres 627 

(Frasnelli and Vallortigara, 2018). In conjunction to these benefits, lateralised individuals 628 

have demonstrated a greater escape capacity, foraging capability, multitasking capabilities, 629 

and tend to occupy positions of safety in a group under predator presence, all traits beneficial 630 

for surviving in environments with predators (Bibost and Brown, 2013; Dadda et al., 2010; 631 

Dadda and Bisazza, 2006a; Middlemiss et al., 2018). Lateralised goldbelly topminnows (G. 632 

falcatus), for example, capture prey twice as fast in the presence of a predator, the 633 

pumpkinseed (Lepomis gibbosus) than non-lateralised individuals, but do not outperform 634 

non-lateralised individuals when there is no predator present (Dadda and Bisazza, 2006a). 635 

Lateralised female topminnows are also better at foraging while simultaneously attending to 636 

male harassment than non-lateralised individuals (Dadda and Bisazza, 2006b).  637 

 638 

While there are many associated benefits to being visually lateralised, it cannot be ignored 639 

that the presence of such a trait may be detrimental under predation threat in environments 640 

with high abundances and a diverse array of predators. In high predation environments, prey 641 

species are prone to attacks from all directions, therefore, lateralising vigilance to predators in 642 

only one eye may leave individuals prone to attack from their alternate side (Rogers, 2000; 643 

Rogers et al., 2013, 2004). Further to this, when interacting with conspecifics within the 644 

shoal, population-level lateralisation may limit performance, as it would be near impossible 645 

to maintain an aggregation with all individuals demonstrating lateralisation alignment in the 646 

same eye, i.e. all individuals could not have all shoal-mates on the left. Lateralisation in such 647 

contexts may therefore be under balancing selection, in which there may be situations that 648 

laterality is beneficial, but also those where lateralisation does not provide a fitness benefit or 649 

may even be costly (Dadda et al., 2009). In such circumstances lateralisation may be absent 650 

or individual-level lateralisation may be favoured by selection in situations where there is a 651 

mixture of right- and left-alignment, required for maintaining group shoaling positions, as has 652 

been found in crimsonspotted rainbowfish (Melanotaenia duboulayi) and blackbanded 653 

rainbowfish (Melanotaenia nigrans) (Bibost and Brown, 2013).  654 

 655 
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1.3.3  Motor lateralisation 656 

 657 

An individual may express a preference or specialisation in using one side of the body for 658 

undertaking physical activities, i.e. “motor lateralisation”. Examples include the 659 

asymmetrical use of limbs to handle objects and to perform fine motor skills, and biases in 660 

escape direction (Bonati et al., 2010; Chivers et al., 2016), navigation (Frasnelli and 661 

Vallortigara, 2018), and swimming direction (Izvekov et al., 2012). Populations or species 662 

can demonstrate differences in motor lateralisation as a result of their habitat and morphology 663 

(Rogers, 2002). Similar to visual lateralisation, motor lateralisation can be beneficial on both 664 

the individual-level and population-level. For an individual, specialisation of a task or activity 665 

in a particular direction may increase task efficiency, reduce response time, and free up 666 

cognitive capacity or another limb to perform another task simultaneously, such as visual-667 

spatial processing (Previc, 1991; Rogers et al., 2013, 2004; Trouillard and Blois-Heulin, 668 

2005). Blue whales (Balaenoptera musculus), for example, are lateralised in their roll angle 669 

during lunge feeding events to enhance foraging efficiency (Friedlaender et al., 2017). Wild 670 

chimpanzees (Pan troglodytes) have demonstrated lateralisation of tool-use behaviours, with 671 

lateralisation increasing with task complexity and age (Humle and Matsuzawa, 2009). 672 

Sailfish (Istiophorus platypterus) preferentially attack the prey from left or right, with both 673 

right- and left-aligned individuals equally present in the population (Kurvers et al., 2017).  674 

Similarly, sharks tend to roll to one side during courtship and feeding (Byrnes et al., 2016a). 675 

The scale-eating cichlid (P. microlepis) is perhaps the best studied example of laterality in 676 

foraging behaviour. The morphological asymmetry of this species’ jaw is strongly associated 677 

with a preference to attack prey on one side or the other (Lee et al., 2012; Takeuchi et al., 678 

2016, 2012; Takeuchi and Oda, 2017). 679 

 680 

Motor lateralisation demonstrated at a population-level has potential benefits in the context of 681 

both group living and predation. Motor lateralisation has the potential to enhance group 682 

synchronisation, cohesion, schooling geometry, and escape capacity, allowing individuals to 683 

further benefit from group mechanisms such as the confusion and dilution effect (Bibost and 684 

Brown, 2013; Bisazza and Dadda, 2005; Brown, 2005; Brown et al., 2004; Frasnelli and 685 

Vallortigara, 2018; Miletto Petrazzini et al., 2020). The increased predation risk associated 686 

with non-conforming individuals, in this case, non-lateralised individuals behaving 687 

differently, may work to increase the oddity effect, and therefore increase an individuals’ 688 
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predation risk (Penry-Williams et al., 2018; Theodorakis, 1989). Wild-caught yellow-and-689 

blueback fusilier (Caesio teres) demonstrate an improved individual escape performance 690 

when conforming to the majority turn direction (right turn) compared to individuals in the 691 

minority, with the degree of population-level laterality increasing with the perceived 692 

predatory risk (Chivers et al., 2016). Exposure to predation threat during development may 693 

shape laterality, but there is also an underlying heritable component (Bisazza et al., 2000b; 694 

Brown et al., 2007). 695 

 696 

There are obvious costs to such lateralisation of escape responses, with consistent and 697 

predictable swimming behaviours potentially being exploited by predators for more 698 

successful capture of prey (Dadda et al., 2010). Therefore, motor laterality may be selected 699 

for at a population-level when the advantages gained from group synchronisation (Brown, 700 

2005; Frasnelli and Vallortigara, 2018) outweigh the costs of being more predictably targeted 701 

by predators (Ghirlanda and Vallortigara, 2004; Vallortigara, 2006). The alignment of such 702 

behavioural asymmetries at a population level can arise as an evolutionary stable strategy 703 

when individual behaviours are coordinated with those of a group (Ghirlanda and 704 

Vallortigara, 2004). In Bisazza et al.'s (2000) study of sixteen species of fish, gregarious 705 

shoaling species (e.g. Poeciliidae and Cyprinidae) presented more consistent population-level 706 

lateralisation, while solitary non-shoaling species (e.g. freshwater Gobiidae and Ancistrus sp.) 707 

had the tendency to have individual-level lateralisation. Motor lateralisation may therefore be 708 

under balancing selection, proving beneficial in some species and costly in others, potentially 709 

explaining the highly variable nature of lateralisation (Dadda et al., 2009).  710 

 711 

1.3.4  Lateralisation methodologies 712 

 713 

Given the considerable array of taxa that lateralisation has been assessed in, the development 714 

of methods for assessing laterality has been similarly varied (Batt et al., 2008; Dadda and 715 

Bisazza, 2016; Roche et al., 2020). Some of the earliest work investigating lateralisation in 716 

non-human species came from psychologists during the 1950s and 1960s to provide evidence 717 

of potential evolutionary drivers of asymmetrical hand-use in humans, generally investigating 718 

primates (Brookshire and Warren, 1962; Warren, 1958). This led to further investigation of 719 

asymmetries through more observational studies, such as those investigating hand, mouth, 720 

and eye preferences in the common marmoset (Callithrix jacchus) (Hook-Costigan and 721 
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Rogers, 1998, 1995), with now a wide variety of behaviours across numerous taxa 722 

investigated. Lateralisation of visual contest behaviours in domestic pigs (Sus scrofa) has 723 

been assessed through measuring eye-use when orienting towards an opponent (Camerlink et 724 

al., 2018), while motor and visual lateralisation of foot and eye preference when manipulating 725 

food objects has been studied in a range of Australian parrots (Magat and Brown, 2009).  726 

 727 

As discussed, fishes have emerged as a popular taxa used to examine laterality over the past 728 

few decades (Bisazza and Brown, 2011). As a result, numerous methodologies have been 729 

employed for assessing lateralisation in fish. The most common assessment method in the 730 

literature is a classic detour test (typically in either a “T” or “I” formation). In this 731 

methodology, an individual subject swims down a corridor where it is met with an obstacle 732 

(an assessment of motor laterality) (Penry-Williams et al., 2022; Roche et al., 2020) or a 733 

visual stimulus (an assessment of visual lateralisation) (Bisazza and Brown, 2011; Irving and 734 

Brown, 2013) and is forced to make the decision to turn past the obstacle, either to the left or 735 

right. However, variants on this assay set-up also exist, for example using a circular arena 736 

(Dale Broder and Angeloni, 2014). The individuals turning decision past the obstacle is 737 

typically repeated ten times per subject (Bisazza et al., 1998a; Irving and Brown, 2013; 738 

Roche et al., 2020) to produce a “relative lateralisation index” (directional, right or left) and 739 

an “absolute lateralisation index” (intensity or strength) for each individual. This assay can be 740 

used to assess visual lateralisation as the optic fields in many fish species demonstrate limited 741 

visual overlap, allowing assessment of eye-use when swimming past the stimulus presented. 742 

Various stimuli have been assessed in this assay with the perceived salience and valence 743 

differing based on the presented stimulus, generally using a social, predatory, novel, or 744 

neutral stimulus (Berlinghieri et al., 2021; De Boyer Des Roches et al., 2008).  745 

 746 

Similar detour assays have been used in assessing lateralisation across other taxa, including 747 

birds (e.g. domestic chick, G. gallus) (Vallortigara et al., 1999a), reptiles (e.g. common wall 748 

lizard, Podarcis muralis) (Csermely et al., 2010), and even molluscs (e.g. Chilean abalone, 749 

Concholepas concholepas) (Domenici et al., 2017). However, despite the common use of this 750 

assay and the high degree of reported within- and between-individual variation in 751 

lateralisation, studies have rarely incorporated an assessment of behavioural consistency of 752 

these scores within individuals over time and between contexts, i.e. repeatability (Bell et al., 753 

2009; McLean and Morrell, 2020; Roche et al., 2020; Vinogradov et al., 2021). While within-754 

population variation exists, we should expect that lateralisation on the individual level should 755 
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be consistent and repeatable over time and between different assays assessing the same types 756 

of lateralisation (Killen et al., 2016; McLean and Morrell, 2020; Roche et al., 2020).   757 

 758 

Repeatability in laterality indexes of female eastern mosquitofish (G. holbrooki) have been 759 

identified when using both social and control stimuli (Vinogradov et al., 2021) and for 760 

Trinidadian guppies (P. reticulata) detouring around a familiar object, a conspecific of the 761 

opposite sex, and a control stimulus (McLean and Morrell, 2020). However, in the wider 762 

context, repeatability of lateralisation indexes has been brought into question (Roche et al., 763 

2020). In a study by Roche et al. (2020), which included a reanalysis of a previous study 764 

(Irving and Brown, 2013), lateralisation indexes were found to be highly non-repeatable 765 

across the five fish species assessed, including goldsinny wrasse (Ctenolabrus rupestris), 766 

yellowtail demoiselle (Neopomacentrus azysron), Ambon damsel (Pomacentrus 767 

amboinensis), zebrafish (Danio rerio) (Roche et al., 2020) and guppies (P. reticulata) (Irving 768 

and Brown, 2013; Roche et al., 2020). Despite many individuals displaying a strong 769 

directional bias (68 % of trials), this turning preference proved highly variable between study 770 

days. Roche et al. (2020) additionally cite statistical issues in a further 31 studies reviewed 771 

using the detour test as a means of assessing lateralisation, and call into question the results 772 

and “functional inferences” drawn by many lateralisation studies (Roche et al., 2020). It has 773 

been suggested that lateralisation measurements taken in a detour assay are perhaps an 774 

indicator of a preferred escape route (i.e. motor laterality), rather than of visual observations 775 

to the stimulus (Middlemiss et al., 2018; Roche et al., 2020). It can additionally be questioned 776 

whether ten repeated measurements per individual is enough to accurately measure 777 

lateralisation, especially when this is often accompanied by physical interaction with the 778 

tested individual from the experimenter to instigate turns (e.g. “gently manoeuvring”, 779 

“encouraging” or “gently pushing”) (Jutfelt et al., 2013; Roche et al., 2020; Sundin and 780 

Jutfelt, 2018; Vinogradov et al., 2021), leading to potential biases in the data.  781 

 782 

Alternative measures for assessing visual lateralisation have been used, utilising mirrors to 783 

standardise “social” or “conspecific” interactions, wherein the subject’s reflection mimics 784 

shoaling with a conspecific. Differing variants of this have been used, either in a more classic 785 

single-wall set-up (Brown et al., 2004) or more complex quasi-circular (octagonal) mirror 786 

array (Dadda et al., 2015; Sovrano et al., 2001). Additionally, studies have observed 787 

interactions through a transparent barrier to prevent physical interaction, typically containing 788 

a social, predatory, or novel stimulus. For example, Peter’s elephantnose fish (Gnathonemus 789 
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petersii) were studied viewing a multicoloured clay gnome through a transparent barrier 790 

(Kareklas et al., 2018), while the poecilid B. episcopi was studied viewing a live predator, the 791 

blue acara (A. pulcher), and a novel object, a bright green plastic cross-shape (Brown et al., 792 

2004). Lateralisation has also been assessed for several differing motor responses in fish 793 

species. These include startling a variety of fish species into a c-bend response through a 794 

physical blow to the tank stand (Heuts, 1999) and the presentation of a 2-D predator to induce 795 

an escape response in goldbelly topminnows (G. falcatus) (Cantalupo et al., 1995). Other 796 

examples include assessment of spontaneous directional turns made by fish in the dark 797 

(Bisazza and Dadda, 2005; Dadda and Bisazza, 2016), as well as in-situ recordings of sailfish 798 

(Istiophorus platypterus) attacking (directional slap or slash) schooling sardines (Sardinella 799 

aurita) (Kurvers et al., 2017), and roll direction in Port Jackson sharks (Heterodontus 800 

portusjacksoni) (Byrnes et al., 2016a). Lateralisation in motor responses have been assessed 801 

in a number of behaviours, however, methodologies are fairly unstandardised and are often 802 

purely observational as the term “motor” covers a variety of different behaviours, often 803 

making it difficult to compare studies.  804 

 805 

Given the vast, and often unstandardised, array of methodologies used to assess both visual 806 

and motor lateralisation, it is no surprise that the published literature has not consistently 807 

demonstrated lateralisation within contexts or species, with widespread variation in both the 808 

intensity and directionality within and between populations reported (Bisazza et al., 1998a; 809 

Ferrari et al., 2015; Roche et al., 2020). Previous evidence for the presence of lateralisation 810 

has also often been based on research with low sample sizes, with many studies assessing 811 

fewer than twenty individuals (Byrnes et al., 2016a; De Santi et al., 2000; Ferrari et al., 2017; 812 

Jutfelt et al., 2013; Lopes et al., 2016; Nilsson et al., 2012; Roche et al., 2013; Sundin and 813 

Jutfelt, 2018), which can greatly increase the likelihood of exaggerated or spurious results 814 

(Button et al., 2013; Roche et al., 2020). We must also keep in mind the potential of 815 

publication bias, with a likelihood for positive or more dramatic findings (De Robertis and 816 

Handegard, 2013; Garamszegi et al., 2012) or studies investigating certain species (Rosenthal 817 

et al., 2017) more likely to be reported within the literature. Given these concerns, there is an 818 

obvious need to develop standardised methodologies to investigate laterality in fishes.  819 

  820 
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1.4 The Trinidadian guppy  821 

 822 

The Trinidadian guppy (P. reticulata) has been a model organism for investigations into 823 

behavioural adaptation and life history variation since it was first described over a century 824 

ago (Magurran, 2005; Peters, 1859). This species is native to South America from western 825 

Venezuela to Guyana and the southern Lesser Antilles including, as the name suggests, the 826 

island of Trinidad (Page and Burr, 1992; Rosen and Bailey, 1963). It is now one of the most 827 

widely distributed fish species in the world, primarily due to introductions from the pet trade 828 

or as a biological control, and now occurs in natural water bodies on every continent except 829 

Antarctica (Magurran, 2005).  830 

 831 

Decades of research has documented the variability and evolutionary significance of guppy 832 

colouration (Godin and Dugatkin, 1995; Pitcher et al., 2007; Rodd et al., 2002), life history 833 

traits (Bronikowski et al., 2002; Magurran, 1998; Torres Dowdall et al., 2012), and anti-834 

predatory behaviours (Botham et al., 2006; Dale Broder and Angeloni, 2014; Godin and 835 

Davis, 1995; Griffiths and Magurran, 1998) in relation to various environmental conditions, 836 

particularly, in response to predation risk. The Northern Range river systems of Trinidad 837 

provide an excellent study system for investigations into evolutionary responses of this 838 

species to predation. While guppies remain ubiquitous throughout Trinidad’s many rivers, 839 

predator communities are highly variable. The lower reaches are characterised by relatively 840 

diverse communities of piscivorous and omnivorous fish. By contrast, the upper reaches of 841 

the rivers, split by waterfalls and dams from the lower reaches are typically devoid of major 842 

guppy predators (Deacon et al., 2018; Endler, 1980; Magurran, 2005; Reznick and Endler, 843 

1982; Seghers, 1974). It is thought that these waterfalls, dams, and other anthropogenic 844 

alterations to rivers, coupled to the rugged, mountainous terrain of Trinidad, limit the 845 

upstream dispersal of the predatory species. As guppies are one of the smaller fish within 846 

their environments and communities (ranging from 1.2-2.8 cm for adult guppies measured in 847 

Chapter Three), they represent a major prey species and food resource for many piscivorous 848 

and omnivorous species. Notable species which have been investigated as a major predator of 849 

guppies include the pike cichlid (Crenicichla frenata) (Magurran and Seghers, 1994b; Szopa-850 

Comley et al., 2020), blue acara (A. pulcher) (Godin and Davis, 1995; Krause and Godin, 851 

1995), and wolffish (Hoplias malabaricus) (Deacon et al., 2018; Magurran, 2005).  852 

 853 
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Surveys of predator communities in Trinidadian rivers aimed at quantifying predation risk to 854 

guppies have typically involved hand seining and electrofishing (Deacon et al., 2018, 2017). 855 

These methods typically require intense sampling effort, specific taxonomic expertise, and 856 

potentially cause habitat disturbance. Non-invasive methods have also been employed 857 

through visual observations of diurnal predators in clear water, which typically focus on the 858 

presence or absence of a limited range of predator species active during the daytime. 859 

Inclusion or exclusion of certain predator species can therefore greatly influence 860 

classification of a site in terms of predation risk (Croft et al., 2006b; Relyea, 2003; Szopa-861 

Comley et al., 2020; Vance-Chalcraft et al., 2004), which may be temporally inconsistent and 862 

is dependent on optimum conditions for observing predators (i.e. low turbidity, rainfall, and 863 

human disturbance). Non-invasive measures requiring low at-site effort with little to no 864 

habitat disturbance would be greatly beneficial for investigations taking place in this 865 

ecosystem, particularly for those with concurrent behavioural investigation. Environmental 866 

DNA (eDNA)-based assays have proven to be successful in assessing community ecology, 867 

and may provide a novel non-invasive avenue for assessing predator diversity in Trinidadian 868 

rivers (Carvalho et al., 2022; Senapati et al., 2019; Stat et al., 2019). 869 

 870 

Previous research involving guppies has covered a wide scope of subject areas, including 871 

investigations covering genetics, heritability, behaviour, morphology, and parasitology. 872 

These studies encompass systematic field observations and more controlled laboratory 873 

experiments (Magurran, 2005). By further investigating this ecosystem we can “stand on the 874 

shoulders of giants” to build on previous research and further understand this exciting study 875 

system. Predator-prey interactions in guppies have been well-investigated, with guppies 876 

demonstrating a wide range of behavioural changes in response to a predator, including 877 

alterations to foraging (Botham et al., 2008, 2006; Day et al., 2001; Dyer et al., 2009; Fraser 878 

et al., 2004), vigilance (Dugatkin and Godin, 1992; Krause and Godin, 1996; Magurran and 879 

Seghers, 1994b), attack cone avoidance (Magurran and Seghers, 1990a), boldness (Godin and 880 

Dugatkin, 1996; Harris et al., 2010; Piyapong et al., 2010; Smith and Blumstein, 2010), 881 

predator inspections (Botham et al., 2006; Dugatkin, 1992; Magurran and Seghers, 1994b), 882 

and shelter or refuge use (Harris et al., 2010). Important for investigations reported in my 883 

thesis, guppies are a highly social species, and are known to shoal and form groups, which is 884 

influenced heavily by predation regime (Dugatkin and Godin, 1992; Edenbrow et al., 2011; 885 

Ioannou et al., 2017; Kelley and Magurran, 2003; Laland and Williams, 1997; Magurran, 886 

2005). Differentiation of the size of the telencephalon, optic tectum, olfactory bulbs, and 887 
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hypothalamus have been found in guppies under variable predation threat (Kotrschal et al., 888 

2017; Reyes et al., 2022; Vega-Trejo et al., 2022), with brain morphology impacting anti-889 

predation behavioural response and cognitive capacity (Kotrschal et al., 2015; van der Bijl et 890 

al., 2015; Vila Pouca et al., 2021). This is particularly interesting given the cognitive 891 

implications of behavioural lateralisation, with visual lateralisation linked directly to 892 

specialised hemispheric use.  893 

 894 

I conducted a systematic review of current literature investigating lateralisation in guppies, 895 

using the search terms: “laterality” or “lateralisation” or “lateralization” or “handedness” 896 

and “guppy” or “poecilia reticulata”, and the SCOPUS database. This search identified 12 897 

relevant papers (Table 1.2) (Checked up-to-date as of 18/09/2022). Two papers were 898 

excluded as one is the result of this thesis (Chapter Two) and one did not investigate 899 

Trinidadian guppies (Řežucha and Reichard, 2015). Investigations into lateralisation in 900 

guppies have typically assessed visual lateralisation (10/12: 83.3 %) with a social stimulus 901 

(9/12: 75.0 %), with the majority using a variant of the detour test to assess visual 902 

lateralisation (8/12: 66.7 %). Motor lateralisation has only been assessed in three studies (25 903 

%), covering spontaneous turns in the dark (Dadda and Bisazza, 2016), colouration display 904 

behaviour in male courtship (Gross et al., 2007), and a c-start startle response (Heuts, 1999). 905 

Wild-type guppies, descendants of wild populations from various high- and low-predation 906 

environments, have been used in the majority of guppy lateralisation papers (7/12: 58.3 %). 907 

Wild populations have only been assessed in one paper, using invasive “feral” Australian 908 

populations (Irving and Brown, 2013). To date, no study identified has assessed laterality in 909 

wild native populations of Trinidadian guppies. Commercial domestic strains of guppies have 910 

also been the subject of lateralisation studies, used in 3 papers (25 %).  911 

 912 

The resulting findings reported in the literature have been inconsistent, with some identifying 913 

population conformity using their right eye-use for viewing a social stimulus (Bisazza et al., 914 

1997b; Irving and Brown, 2013), while others stress inter-individual variation and individual 915 

preferences in the direction of lateralisation (Dadda et al., 2015; Gatto et al., 2019; McLean 916 

and Morrell, 2020). This inconsistency may be the result of variation in the assays and stimuli 917 

used, as well as the source population under investigation. The breadth of papers presented 918 

provides a good baseline for further investigation into potential lateralisation in the guppy. 919 

Questions requiring particular attention include whether there is consistency between 920 

methodologies used (Dadda and Bisazza, 2016) and whether there is repeatability in 921 
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individuals’ level of lateralisation (Irving and Brown, 2013; McLean and Morrell, 2020). 922 

Building on previous research (Dadda and Bisazza, 2016; Dale Broder and Angeloni, 2014; 923 

De Santi et al., 2000; Gatto et al., 2019), investigations into the impact of predation on 924 

lateralisation in native, wild populations of Trinidadian guppies is required to assess the 925 

ecological relevance of lateralisation and further understand the development and evolution 926 

of lateralisation (Table 1.2).  927 

 928 

  929 
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Table 1.2: Systematic review of current literature investigating lateralisation in the Trinidadian guppy (Poecilia reticula). Abbreviations: Pop. 930 

= Population type, NA = Unspecified or Unclear, C = Commercial (domestic strain), WT = Wild-type (descendant), OS = Outbred strain, WF = 931 

Wild (“feral”), Type = Lateralisation type assessed, V = Visual, M = Motor, ST = Subsequent test using the same individuals, ♂ = Male, ♀ = 932 

Female, N = Sample size, RL = Was relative lateralisation assessed?, AL = Was absolute lateralisation assessed?. An ~ indicates where sample 933 

population are the same individuals as used in the previous test. Where multiple tests have been performed on individuals or populations, these 934 

have been split into separate rows. Direction stated in “RL Result” relates to eye-use for visual assays and body movement for motor assays.  935 

 936 

Author Pop. Typ

e 

Stimulus Assay Se

x 

N RL AL RL Result AL Result 

Bisazza et al., 

1997b 

NA V Social 

(Conspecific) 

Detour ♂ 15 ✔ - Right (population level) - 

 NA V Social 

(Conspecific) 

ST: Sexual 

motivation 

♂ 8 - - - - 

Dadda et al., 

2015 

C V Social 

(Reflection) 

Quasi-

circular 

mirror assay 

♀ 70 ✔ ✔ Right: 9 / Left: 9 /  

Unaligned: 13 / 

Discarded: 17 

- 

 C - - ST: shoal 

choice 

♀ ~31 - - - Lateralised 

prefer larger 

shoal 

 C - - ST: 

Numerical 

discriminatio

n 

♀ ~31 - - - Lateralised 

discriminate 

better 

Dadda and 

Bisazza, 2016 

WT V Social 

(Reflection) 

Quasi-

circular 

mirror assay 

NA 40 ✔ - - - 

 WT V Predator 

(dummy) 

ST: Detour 

test 

NA ~40 ✔ - Right treatment: Right - 
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 WT M - ST: 

Spontaneous 

turns in the 

dark 

NA ~40 ✔ - - - 

 WT V Social 

(Reflection) 

Quasi-

circular 

mirror assay 

NA 46 ✔ - Left treatment: Left - 

 WT V Predator 

(dummy) 

ST: Detour 

test 

NA ~46 ✔ - Right treatment: Left /  

Left treatment: Right 

- 

 WT M - ST: 

Spontaneous 

turns in the 

dark 

NA ~46 ✔ - - - 

Dale Broder 

and Angeloni, 

2014 

WT V Object (Fish 

lure) 

Detour ♂ 133 ✔ ✔ Predator cue: Right Predator cue: 

more lateralised 

De Santi et al., 

2000 

C V Social 

(Reflection) / 

Predator 

(Live) 

Partitioned 

tank with 

mirror 

♀ 34 - - Nearer predator when 

reflection on right 

- 

 WT V Social 

(Reflection) / 

Predator 

(Live) 

Partitioned 

tank with 

mirror 

♀ 28 - - Nearer predator when 

reflection on right 

- 

 OS V Social 

(Reflection) / 

Predator 

(Live) 

Partitioned 

tank with 

mirror 

♀ 32 - - Nearer predator when 

reflection on right 

- 

Fuss et al., 2019 WT V Social 

(Conspecific- 

male) 

Detour ♂

♀ 

30 ✔ ✔ Male: Right - 
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 WT V Social 

(Conspecific) 

ST: Detour ♂

♀ 

~30 ✔ ✔ Male: Right / Female: 

Right 

- 

 WT V Social 

(Conspecific) 

ST: Detour ♂

♀ 

~30 ✔ ✔ Male: Right / Female: 

Right 

- 

 WT V Social 

(Conspecific) 

ST: Detour ♂

♀ 

~30 ✔ ✔ - - 

 WT V Social 

(Control) 

ST: Detour ♂

♀ 

~30 ✔ ✔ Female: Right - 

Gatto et al., 

2019 

WT V Predator 

(dummy) 

Detour ♀ 107 ✔ - Right: 20 / Left: 11 /  

Unaligned: 14 

- 

 WT - - ST: shoal 

choice 

♀ ~33 - - - Lateralised 

preference for 

larger shoal 

Gross et al., 

2007 

WT M Social 

(Conspecific) 

Display 

behaviour 

♂ 53 ✔ - Asymmetric colouration: 

Display coloured side 

(n=25/27) /  

Symmetric colouration: 

no preference (n=27) 

- 

 WT M Social 

(Conspecific) 

Display 

behaviour 

♂ 31 ✔ - Displayed most colourful 

side if asymmetric colour 

pattern (n=31) 

- 

 WT M Social 

(Control) 

Display 

behaviour 

♂ 55 ✔ - - - 

Heuts, 1999 NA M - C-bend 

startle 

Response 

NA 44 ✔ - Left (23) / Right (21) - 

Irving and 

Brown, 2013 

WF V Social 

(Conspecific) 

Detour ♂

♀ 

80 ✔ ✔ Population right bias  

 WF V Control Detour ♂

♀ 

~80 ✔ ✔ Males: Left / Females: 

Right 

 

 WF - - ST: Boldness ♂

♀ 

~80 - - - Correlation in 

females 
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(boldness and 

laterality) 

 WF - - Subsequent 

test: Activity 

♂

♀ 

~80 - - - - 

 WF - - ST: 

Sociability 

♂

♀ 

~80 - - - - 

Kaarthigeyan 

and 

Dharmaretnam, 

2005 

C V Social 

(Conspecific) 

Partitioned 

tank 

♀ 30 ✔ - Familiar: Right  

 C V Social 

(Conspecific) 

Detour ♀ ~20 ✔ - Orange male and "drab" 

male: Left 

- 

McLean and 

Morrell, 2020 

WT V Object 

(Orange test-

tube bung) 

Detour ♂

♀ 

67 ✔ ✔ Individual preferences/ 

no population-level 

preference/ Repeatable 

Only repeatable 

in males 

 WT V Social 

(Conspecific) 

Detour ♂

♀ 

~67 ✔ ✔ Individual preferences/ 

no population-level 

preference/ Repeatable 

Only repeatable 

in males 

 WT V Control Detour ♂

♀ 

~67 ✔ ✔ Individual preferences/ 

no population-level 

preference/ Repeatable  

Only repeatable 

in males 

 937 
 938 
 939 
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1.5 Thesis overview and objectives 940 

 941 

Studying behavioural adaptation to predatory threat, especially in guppy ecosystems, has 942 

yielded numerous interesting evolutionary and behavioural insights. Detailed observational 943 

and experimental studies have helped to shape our understanding of anti-predatory 944 

behavioural response and adaptations (Magurran, 2005), with subsequent modelling and 945 

theory further explaining and contextualising these observed trends (Darden et al., 2020; 946 

Senior et al., 2014; Wilson et al., 2014). Despite shoaling behaviours of Trinidadian guppies 947 

being extensively studied within their natural, and unnatural, ecosystems, investigation into 948 

the presence of visual and motor lateralisation in this model system is, surprisingly, missing 949 

from the literature. Recent investigations have questioned the validity, and even presence, of 950 

lateralisation (Roche et al., 2020), citing issues such as poor sample sizes, limited 951 

repeatability in individuals, and wide variations and limited applicability in findings. 952 

Nevertheless, lateralisation could still assist in maintaining shoaling behaviours and operate 953 

as an adaptive anti-predatory measure to minimise response time. In this thesis, I will explore 954 

these factors by assessing the interaction between lateralisation, sociability, and predation in 955 

both natural and captive populations of Trinidadian guppies.  956 

 957 

In Chapter Two, I begin by using a wild-type laboratory population of guppies to examine 958 

repeatability between current prevailing methodologies for assessing behavioural 959 

lateralisation, including a quasi-circular mirror assay and a detour I-maze, alongside a novel 960 

assessment method developed for field-trials for my further chapters, a symmetrical Y-maze. 961 

In this chapter, I also investigate whether the current standardisation of assessing ten choices 962 

differs substantially to random chance. In Chapter Three, I present the novel use of a non-963 

invasive environmental DNA-based method for assessing predator communities in the natural 964 

environment and use this as a measure of predicting anti-predatory behaviours of wild, native 965 

guppies. I use a range of behavioural assays to assess visual and motor lateralisation, 966 

sociability, and activity. In Chapter Four, I use a wild-type laboratory population of guppies 967 

to assess the repeatability and significance of lateralisation in terms of personality variation 968 

across a series of trials assessing visual lateralisation when viewing a live predator (A. 969 

pulcher) either within a group or as a solitary individual. In Chapter Five I further assess 970 

shoaling behaviours and visual lateralisation of wild, native guppies under variable predation 971 

risk at nineteen natural sites, using non-invasive visual observations (underwater filming) to 972 
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assess predator communities. I use a combination of free-swimming shoaling assays and 973 

visual lateralisation assays using a stimulus shoal of live conspecifics. In Chapter Six, I 974 

discuss how, collectively, my research points to a widespread variation in lateralisation when 975 

considering the context and stimulus presented, with the need to further consider the 976 

evolutionary and ecological context of such lateralisation activities and stimuli in research. 977 

Importantly, this research emphasises examination of laterality in a group context which 978 

theory predicts is an important evolutionary driver of this behaviour.  979 

 980 

Each of the four data chapters are written as stand-alone papers destined for publication in 981 

scientific journals, although there is narrative and progression running throughout my thesis.  982 

 983 

  984 
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1.6 Research questions 985 

 986 

Chapter Two: The consistency of lateralisation indexes across prominent assays for 987 

assessing lateralisation in fish. 988 

• Are lateralisation indexes consistent between prominent assays used to assess 989 

lateralisation (detour I-maze assay and quasi-circular mirror maze assay) and a novel 990 

assay (detour symmetrical Y-maze assay) in wild-type (descendant) guppies? 991 

 992 

Chapter Three: The use of environmental DNA in predicting behavioural differentiation in 993 

wild, native Trinidadian guppies under variable predation regimes.  994 

• Can environmental DNA be used to predict anti-predation behavioural differentiation 995 

(visual and motor lateralisation, sociability, and activity) in wild, native populations of 996 

guppies?  997 

 998 

Chapter Four: The impact and interaction of predation risk and group association on visual 999 

lateralisation in predator inspections.  1000 

• Do predation risk and group association together maximise visual lateralisation when 1001 

viewing a predator and impact the repeatability of visual lateralisation in wild-type 1002 

(descendant) guppies?  1003 

 1004 

Chapter Five: The impact of predation risk and sociability on visual lateralisation of a social 1005 

stimulus in wild, native Trinidadian guppies under variable predation regimes.  1006 

• Can visual lateralisation of stimulus shoal of conspecifics be identified along a gradient 1007 

of predation risk and sociability in wild, native populations of guppies?  1008 
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2 Chapter Two: The consistency of lateralisation indexes 

across prominent assays for assessing lateralisation in 

fish. 

 

 

Trinidadian guppies (Poecilia reticulata) 

Photography: E. Ackroyd 
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2.1 Abstract 1 

 2 

Despite the potential benefits gained from behavioural lateralisation, defined as the 3 

asymmetrical expression of cognitive functioning, existing research demonstrates widespread 4 

variation of this trait within and between populations. Numerous methodologies have been 5 

applied to investigate lateralisation in fish species, but whether different methodologies give 6 

consistent results has been relatively understudied. This study assesses (1) the repeatability of 7 

individual Trinidadian guppies’ (Poecilia reticulata) lateralisation indexes between a classic 8 

detour assay (I-maze), a quasi-circular mirror maze and a novel detour assay (a radially 9 

symmetric Y-maze). (2) Whether the methodological standard of analysing only the first ten 10 

turns in a detour assay accurately quantifies lateralisation. (3) Whether lateralisation indexes 11 

produced can be adequately explained by random chance by comparing the observed data to a 12 

novel unbiased “coin-toss” randomisation model.  13 

 14 

Findings suggest (1) the two detour assays produced generally consistent results in terms of 15 

relative lateralisation (directionality) but differed in terms of absolute laterality (intensity). 16 

The mirror assay, however, demonstrated no similarity to either assay. (2) The first ten turns 17 

were generally reflective of all turns undertaken during the 15 minute trial but reducing the 18 

number of turns did exaggerate lateralisation indexes. (3) Generally, the observed laterality 19 

indexes from the assays were found to be similar to corresponding datasets produced by the 20 

randomisation model, with significant deviations likely explained by individuals’ propensity 21 

to perform consecutive turns in the same direction. These results demonstrate the need to 22 

increase the number of observed turning choices to reduce the likelihood of producing 23 

spurious or exaggerated lateralisation indexes from random chance or external influences. 24 

  25 
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2.2 Introduction 26 

 27 

Behavioural lateralisation, or “handedness”, describes the asymmetrical expression of 28 

cognitive brain functions through a directional bias. In fishes, this is generally assessed 29 

through turning choices (left or right) in a two-way choice test (Bisazza et al., 1998b, 1998a). 30 

This directional turning bias, i.e. lateralisation, is believed to be indicative of a split in 31 

cognition between brain hemispheres (Vallortigara and Rogers, 2005; Walker, 1980). 32 

Strongly lateralised individuals may have improved cognitive capacities and multitasking 33 

capabilities, allowing them to process multiple stimuli simultaneously (Rogers, 2000; 34 

Vallortigara and Rogers, 2005). However, despite the potential benefits associated with 35 

individuals’ lateralisation, previous studies have not consistently demonstrated lateralisation, 36 

with widespread variation in both the intensity and directionality of lateralisation within and 37 

between populations (Bisazza et al., 1998a; Ferrari et al., 2015; Roche et al., 2020). While 38 

within-population variation exists, lateralisation on an individual-level should be consistent 39 

(i.e. repeatable) over time and between different assays (Killen et al., 2016; McLean and 40 

Morrell, 2020; Roche et al., 2020).   41 

 42 

One potential explanation for these mixed results is that numerous methodologies have been 43 

used to assess laterality, especially in aquatic organisms. These differing approaches may not 44 

be assessing the same type of laterality and their contexts may not be consistent. Generally, 45 

both “relative laterality” – the directional turning bias of the fish (left or right) – and 46 

“absolute laterality" – the strength or intensity of this bias regardless of directionality – can 47 

be assessed. A common assessment method, popularised by Bisazza et al. (1998a) and now 48 

prominent within the literature, uses a two-way choice test or “detour test” conducted in an I-49 

maze or T-maze, (Jutfelt et al., 2013; Maulvault et al., 2018; Roche et al., 2020). In this 50 

methodology, an individual fish swims down a corridor and is met by an obstacle, forcing 51 

them to make a choice between turning left or right. In this choice, the assay effectively 52 

assesses lateralisation by making use of the fish’s monocular eye-use. This is typically 53 

repeated ten times to produce a lateralisation index (further detail in Section 2.3: Materials 54 

and methods). However, low numbers of internal repeats (the observed turning choices) per 55 

individual, especially alongside small sample sizes of individuals, can increase the likelihood 56 

of exaggerated or spurious results (Button et al., 2013; Roche et al., 2020).  57 

 58 
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In detour tests, different obstacles have been presented to assess laterality in differing 59 

contexts, including using a neutral, predator or social stimulus. This has often resulted in 60 

context-specific lateralisation, with stimuli differing in valence resulting in varying 61 

directionality and intensity of lateralisation (Bisazza et al., 1998b; Brown et al., 2007). For 62 

example, in both eastern mosquitofish (Gambusia hoolbroki) and goldbelly topminnow 63 

(Girardinus falcatus), when a neutral stimulus was presented, and for females where a social 64 

stimulus was present, a rightward trend was identified. While a leftward trend was detected 65 

under simulated predation (dummy predator; fish lure) (Bisazza et al., 1998a). An experiment 66 

using a quasi-circular (octagonal) mirror apparatus (Sovrano et al., 2001), another popular 67 

lateralisation assay (Dadda et al., 2015), found the social stimulus from the reflected image to 68 

elicit a leftward trend in lateralisation during the first five minutes of the trial in all tested 69 

species (Danio rerio, G. holbrooki, Gnatonemus petersii, Oryzias sarasinorum and Xenotoca 70 

eiseni). However, no identifiable trend was found during the remaining five minutes of the 71 

trial.  72 

 73 

Other methodologies have also been employed for assessing lateralisation, including an 74 

individual shoaling with their reflection in a single-wall mirror test (Sovrano et al., 2001, 75 

1999), visual inspection of a novel object (Kareklas et al., 2018) and spontaneous turns in the 76 

dark (Dadda and Bisazza, 2016). Variation in the findings of these assays may be a result of 77 

them measuring differing types of lateralisation, but distinctions between these are often not 78 

made. “Visual laterality” – an assessment of asymmetric eye-use – and “motor laterality” – 79 

investigating unilateral turn choices or body-use – may be driven by different external and 80 

cognitive influences. There are a wide variety of current methodologies investigating 81 

lateralisation in a range of species and disparate results produced from these studies. It is 82 

therefore important to assess whether differing methodologies produce consistent, i.e. 83 

repeatable, laterality indexes while holding other variables, such as the test species, constant. 84 

Repeatability within even an I-maze assay has been recently brought into question (Roche et 85 

al., 2020; Vinogradov et al., 2021) and, therefore, assessment of the consistency of results 86 

produced from different assays is essential.  87 

 88 

The first aim of this study was to assess the repeatability of individuals’ (Poecilia reticulata) 89 

lateralisation indexes between some of the more prominent assays currently being utilised in 90 

the literature: a “motor” I-maze detour assay (Figure 2.1A) and a “visual” quasi-circular 91 

mirror maze assay (Figure 2.1B). These were tested alongside a novel assay for investigating 92 
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lateralisation, a “motor” radially symmetrical Y-maze detour assay (Figure 2.1C). If different 93 

assays are measuring the same individual-level lateralisation, then lateralisation indexes 94 

across a sample of individuals should be highly correlated. The second aim was to assess 95 

whether the current methodological standard of measuring the first ten turns (e.g. Bisazza et 96 

al. 1998a; Irving and Brown 2013; Roche et al. 2020) is enough to accurately assess laterality 97 

in a detour assay. This was done by assessing whether the laterality indexes derived from 98 

only the first ten turns are representative of all turns made over the duration of a 15 minute 99 

trial. The third aim was to assess whether patterns of laterality found in a sample of 100 

individuals can be adequately explained by random chance through a comparison to a novel 101 

unbiased “coin-toss” randomisation model to simulate replica datasets for each assay. To 102 

achieve these aims, both relative laterality and absolute laterality were assessed. 103 

 104 

2.3 Materials and methods 105 

 106 

2.3.1  Study species  107 

 108 

Trinidadian guppies (P. reticulata) have featured prominently in investigations into 109 

lateralisation (Dadda and Bisazza, 2016; Dale Broder and Angeloni, 2014; Irving and Brown, 110 

2013). Subjects in this experiment were naïve adult guppies, descendants of wild guppies of 111 

mixed origin caught from Trinidad in 2013, which had not previously undergone any 112 

behavioural trials. Laboratory stock populations were housed at the University of Exeter in 113 

large mixed sex groups. A sample population was transferred to the University of Bristol on 114 

the 15th November 2018 and acclimatised for approximately two months before testing. 115 

Subjects were both male (n = 49) and female (n = 55) with standard length (mean ± SD) 116 

being at 17.4 ± 1.6 cm and 19.1 ± 3.0 cm, respectively. Fish were maintained in a 90 L 117 

holding tank, furnished with gravel and plastic foliage. Fish were fed once per day on brine 118 

shrimp or fish flake during the morning and maintained at 26 to 28 oC and a 12:12 light:dark 119 

cycle. Fish were not fed for approximately 24 hours prior to testing.  120 

121 
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2.3.2  Laterality assays  122 

 123 

Trials took place between 09:30 and 16:00 during two trial periods: from the 14th January  ̶  124 

8th February 2019 and the 23rd August  ̶  2nd September 2019. All assays were shaded from 125 

direct light using a translucent plastic cover to prevent a light-induced turning bias and to 126 

reduce reflections at the water surface to facilitate computer tracking from video. Water 127 

temperature was maintained between 26 and 28 oC and was replaced every three trials with 128 

fresh filtered water direct from the filtration system. Individuals were tested in three laterality 129 

assays consecutively in a randomised order. These tests included a classic detour I-maze (also 130 

referred to as double T-maze), quasi-circular mirror maze assay, and a novel detour assay 131 

using a radially symmetrical Y-maze. For each trial, individual P. reticulata were initially 132 

introduced to an acclimatisation section (white PVC tube; diameter: 5.5 cm) in the centre of 133 

the trial tank for 10 minutes. Immediately after the recording was started (Y maze and quasi-134 

circular mirror maze: Panasonic HC-X920, I maze: GroPro Hero 5), the acclimatisation tube 135 

was gently removed by hand, and the trial was run for 15 minutes. All fish in the sample 136 

population (n = 104) were subject to all assays. It was not possible to assess lateralisation 137 

indexes blindly due to individual ID being maintained between assays and the difference in 138 

the physical appearance of assays. However, where possible, tracking and automated data 139 

extraction was performed to reduce any potential biases. The procedures for each assay were 140 

as follows: 141 

 142 

2.3.3  Detour I-maze assay (double T-maze)  143 

 144 

Adapted from the dumbbell-shaped apparatus described in Irving and Brown (2013), the 145 

apparatus consisted of a glass tank (length x width x height: 60 x 30 x 60 cm) with a corridor 146 

(length x width: 10 x 9 cm) down the centre constructed from white PVC plastic. At each end 147 

of the corridor, a black PVC cylinder (diameter: 7.5 cm) was positioned forcing a right or left 148 

turn choice (Figure 2.1A). The water level was maintained at 7 cm. For each individual, turn 149 

direction around the cylinder (left or right) was manually assessed from recorded videos and 150 

individuals with less than ten turns (n = 17: female = 8, male = 9) were excluded from the 151 

analysis (Irving and Brown, 2013; Roche et al., 2020). The turns of each individual were used 152 

to calculate a relative laterality (RL) index (scale of -1 to 1) to assess directional bias using:  153 

RL = ((Nright − Nleft) / (Nright + Nleft)), where Nright is the number of right turns and Nleft is the 154 



72 
 

number of left turns. To calculate absolute laterality (AL) to assess the intensity of 155 

lateralisation, these values were converted (scale of 0 to 1) using the equation: AL = √(RL2).  156 

 157 

 158 

 159 

 160 

Figure 2.1: (Top) Schematic representation of the (A) I-maze (double T-maze) assay, (B) 161 

Quasi-circular mirror maze assay and (C) Radially symmetrical Y-maze assay. (Bottom) 162 

Example diagrams indicating positions of coordinates required for data extraction and 163 

dimensions of assay arenas for the (D) Quasi-circular mirror maze and (E) Radially 164 

symmetric Y-maze. Crosses in circles indicate where coordinates were manually extracted. 165 

Length and width measurements were used to calculate pixel ratios. 166 

 167 

2.3.4  Quasi-circular mirror maze assay 168 

 169 
Adapted from the octagonal tank set-up described in Dadda and Bisazza (2016), the apparatus 170 

consisted of a plastic tank (length x width x height: 26 x 26 x 22 cm) in which an octagonal 171 

cylinder (length x width x height: 14 x 14 x 8 cm) lined with mirrors on the internal surface 172 

(width x height: 5 x 7.5 cm) was placed. A transparent barrier was placed 1 cm from the 173 

mirrors to prevent a direct interaction with the reflection (Cattelan et al., 2017) (Figure 2.1B). 174 

The water level was maintained at 5 cm. After releasing the fish, the acclimatisation tube was 175 
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returned to the trial tank during the experiment to prevent a kaleidoscopic effect from 176 

reflections. For each frame of video (10 minutes; 25 – 30 frames/sec), relative orientation was 177 

calculated using χ = arcsin(sin(θ−ϑ)), in which θ was the angle of the fish between two 178 

frames and ϑ is the angle of the arena radius through the position of the fish (Herbert-Read et 179 

al., 2015). A score of χ<0 demonstrates an anti-clockwise (right eye-use) turn, while a score 180 

of χ > 0 is a clockwise (left eye-use) orientation. All turns were used to calculate the relative 181 

and absolute laterality indexes, as described in Section 2.3.3.  182 

 183 

2.3.5  Radially symmetrical Y-maze assay 184 

 185 
Adapted from the set-up described in Ioannou et al. (2017), this apparatus consisted of a 186 

plastic tank (length x width x height: 29 x 29 x 14 cm) in which a radially symmetric Y-187 

shaped maze (arm: length x width x height: 10 x 6 x 10 cm) constructed from white PVC was 188 

positioned (Figure 2.1C). The water level was maintained at 5 cm. Upon releasing the fish, 189 

the acclimatisation tube was fully removed from the assay. For each move into an arm of the 190 

maze, the direction of the turn was calculated through Y0 > mX0 + c or Y0 < mX0 + c, in 191 

which m is the gradient of the line across the entrance to the arm, c is the y-axis intercept of 192 

this line, and Y0 and X0 are the coordinates of the fish at point 0. Individuals with less than 193 

ten turns (n = 7: female = 5, male = 2) were excluded from analysis (Irving and Brown, 2013; 194 

Roche et al., 2020). All turns were used to calculate the relative and absolute laterality 195 

indexes, as described in section 2.3.3. 196 

 197 

2.3.6  Data processing and extraction 198 

 199 

Mirror and Y-maze videos were converted from .MTS format to .mp4 using Handbrake 200 

(v1.2.0) (The Handbrake Team, 2018) to facilitate tracking in idTracker (v2.1) (Pérez-201 

Escudero et al., 2014). The idTracker settings of threshold, minimum size, and regions 202 

excluded were set on a per-video basis to allow for the best possible tracking in each 203 

instance. Trajectories were checked following tracking for accuracy and where 204 

inconsistencies were identified, parameters were adjusted, and tracking was reperformed.  205 

 206 

To facilitate data extraction, still images of each video from the Y-maze and mirror maze 207 

assays were obtained using VLC media player (v3.0.8 Vetinari) (VideoLan, 2006) and 208 
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imported to ImageJ (v1.52a) (Rasband, 2018). From these, coordinate parameters and pixel 209 

ratios (pixels to centimetres) were measured for inclusion into the data extraction template 210 

(Figure 1D-E). Coordinates included the corners of the entrance to each arm of the Y-maze, 211 

and the centre of the arena and acclimatisation tube in the mirror maze. These coordinates 212 

were used in the Y-maze to determine if individuals had turned into an arm of the maze and 213 

in both the Y-maze and mirror maze to define exclusion areas (parts of the assay not possible 214 

for the fish to access) to facilitate the tracking accuracy. Pixel ratios were calculated from 215 

measuring distances of known length using the “Measure” function (Figure 2.1D-E).  216 

 217 

All data extraction, statistics and graphical plotting were carried out in R (v3.6.1) (R Core 218 

Team 2019) with RStudio (v1.2.1335) (RStudio Team, 2019). Data extraction included the 219 

removal of datapoints exceeding maximum speeds for Trinidadian guppies (140 cm/sec burst 220 

speed) (Chappell and Odell, 2004; Oufiero and Garland, 2009). Data were then interpolated 221 

using the na.interpolation function (imputeTS) (Moritz and Bartz-Beielstein, 2017) using a 222 

linear option and allowing a maximum gap of ten successional missing points (approximately 223 

0.33 seconds). In instances where this was exceeded, missing datapoints were not 224 

interpolated. Following this interpolation, the removal of speeds over the maximum possible 225 

threshold was repeated and any points positioned within exclusion zones were removed (e.g. 226 

outside of assay). For a trial to be included in analysis, a trial had to have a minimum of 80 % 227 

of the trial tracked post-processing (min. tracking: Y-maze: 91 %, Mirror maze: 81 %) and 228 

ten turns were set (no. turns: Y-maze (n = 94): mean ± SD: 42.78 ± 18.61, range: 11 – 100. I-229 

maze (n = 85): mean ± SD: 25.69 ± 11.54, range: 10 – 62. Mirror maze (n = 101): mean ± 230 

SD: 22,239 ± 5,032, range: 1,057 – 26,976). Trajectories were used to extract turning choices 231 

as described in Section 2.3.4. (Mirror maze) and Section 2.3.5. (Y-maze). Turning choices 232 

were extracted manually from recorded video for the I-maze.  233 

 234 

2.3.7  Data analysis 235 

 236 

Absolute laterality indexes were rescaled from 0 – 1 to 0 – 100 and rounded to the nearest 237 

whole number to fulfil the assumptions to run a negative-binomial generalised linear mixed-238 

effects model (GLMM) using the glmer.nb function (lme4 package) (Bates et al., 2015). 239 

Relative lateralisation was assessed through a binomial GLMM with the total number of left 240 

and right turns as the dependent variable using the glmer function (lme4). Sex, size, assay 241 



75 
 

type, time of day, trial period, and the testing order of assays were included as main effects, 242 

with an individuals’ ID as a random effect. The main effect with the highest p-value (when > 243 

0.05) was dropped from the model and re-run until only significant main effects remained. 244 

The assumptions of each model were verified with QQ plots and residuals versus fitted values 245 

using the residual diagnostics for hierarchical (multi-level/mixed) regression models 246 

(DHARMa package) (Hartig, 2019). Variation in the lateralisation indexes between the 247 

assays was assessed through Levene’s test of equality of variances.  248 

 249 

Repeatability (R) in an individual’s laterality index from each assay was calculated using the 250 

repeatability estimation for Gaussian data rpt function (rptR function) (Stoffel et al., 2017) 251 

with parametric bootstrapping (1,000 iterations). For absolute laterality, individuals’ rank 252 

within each assay (with averaged tied ranks) were used in the repeatability analysis to avoid 253 

the assumption of homogeneity of variances in the model residuals being violated. For 254 

relative laterality, an individuals’ relative laterality indexes were used as the dependent 255 

variable in the model. GLMMs with the repeatability model structure were fitted to verify the 256 

model assumptions. Only individuals with an allocated index for all assays were included in 257 

these repeatability analyses (n = 77). Pairwise comparisons between each assay were assessed 258 

using Spearman’s rank correlations. Only individuals allocated an index for both assays 259 

assessed in the pair-wise comparisons were included.  260 

 261 

In previous studies, a laterality index is typically calculated based on the first ten turns an 262 

individual makes in a trial (e.g. Roche et al., 2020). It was then, therefore, assessed how 263 

representative the first ten turns, the methodological standard, were of all turns undertaken 264 

during the 15 minute trial for both the I-maze and Y-maze. Overall differences between these 265 

two standardisations were assessed using GLMMs. A zero-inflated negative binomial 266 

distribution (glmmTMB package) (Brooks et al., 2017) and binomial distribution (lme4) were 267 

used for the absolute and relative lateralisation indexes, respectively, with the standardisation 268 

as the main effect and an individuals’ ID as a random effect. No other extraneous variables 269 

were included in the model as main effects as all variables were consistent within an 270 

individual’s trial. Spearman’s rank correlations were performed within each detour assay 271 

between lateralisation indexes derived from each standardisation to assess consistency of 272 

scores.  273 

 274 
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2.3.8  Randomisation model 275 

 276 

The observed absolute and relative lateralisation indexes from the different assays were each 277 

compared to models based on randomised turn choices (i.e. equivalent to the flip of a coin) to 278 

investigate whether the observed data could be adequately explained by random chance. For 279 

each observed turn choice, the model produced a random turn with a 0.5 probability of 280 

choosing left (0) or right (1), replicating the number of turns made by individuals in the 281 

observed population for each assay. In the mirror maze, missing datapoints due to tracking 282 

errors or fish inactivity were also replicated to accurately duplicate the dataset for 283 

comparison. This was important for calculating individuals’ propensity to make consistent 284 

turns in the same direction, as this measurement is calculated using two adjacent datapoints.  285 

 286 

For each iteration of the model, an expected relative and absolute lateralisation index was 287 

calculated per individual and averaged across the trials. To assess how increasing the number 288 

of turns influenced the lateralisation indexes, for the Y-maze and I-maze assays, the change 289 

in mean absolute lateralisation and the change in the variation (i.e. standard deviation) of 290 

relative lateralisation indexes between trials across the first 20 turns was assessed (I-maze; n 291 

= 56, Y-maze; n = 87, Mirror maze; n = 102) using linear regression (lm function) and 292 

extracting the slope of the line; individuals completing less than 20 turns were excluded from 293 

this analysis. For the mirror maze, these parameters were calculated at discrete timepoints 294 

every minute for 15 minutes and the decrease assessed with a self-starting asymptotic 295 

regression using the SSasymp function (stats package) (R Core Team, 2019) and the α value 296 

extracted. The propensity for an individual’s choice of turn to influence the direction of the 297 

next turn was also investigated through Ct = Ct-1 in which Ct is a turning choice at datapoint t 298 

and Ct-1 is the previous turning choice. This was then calculated as a proportion of total turns. 299 

Each model was iterated 1,000 times per assay, and the permutation data were used to 300 

calculate p-values from comparing the observed statistic to the expected distribution of this 301 

statistic from the randomisation model. Further details of the randomisation model and 302 

associated data can be found in the supplementary files of the publication (Penry-Williams et 303 

al., 2022).   304 
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2.4 Results 305 

 306 

2.4.1  Absolute laterality 307 

 308 

A consistently low level of lateralisation was found, with 95.59 % of trials falling below an 309 

absolute laterality index of 0.5, and 50.74 % of observations scoring below 0.1. The type of 310 

assay was found to significantly impact the absolute laterality scores (Figure 2.2A: GLMM: 311 

χ2
(2) = 113.24, p < 0.001). The I-maze (mean ± SD: 0.209 ± 0.175) had significantly higher 312 

absolute laterality scores compared to both the Y-maze (0.176 ± 0.150, p = 0.026) and the 313 

mirror maze (0.061 ± 0.063, p < 0.001). The Y-maze also demonstrated significantly higher 314 

absolute laterality scores than the Mirror maze (p < 0.001). Variation in absolute laterality 315 

indexes was found to differ significantly between assays (Levene’s test: F(2) = 31.029, p < 316 

0.001), with the mirror maze demonstrating markedly lower levels of variation than both 317 

detour assays (Figure 2.2A). Trial period was also found to be a significant predictor (χ2
(2) = 318 

7.55, p = 0.006), with individuals tested in the first trial period (0.151 ± 0.150) demonstrating 319 

higher absolute laterality than those in the second trial period (0.126 ± 0.144). No other 320 

variables were identified as being a significant predictor of absolute laterality (p > 0.05).  321 

 322 
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 323 

 324 

Figure 2.2: (A) Observed absolute laterality indexes of assays derived from all turns made 325 

during the 15 minute trial. (B – D) Pairwise correlation comparisons between absolute 326 

laterality indexes for each assay. Red dashed line represents the linear regression of the 327 

lateralisation indexes.  328 
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The repeatability of individuals’ absolute laterality rank was found to be non-significant 329 

when including all assays (LMM: Rall = 0.103, 95 % CI = 0 – 0.250, Nobs = 231, Nind = 77, p = 330 

0.073). Pairwise comparisons showed no significant correlation between the absolute 331 

laterality indexes in the I-maze and Y-maze assays (Figure 2.2B: Spearmans rank: rs(75) = 332 

0.194, p = 0.091). The mirror maze also demonstrated no correlation between the absolute 333 

laterality indexes for either the I-maze assays (Figure 2.2C: rs(82) = -0.041, p = 0.709) or the 334 

Y-maze (Figure 2.2D: rs(91) = 0.164, p = 0.116).  335 

 336 

It was then assessed whether the laterality indexes calculated from only the first ten turn 337 

choices made by an individual in a trial was representative of those based on all turns over 338 

the duration of the 15 minute trial for both the Y-maze and I-maze. Significantly higher levels 339 

of absolute laterality were found when limiting the data to only the first ten turns for both the 340 

I-maze (Figure 2.3A: GLMM: χ2
(2) = 53.09, p < 0.001) and Y-maze (Figure 2.4A: χ2

(2) = 341 

103.40, p < 0.001). Alongside this, significantly higher levels of variation were found in the 342 

reduced dataset for both the Y-maze (Levene’s: F(1) = 41.982, p < 0.001) and the I-maze (F(1) 343 

= 9.151, p = 0.003). Despite these differences, absolute laterality was found to be correlated 344 

between the two measures for the I-maze (Figure 2.3B: Spearman’s rank: rs(83) = 0.265, p = 345 

0.014), and was close to significant for the Y-maze (Figure 2.4B: rs(92) = 0.198, p = 0.056).  346 
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 347 

 348 

Figure 2.3: Comparisons between laterality indexes based on the first ten turns and all turns 349 

over the 15 minute trial for the I-maze assay. (Left) Variation in (A) absolute and (C) relative 350 

laterality indexes and (Right) correlations between individuals’ (B) absolute and (D) relative 351 

lateralisation indexes depicted. Red dashed line represents the linear regression of the 352 

lateralisation indexes. 353 

 354 
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 355 

 356 

Figure 2.4: Comparisons between laterality indexes based on the first ten turns and all turns 357 

over the 15 minute trial for the Y-maze assay. (Left) Variation in (A) absolute and (C) 358 

relative laterality indexes and (Right) correlations between individuals’ (B) absolute and (D) 359 

relative lateralisation indexes depicted. Red dashed line represents the linear regression of 360 

the lateralisation indexes. 361 

362 
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2.4.2  Relative laterality 363 

 364 

When assessing the relative lateralisation calculated from all directional turns over a trial, fish 365 

were found to exhibit a low level of relative lateralisation. There was no clear directional bias 366 

in left or right turns with the relative laterality (mean ± SD) at -0.033 ± 0.272, -0.004 ± 0.232 367 

and 0.008 ± 0.087 for the I-maze, Y-maze and mirror maze assays, respectively (Figure 368 

2.5A). No significant difference in relative laterality was identified between the assays 369 

(GLMM: χ2
(2) = 3.17, p = 0.205). However, variation in the relative lateralisation indexes 370 

differed significantly between assays (Figure 2.5A: Levene’s test: F(2) = 24.087, p < 0.001), 371 

with substantially lower variation in the mirror maze assay compared to the detour assays (Y- 372 

and I-maze). Size was also found to have a significant impact on relative laterality (χ2
(2) = 373 

6.46, p = 0.011), with larger individuals being significantly more left-aligned. No other 374 

variables were identified as being a significant predictor of relative laterality (p > 0.05).  375 

  376 
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 377 

 378 

Figure 2.5: (A) Observed relative laterality indexes of assays derived from all turns made 379 

during the 15 minute trial. (B – D) Pairwise correlation comparisons between relative 380 

laterality indexes for each assay. Red dashed line represents the linear regression of the 381 

lateralisation indexes.  382 
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The repeatability of individuals’ relative laterality was found to be non-significant when 383 

including all assays (GLMM: R = 0.065, 95 % CI = 0 – 0.20, Nobs = 231, Nind = 77, p = 384 

0.173). However, pairwise comparisons between assays identified a significant correlation 385 

between the Y- and I-maze assays (Figure 2.5B: Spearman’s rank test: rs(75) = 0.280, p = 386 

0.014). The mirror maze demonstrated no correlation with either the I-maze (Figure 2.5C: 387 

rs(82) = -0.064, p = 0.563) or the Y-maze (Figure 2.5D: rs(91) = -0.065, p = 0.535).  388 

 389 

It was then assessed whether relative laterality indexes based on only the first ten turns made 390 

by an individual were comparable to indexes based on all turns over the 15 minute trial for 391 

both the Y-maze and I-maze. No significant difference in relative laterality was identified 392 

from truncating the dataset to the first ten turns compared to those derived from all turns for 393 

the I-maze (Figure 2.3C: GLMM: χ2
(2) = 1.97, p = 0.161) or the Y-maze (Figure 2.4C: χ2

(2) = 394 

2.93, p = 0.087). However, a significant reduction in the variation of relative laterality 395 

indexes was found for both the Y-maze (Levene’s: F(1) = 28.707, p < 0.001) and I-maze (F(1) 396 

= 20.128, p < 0.001). The relative laterality indexes were found to be significantly correlated 397 

between these two measures in both instances; I-maze (Figure 2.3D: Spearman’s: rs(83) = 398 

0.655, p < 0.001) and Y maze (Figure 2.4D: rs(92) = 0.604, p < 0.001).  399 

 400 

2.4.3  “Coin-flip” randomisation model 401 

 402 

For all assays, the models demonstrate that with each additional turn an individual made, 403 

there was a decrease in both absolute laterality and in the variation in laterality indexes, with 404 

lateralisation approaching zero as more turns were made. In the Y-maze assay, both the 405 

observed and random expectation were found to yield low absolute lateralisation. However, 406 

this was significantly higher in the observed population (Figure 2.6A: mean: 0.176) compared 407 

to the randomised model (Figure 2.6C: mean ± SD: 0.132 ± 0.011, p < 0.001). The observed 408 

decrease in absolute lateralisation over the first twenty turns (Figure 2.6B: slope: -0.024) did 409 

not differ to random chance (Figure 2.6D: mean slope: -0.024 ± 0.002, p = 0.930). The 410 

observed average relative laterality calculated in the Y-maze assay (Figure 2.7A: mean: -411 

0.004) did not significantly differ to the randomisation model (Figure 2.7C: mean ± SD: -412 

0.001 ± 0.018, p = 0.864). Alongside, the decrease in variation of relative lateralisation over 413 

the first twenty turns (Figure 2.7B: slope: -0.025) did not differ to random chance (Figure 414 

2.7D: mean slope ± SD: -0.027 ± 0.002, p = 0.114). An individual’s observed chance of 415 



85 
 

consistently making the same directional turn (mean: 62.4 % of total turns per trial) was 416 

found to be significantly higher than random chance (mean ± SD: 49.6 % ± 2.1, p < 0.001).  417 

 418 

Similar trends were identified in the I-maze assay when investigating absolute laterality, with 419 

absolute laterality higher in the observed population (Figure 2.8A: mean: 0.209) compared to 420 

the randomisation model (Figure 2.8C: mean ± SD: 0.169 ± 0.014, p = 0.010). However, 421 

there was no significant difference in the decrease in absolute lateralisation between the 422 

observed (Figure 2.8B: mean slope: -0.020) and randomly modelled population (Figure 2.8D: 423 

mean slope ± SD: -0.024 ± 0.002, p = 0.060). Similar again to the results from the Y-maze 424 

assay, the observed average relative laterality calculated in the I-maze assay (Figure 2.9A: 425 

mean: 0.033) did not differ significantly from the randomisation model (Figure 2.9C: mean ± 426 

SD: 0.000 ± 0.024, p = 0.166). Both the original data and randomised data demonstrate 427 

decreases in variation over the first twenty turns, although the observed data demonstrated a 428 

significantly slower decrease in variability in relative lateralisation indexes (Figure 2.9B: 429 

slope: -0.023) compared to the randomisation model (Figure 2.9D: mean slope ± SD: -0.027 430 

± 0.002, p = 0.038). This could be potentially explained by an individual’s propensity of 431 

making consistent directional turns (mean: 64.3 % of total turns) being significantly greater 432 

than random chance (mean ± SD: 48.8 % ± 2.7, p < 0.001).  433 

 434 

Although both the observed and randomised results were found to yield low levels of 435 

laterality in the mirror maze, the observed mean absolute laterality (Figure 2.10A: mean: 436 

0.061) was found to be approximately ten-fold higher than the randomisation model (Figure 437 

2.10C: mean ± SD: 0.006 ± 0.000, p < 0.001). The decrease in absolute laterality over the 438 

trial for the randomised model (Figure 2.10B: mean α ± SD: 4.290 ± 0.128) was significantly 439 

faster than that of the observed data (Figure 2.10D: 2.337, p < 0.001). The observed average 440 

relative laterality calculated in the mirror maze assay (Figure 2.11A: mean: 0.008) was also 441 

found to be significantly higher than the randomised expectation (Figure 2.11C: mean ± SD: 442 

0.000 ± 0.001, p < 0.001). The variation of the observed population’s relative laterality 443 

indexes decreased slower over the trial (Figure 2.11B: α: 2.012) compared to the 444 

randomisation model (Figure 2.11B: mean α ± SD: 4.055 ± 0.149, p < 0.001). Similar to both 445 

the detour assays, an individual’s propensity to continue in the same direction in the mirror 446 

maze (mean: 77.6 % of total turns) was found to be significantly higher than random chance 447 

(mean ± SD: 50.0 % ± 0.1, p < 0.001).   448 

 449 
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 450 

 451 

Figure 2.6: Changes to absolute lateralisation indexes (intensity, ranging from 0 to 1) over 452 

the trial period in the Y-maze assay for both the (A – B) observed population and (C – D) an 453 

example of the randomised coin-flip model population. The thick red vertical line indicates 454 

ten turns, which is the current methodological standard. (Left) (A and C): Individual relative 455 

lateralisation calculated with each additional turn, in which each line represents an 456 

individual’s relative lateralisation index, with the final index for that individual represented 457 

with a cross. (Right) (B and D): Overall variation up to the first twenty turns (only 458 

individuals completing a minimum of twenty turns are included). Medians are illustrated by 459 

thick horizontal lines, the interquartile range (IQR) is represented within the boxes, and the 460 

whiskers represent individuals within 1.5 × IQR. Circles represent data points falling outside 461 

of the whiskers. The thick dashed red line indicates a linear regression between the absolute 462 

laterality index and number of turns. 463 
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 464 

 465 

Figure 2.7: Changes to relative lateralisation indexes (directional, ranging from -1 to 1) 466 

over the trial period in the Y-maze assay for both the (A – B) observed population and (C – 467 

D) an example of the randomised coin-flip model population. Graphical parameters as 468 

described in Figure 2.6. 469 

  470 
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 471 

 472 

Figure 2.8: Changes to absolute lateralisation indexes (intensity, ranging from 0 to 1) over 473 

the trial period in the I-maze assay for both the (A – B) observed population and (C – D) an 474 

example of the randomised coin-flip model population. Graphical parameters as described in 475 

Figure 2.6. 476 

  477 
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 478 

 479 

Figure 2.9: Changes to relative lateralisation indexes (directional, ranging from -1 to 1) 480 

over the trial period in the I-maze assay for both the (A – B) observed population and (C – 481 

D) an example of the randomised coin-flip model population. Graphical parameters as 482 

described in Figure 2.6.  483 
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 484 

 485 

Figure 2.10: Changes to absolute lateralisation indexes (intensity, ranging from 0 to 1) over 486 

the trial period in the quasi-circular mirror maze assay for both the (A – B) observed 487 

population and (C – D) an example of the randomised coin-flip model population. Graphical 488 

parameters as described in Figure 2.6. The thick dashed line indicates an asymptotic 489 

regression between the absolute laterality index and number of turns.  490 
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 491 

 492 

Figure 2.11: Changes to relative lateralisation indexes (directional, ranging from -1 to 1) 493 

over the trial period in the quasi-circular mirror maze assay for both the (A – B) observed 494 

population and (C – D) an example of the randomised coin-flip model population. Graphical 495 

parameters as described in Figure 2.6. 496 

 497 

498 
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2.5 Discussion 499 

 500 

Published literature investigating laterality have used a diverse array of methodologies. These 501 

include detour tests with a predation, social or neutral stimulus, mirror assays in a quasi-502 

circular array or a one-wall set-up, visual and electroreceptive inspection of novel objects, 503 

and spontaneous turning in the dark (Bisazza et al., 1998b; Brown et al., 2007; Dadda et al., 504 

2015; Dadda and Bisazza, 2016; Kareklas et al., 2018; Sovrano et al., 2001). The type of 505 

assay used in this investigation was found to significantly impact the measured lateralisation 506 

indexes. Absolute lateralisation indexes were highest in the I-maze, followed by the Y-maze 507 

and markedly lower in the mirror maze assay, with the trial period also impacting the results. 508 

While the type of assay did not impact relative lateralisation, guppy size was found be a 509 

significant predictor, with larger individuals demonstrating more of a left bias. The results of 510 

this experiment showed that the relative laterality indexes of the two detour assays (I-maze 511 

and Y-maze) used in this study were positively correlated. However, trends identified in 512 

absolute laterality were markedly different, with no consistency when comparing across 513 

assays. In a similar “motor” I-maze assay using four species of fish and a reanalysis of a 514 

further species in a previous study (Irving and Brown, 2013), Roche et al. (2020) found 515 

relative lateralisation was not repeatable (R = 0.006 – 0.028) with an interval of 48 hours 516 

between testing, despite many individuals demonstrating a strong directional bias. Higher 517 

repeatability was, however, presented in McLean and Morrell (2020) in terms of relative 518 

laterality in an I-maze assay with 48 hour intervals between testing of Trinidadian guppies (P. 519 

reticulata) (males: R = 0.324 ± 0.116, females: 0.363 ± 0.115), but was markedly less 520 

repeatable for absolute laterality (males: R = 0.252 ± 0.110, females: R = 0.124 ± 0.095). 521 

Vinogradov et al. (2021) similarly found relative laterality in female eastern mosquitofish (G. 522 

holbrooki) to be significantly repeatable in five of six treatments incorporating social and 523 

control stimuli (R = 0.280 – 0.623) and non-repeatable in only one assessed treatment (R = 524 

0.036). Therefore, while consistency was identified between the two “motor” detour assays in 525 

the current study, repeatability of these results over time is brought into question. 526 

 527 

Given the array of methodologies used within the literature to assess the trait of laterality and 528 

the widely contrasting results identified (Roche et al., 2020), it may be that laterality is not a 529 

consistently expressed trait, but more likely context-dependent and stimulus-specific. 530 

However, consistency in relative lateralisation between such assays has been identified in the 531 
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past. Bisazza et al. (2001) selectively bred goldbelly topminnows (G. falcatus) from right and 532 

left aligned parentage and found the two groups to consistently display an opposite direction 533 

of lateralisation between the five lateralisation assays investigated: turns in an I-maze, 534 

rotation in a circular arena, female shoaling (Mirror assay), male sexual behaviour (I-maze), 535 

and male agonistic behaviour (Mirror assay). However, Roche et al. (2020) and Vinogradov 536 

et al. (2021) found contrasting repeatability results even when using a similar “motor” I-maze 537 

assay to assess relative lateralisation. Perhaps use of a stimulus with stronger selection 538 

pressure through salience and valence, such as a predatory or social stimulus, may increase 539 

repeatability (Friedlaender et al., 2017; Roche et al., 2020; Vinogradov et al., 2021).  540 

 541 

Bell et al. (2009) suggest that behaviours which are more sensitive to environmental or 542 

motivational influences may be less repeatable, such as those influenced by energetic needs 543 

(MacGregor et al., 2021), social interactions (Bevan et al., 2018), or ecological variables 544 

(Castellano et al., 2002; Smith and Hunter, 2005). Environmental pressures, such as predation 545 

and stress, have been shown to alter levels of lateralisation (Berlinghieri et al., 2021). Higher 546 

levels of absolute laterality were found in Trinidadian guppy offspring reared with predation 547 

cues and who were also more left-aligned in their laterality (Dale Broder and Angeloni, 548 

2014). Additionally, Ambon damsels (Pomacentrus amboinensis) demonstrated a stronger 549 

turning bias (absolute laterality) as a result of injured conspecific cues but with no clear 550 

pattern of directional alignment (Ferrari et al., 2017). This effect has not been consistently 551 

found, however, with Brown et al. (2007) finding that although absolute lateralisation indexes 552 

were generally higher in fish associated with high predation environments, the directional 553 

bias differed between assays. If the lateralisation of activities is susceptible to such 554 

environmental or ecological influence, then the presence and repeatability of lateralisation 555 

may be more limited in the absence of ecological contexts, as well as in a laboratory 556 

population with the potential for domestication, as in this study. It may therefore be in these 557 

instances lacking ecological relevance, the benefits associated with an individual being 558 

lateralised do not outweigh the costs (Bisazza and Brown, 2011; Dadda et al., 2009).  559 

 560 

Sociability in nature is a key survival mechanism, promoting more efficient foraging (Harpaz 561 

and Schneidman, 2020) and allowing individuals in groups to reduce per capita risk through 562 

risk dilution (Foster and Treherne, 1981) and the confusion effect (Penry-Williams et al., 563 

2018). Given the adaptable nature of sociality, repeatability between non-social “motor” 564 

lateralisation assays and those with a more social context may be limited (Bell et al., 2009). 565 
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Previous investigation in goldbelly topminnows (G. falcatus) has identified a negative 566 

association in visual laterality between two methods (quasi-circular mirror maze assay and 567 

detour assay with predator valence: r = -0.440) and motor laterality between two methods 568 

(spontaneous turns in the dark and rotational preference: r = -0.341). However, no 569 

relationship was identified between these types of lateralisation (r = -0.068 – 0.167) (Dadda 570 

et al., 2012). The lateralisation indexes produced in the social “visual” quasi-circular mirror 571 

maze assay did not correlate with those from either “motor” assay in my study, demonstrating 572 

a greatly reduced level of variation between individuals and no apparent asymmetry in 573 

monocular eye-use. However, it is also possible that the reduced level of variation 574 

demonstrated in the mirror maze assay is due to the much greater number of turns recorded, 575 

with each new frame providing the potential for a new directional turn (described in Section 576 

2.3.6). As was seen across all assays, each new turn generally saw individuals’ laterality 577 

index approach zero and effectively remove any directional bias. Therefore, the larger 578 

number of turns provided by this methodology give a higher potential of reducing laterality 579 

scores across the population, effectively removing variation in the scores. These results 580 

further demonstrate that context and assay selection is important when investigating 581 

laterality, and the necessity for distinctions to be made between these methodologies. 582 

 583 

Other, even more subtle, differences in methodologies may be responsible for inconsistent 584 

findings within the literature. For example, some experimenters physically interact with the 585 

test subjects to “encourage” the individual down the runway of a detour test by “gently 586 

pushing” the individual with an acrylic paddle to initiate a turn in instances where the fish 587 

does not advance independently (Jutfelt et al., 2013; Roche et al., 2020; Sundin and Jutfelt, 588 

2018). It would be difficult to standardise such procedures in terms of speed or asymmetrical 589 

influence, therefore, use of this may potentially bias an individual’s turn direction. This may 590 

also elicit a more stress-induced response in individuals where this is used (Fanouraki et al., 591 

2011; Pavlidis et al., 2015). Recent research has identified that use of such encouragement 592 

increased repeatability in relative lateralisation and the proportion of left turns selected 593 

(Vinogradov et al., 2021). Therefore, this approach was not utilised in the current study, 594 

rather the duration of the trial was increased allowing the subjects to engage with the 595 

apparatus in their own time to achieve an adequate number of turns per trial without 596 

introducing potential bias. However, such unmanipulated approaches may result in a 597 

sampling bias through the exclusion of less active individuals if they are unable to achieve 598 

the threshold number of turns within the time limit.  599 
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 600 

The results of this study demonstrate that the first ten turns were generally representative of 601 

the larger timeframe (15 minutes) for an individual. However, it must be noted that reducing 602 

the number of turns significantly exaggerated the absolute laterality indexes and with each 603 

additional turn, the laterality indexes approached zero and variability between individuals 604 

was reduced. It has been previously suggested that relative lateralisation can be impacted by 605 

the novelty and familiarity of the assay, which may have decreased as the trial progressed 606 

resulting in low levels of laterality being identified in this instance (Sovrano, 2004; 607 

Vallortigara and Andrew, 1991). However, the methodological standard of limiting the 608 

number of turns to only the first ten turns is a potential way that results of previous research 609 

may be attributed to random chance. This would be further exaggerated by only a small 610 

number of individuals being tested, potentially limiting population-level observations (Roche 611 

et al., 2020). In this study, through the recreation of the dataset with random turns (a 0.5 612 

chance of each turn being left or right), the potential issues caused from random variance can 613 

be statistically tested.  614 

 615 

From this assessment, the results of the observed data were found to be fairly consistent to 616 

the randomised dataset for all assays. The mean relative lateralisation indexes across 617 

individuals were not found to differ significantly from random chance for the detour assays, 618 

and even though relative lateralisation was found to be significantly lower in the modelled 619 

population (mean ± SD: 0.000 ± 0.001) than the observed population for the mirror maze 620 

assay, a lateralisation bias was not apparent in the observed population (mean: 0.008). This 621 

result in the mirror maze is likely exaggerated compared to the Y-maze and I-maze analyses 622 

due to the vastly greater number of turns incorporated into the lateralisation index of the 623 

mirror maze assay (described in 2.3.4.). Similarly, although absolute lateralisation was found 624 

to be significantly higher in all assays in the observed population than the modelled 625 

population, the observed absolute laterality indexes were low and would generally not be 626 

classed as lateralised. This leads to important questions surrounding the effect size required to 627 

definitively classify an individual as lateralised. Previous research has set a lateralisation 628 

index threshold value at 0.8 in order to be classed as aligned (Dadda and Bisazza, 2006b; 629 

Gatto et al., 2019; Roche et al., 2020). It is generally expected that individuals displaying 630 

stronger lateralisation should outperform non-lateralised individuals in various tasks (Bisazza 631 

et al., 1999; De Santi et al., 2000). However, could individuals demonstrating only a slight 632 
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skew of directional alignment also be at an advantage or gain alternative benefits? This is an 633 

avenue which requires validation from further research.  634 

 635 

Interestingly, in all assays, individuals were more likely to repeat the turning choice they had 636 

previously made than expected from random chance. This can potentially be explained by 637 

individuals following the wall of the test arena, which was noticeable throughout the trials. 638 

The individuals tended to swim around the edge of the entire apparatus, consistently selecting 639 

the same choice of turn. However, Vinogradov et al. (2021) noted individuals in their 640 

experiment tended to alternate turning choice between right and left, following only one wall 641 

of the I-maze. Many studies investigating laterality using a detour assay have also previously 642 

had relatively wide corridors compared to the size of the study individual (e.g. Irving and 643 

Brown, 2013). It is necessary for future studies to reduce corridor width to a minimum to 644 

reduce the impact of this extraneous variable. The novel randomisation model used within my 645 

study to investigate the extent random chance is involved in directional turns choice versus 646 

active choice demonstrates that the behaviour of the test subjects was not dissimilar to that of 647 

flipping an unbiased coin. Use of the novel randomisation model further validates that the 648 

low number of turns used to assess relative laterality (typically ten turns) can lead to spurious 649 

and more exaggerated results, with this effect apparent in all assays.  650 

 651 

In conclusion, the non-social “motor” detour assays (I-maze and Y-maze) appear to be 652 

generally consistent in this study in terms of relative lateralisation, while the social “visual” 653 

mirror maze assay produced inconsistent indexes with lower between-individual variation. 654 

Despite this, absolute laterality was not found to be correlated between any assays, with 655 

consistently low levels of laterality found in all assays. Increasing the number of turns used to 656 

calculate a lateralisation index reduces the between-individual variation in relative 657 

lateralisation and reduces most individuals’ relative and absolute laterality with each 658 

additional turn. My results do not deviate strongly from those produced by random chance in 659 

a novel randomisation model, bringing into question the presence of laterality in the context 660 

used in this study, with any deviations explained by extraneous variables such as wall 661 

following. It is likely that lateralisation is more context driven and stimulus specific, such as 662 

in activities with a stronger selection pressure (i.e. predator avoidance or social dynamics). It 663 

would therefore be interesting to assess whether a previously deemed lateralised populations 664 

deviate significantly from random chance when incorporating sample sizes and number of 665 

turns. This study provides further evidence of the need to increase the number of directional 666 
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turns per individual when assessing lateralisation to reduce the likelihood of spurious or 667 

exaggerated results. 668 

 669 
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3 Chapter Three: The use of environmental DNA in 

predicting behavioural differentiation in wild, native 

Trinidadian guppies under variable predation regimes. 

 

 

 

Turure River, Trinidad 

Photography: I.L. Penry-Williams 
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3.1 Abstract 1 

 2 

Predation provides a strong selective force on the behavioural traits of prey species. 3 

Environmental DNA (eDNA) has been successfully used in quantifying ecological 4 

communities and has potential as a novel avenue for assessing predator communities for 5 

evolutionary and behavioural research. Trinidadian guppy (Poecilia reticulata) populations 6 

from the Northern Range of Trinidad are a model system for studying behavioural adaptation 7 

under variable predation risk. Predation pressure in these environments has been typically 8 

quantified using visual observations of diurnal predators in clear water, or from invasive 9 

sampling techniques such as electrofishing. Here, I use a combination of standardised 10 

behavioural assays on wild-caught guppies and eDNA metabarcoding to assess anti-predator 11 

responses to variable predator diversity. I find that eDNA-derived predator diversity 12 

predicted sociability and activity, with guppies from more predatory environments 13 

demonstrating increased sociability and decreased activity. Environmental DNA-derived 14 

predator diversity was, in fact, a better predictor of sociability and activity than predation 15 

pressure based on concurrent observations of predators or predator diversity calculated from 16 

previous censuses using hand-seining and electrofishing. Contrary to my predictions, no 17 

measure of predation pressure predicted motor or visual lateralisation. These results suggest 18 

that eDNA-based methods have considerable potential for allowing repeated, comprehensive, 19 

and non-invasive assessment of species communities to enhance prospects for behavioural 20 

and evolutionary research. 21 

  22 
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3.2 Introduction  23 

 24 

Environments with high abundances of predators impose strong selective pressure on prey 25 

which shapes adaptive behavioural responses (Ferrari et al., 2010; Sih et al., 1985). Therefore 26 

in complex ecological communities, the diverse array of predators, and the associated 27 

predation risk fosters the evolution of strong and bespoke anti-predatory behaviours in prey 28 

species (Brown et al., 2015; Eklöv and Svanbäck, 2006; Ioannou et al., 2017), leading to prey 29 

behavioural responses that differ among life stages and populations (Bronikowski et al., 30 

2002; Jacquin et al., 2016; Magurran and Seghers, 1994a; Vonesh and Osenberg, 2003). 31 

When the expression of these anti-predation behavioural responses are energy intensive or 32 

costly, such as in reducing foraging or mating success, then the level of predation risk should 33 

alter the expression of these defences (Blanchard et al., 1990; Creel, 2018; Kavaliers and 34 

Choleris, 2001; Lima and Dill, 1990). The diversity of predator communities, therefore, 35 

requires careful consideration when investigating predator-prey interactions. Predation risk 36 

can be altered through various factors including the predator species present within the 37 

ecosystem, their associated predation strategies (i.e. ambush or pursuit predators), and even 38 

by predators modifying their behaviour to increase capture success (Cairns et al., 2020; 39 

Heiling and Herberstein, 2004; Hollis, 2017). Given their life-history traits, higher trophic 40 

level species are generally less abundant and therefore rarer in the community, often making 41 

them more cryptic and difficult to detect through more conventional surveying methods 42 

(Fancourt, 2016; Gese, 2001). 43 

 44 

In environments with a diverse array of predators and therefore variability in potential 45 

predatory risk, adaptation of differing or multiple behavioural predation deterrents may be 46 

necessary for survival. These anti-predatory behavioural adaptations can persist through 47 

natural selection or can be learned in response to predation risk (Boersma et al., 1998; 48 

Dingemanse et al., 2010, 2009). Non-lethal effects from only the presence of a potential 49 

predator can also arise, altering prey’s habitat use and population demography (Åbjörnsson et 50 

al., 2002; Voelkl et al., 2016). Behaviours that have been found to be impacted by predation 51 

pressure across a diverse range of taxa include sociability, behavioural lateralisation, and 52 

activity. Group living, driven by individuals’ tendencies to be social (i.e. their sociability), is 53 

strongly selected for by predation (Groenewoud et al., 2016). Members of a group increase 54 

their chance of survival through the avoidance, dilution, confusion and selfish herd effects 55 
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(Foster and Treherne, 1981; Lambert et al., 2021; Penry-Williams et al., 2018), as well as 56 

predator mobbing and increased collective vigilance (Elgar, 1989; Lachat and Haag-57 

Wackernagel, 2016). Lateralisation, the asymmetrical partitioning and processing of 58 

cognitive functions, is another behavioural mechanism which can develop as a result of 59 

predation (Berlinghieri et al., 2021; Dale Broder and Angeloni, 2014), with lateralised 60 

individuals demonstrating a greater escape capacity and foraging capability under predator 61 

presence (Dadda et al., 2010; Dadda and Bisazza, 2006a). “Motor lateralisation”, an 62 

assessment of asymmetrical turning choices typically in a detour assay, and “visual 63 

lateralisation”, quantifying unilateral eye-use when viewing a stimulus, have both been 64 

shown to be altered due to predation pressure or by a predatory stimulus (Brown et al., 2007, 65 

2004; Brown and Braithwaite, 2005; Dadda et al., 2010; Dadda and Bisazza, 2006a; Dale 66 

Broder and Angeloni, 2014). Furthermore, activity is fundamental for most animal species in 67 

order to explore environments, escape threats, and find resources (Strobbe et al., 2011; 68 

Werner and Anholt, 1993). Prey have been found to reduce activity under greater predation 69 

risk, resulting in reduced encounter and detection rates and, therefore, increasing their chance 70 

of survival (Brown, 1999; Gerritsen and Strickler, 1977; Werner and Anholt, 1993).  71 

 72 

The ubiquity of the Trinidadian guppy (Poecilia reticulata) and the geographic variability in 73 

the location of their fish predators in the Northern Range river systems of Trinidad make the 74 

guppy and their predators a classic study system for investigating predator-induced 75 

evolutionary and behavioural differentiation (Deacon et al., 2018; Magurran, 2005; Magurran 76 

and Phillip, 2001). However, quantifying and characterising predator communities, 77 

particularly in aquatic systems, in an unbiased and comprehensive way is difficult due to the 78 

limited visibility, irregular and deep bathymetry, and health and safety concerns. 79 

Conventional methods, such as using visual observations of diurnal predators in clear water, 80 

typically focus on the presence or absence of a limited range of predator species, particularly 81 

the pike cichlid (Crenicichla frenata). Inclusion or exclusion of certain predator species can 82 

therefore greatly influence classification of a site in terms of predation risk (Croft et al., 83 

2006b; Deacon et al., 2018; Szopa-Comley et al., 2020). In the guppy system, only recently 84 

have whole communities of predators been quantified through hand-seining and 85 

electrofishing (Deacon et al., 2018, 2017). This typically requires intense sampling effort, 86 

specific taxonomic expertise, and can cause habitat disturbance. These field-based 87 

techniques, including observational and seining methods, are also sensitive to how active 88 

different predator species are. This may change over circadian and seasonal cycles, as well as 89 
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varying environmental conditions. Environmental DNA (eDNA) has proven to be successful 90 

in assessing community ecology, and may provide a novel avenue for assessing predator 91 

diversity (Carvalho et al., 2022; Senapati et al., 2019; Stat et al., 2019). Less invasive 92 

ecological surveying techniques, such as through eDNA, would allow more rapid, accurate, 93 

and standardised procedures than conventional biodiversity sampling methods, allowing 94 

long-term, large-scale ecological surveys at a reduced labour cost (Carvalho et al., 2022; 95 

Deacon et al., 2017; Dejean et al., 2012). Reducing disruption to ecosystems and potential 96 

stress to organisms associated with traditional sampling protocols is vital if we are to 97 

maintain the integrity of the study system by reducing human impact (Payne et al., 2015; 98 

Wilson et al., 2020).  99 

 100 

In this study, I present a combination of standardised behavioural assays on wild-caught 101 

guppies and eDNA metabarcoding to assess anti-predator responses of guppies to predator 102 

diversity. Firstly, I investigate the effectiveness of environmental DNA metabarcoding in 103 

quantifying the community composition of fish species at sites across the Northern Range 104 

river systems of Trinidad. These results are then compared to those derived using 105 

conventional biodiversity assessment methods, in the form of population censuses taking 106 

place from 2011 to 2016 using a combination of seining and electrofishing (Deacon et al., 107 

2018, 2017). I then use the eDNA-derived predator diversity to assess whether this can 108 

successfully predict behavioural traits previously shown to vary in response to predation 109 

pressure. I hypothesise that sites with higher predator diversity will host guppies with 110 

increased sociability (Groenewoud et al., 2016; Heinen-Kay et al., 2016; Herbert-Read et al., 111 

2019), increased visual lateralisation (Bisazza et al., 2000a; Brown et al., 2007, 2004; Dale 112 

Broder and Angeloni, 2014), increased motor lateralisation (Cantalupo et al., 1995; Chivers et 113 

al., 2017; Ferrari et al., 2017, 2015; Hulthén et al., 2021; Stancher et al., 2018), and decreased 114 

activity (Brown, 1999; Gerritsen and Strickler, 1977; Strobbe et al., 2011; Werner and 115 

Anholt, 1993). Finally, I substitute the eDNA-derived predator diversity index as the 116 

predictor variable for prey behaviour with alternative measures using the population censuses 117 

and at-site visual observations to assess the consistency of the results between measures and 118 

compare performance between these models.  119 

  120 
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3.3 Materials and methods 121 

 122 

3.3.1  Study site and environmental parameters 123 

 124 

Six sites varying in predation risk were selected from the Northern Range of Trinidad, within 125 

the Turure, Aripo, and Caura river systems. At each site, a 50 m stretch of river 126 

encompassing the guppy collection site was assessed for environmental and ecological 127 

variables. The stretch of river was subdivided into five stations 10 m apart, each of which was 128 

surveyed on three separate days between 9:00am and 12:30 pm a minimum of 48 hours apart 129 

within the period of April to June 2019. 130 

 131 

At each station, environmental parameters were recorded at 50 cm from both edges of the 132 

riverbed and in the centre of the river. These included temperature (oC), electroconductivity 133 

(μS/cm), canopy cover (%), depth (cm), and width (m). Temperature and electroconductivity 134 

were recorded with a portable TDS probe (Autoutlet). Canopy cover was assessed using a 135 

fisheye lens and a smartphone (Iphone 6) producing diagonal hemispherical images (Bianchi 136 

et al., 2017). These images were later processed in ImageJ (v1.52) (Rasband, 2018) to assess 137 

the percentage canopy cover. Images were standardised by splitting the RGB image to the 138 

blue channel where differences between sky and vegetation are most evident and selecting 139 

the “Yen” auto-threshold (Bianchi et al., 2017). Depth and width measurements were taken 140 

with standard rulers and tape-measures, respectively (Table 3.1).   141 

 142 

  143 
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 144 

 145 

Figure 3.1: (A) Study area within Trinidad, Caribbean, depicting the six sampling sites in 146 

Trinidad’s Northern Range river systems. Coordinate and environmental parameters are 147 

available in Table 3.1. (B – C) Non-metric multidimensional scaling ordination displaying 148 

the first two axes based on the presence-absence of fish species. (B) Each point represents a 149 

discrete sampling point for either eDNA (2019; n = 3 per site, filled triangles) or census 150 

sampling (2011 – 2015; n = 10 per site, filled circles) (Deacon et al., 2018, 2017). Variables 151 

that are more similar to one another are ordinated closer together. Ellipsoid hulls enclose all 152 

points in the group. Sampling sites correspond to Figure 3.1A. (C) Each point represents a 153 

species. Red points represent predator species and grey points represent non-predator 154 

species, acronym names are as follows: AH = Anablepsoides hartii, AT = Ancistrus trinitatis, 155 

AP = Andinoacara pulcher, ABi = Astyanax bimaculatus, ABa = Awaous banana, CA = 156 
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Corydoras aeneus, CR = Corynopoma riisei, CF = Crenicichla frenata, DM = Dajaus 157 

monticola, GC = Gymnotus carapo, HT = Hemibrycon taeniurus, HU = Hemigrammus 158 

unilineatus, HM = Hoplias malabaricus, HR = Hypostomus robinii, ON = Oreochromis 159 

niloticus, PR = Poecilia reticulata, RQ = Rhamdia quelen, RD = Roeboides dientonito, SA = 160 

Steindachnerina argentea, and SM = Synbranchus marmoratus.  161 

 162 

163 
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Table 3.1: Study site geographical information and environmental characteristics (mean ± 164 

standard deviation). Values averaged across site over three separate samplings April to June 165 

2019.  166 

 167 

Site Latitude  

(Decimal 

degrees) 

Longitude  

(Decimal 

degrees) 

Temp. 

(oC) 

EC 

(μS/cm) 

Canopy 

cover 

(%) 

Depth  

(cm) 

Width  

(m) 

Lower  

Aripo 

10.650300 -61.220683 27.6 ± 0.6 295 ± 10 69.7 ± 12.5 20.6 ± 9.6 5.0 ± 2.0 

Lower  

Caura 

10.689533 -61.355167 25.8 ± 0.4 335 ± 4 60.1 ± 17.0 33.3 ± 23.2 10.0 ± 2.7 

Lower  

Turure 

10.656900 -61.168017 25.9 ± 0.4 278 ± 1 68.5 ± 7.1 21.6 ± 6.7 6.1 ± 0.9 

Upper  

Aripo 

10.685800 -61.232500 24.9 ± 0.2 352 ± 3 70.1 ± 5.8 11.1 ± 6.1 2.3 ± 0.6 

Upper  

Caura 

10.702750 -61.367850 25.5 ± 0.3 170 ± 2 62.2 ± 22.6 6.8 ± 1.5 3.1 ± 1.3 

Upper  

Turure 

10.680233 -61.167333 24.9 ± 0.3 260 ± 3 71.7 ± 7.0 39.6 ± 18.4 6.2 ± 3.2 

EC = Electroconductivity 168 

 169 

3.3.2  At-site predator observations 170 

 171 

At each of the five stations within each site, at-site predator observations of diurnal predators 172 

were collected following an adapted methodology between 9:00am and 12:30 pm (Croft et 173 

al., 2006b). The species and frequency of predators approaching and orienting towards a 174 

stimulus shoal of ten female guppies from the study site (average size of individuals in shoal 175 

= 17.9 ± 3.0 mm, range = 10 – 25 mm) were recorded using instantaneous focal sampling 176 

every ten seconds. The stimulus shoal was presented in a transparent cylinder (diameter x 177 

height: 7 x 24 cm) pierced with small pin-sized holes (~1 mm) providing visual and olfactory 178 

cues to potential predators. The container was weighted with 2.5 cm of matching river-bed 179 

substrate to prevent the cylinder from floating or moving excessively. The stimulus was 180 

presented in at five stations per site, on three separate days as described above. The stimulus 181 

was left to acclimatise for 5 minutes, and then observed for a following 10 minutes. 182 

Recordings were made by two observers approximately 1 m away. Predator frequencies were 183 

averaged across replicates, and then averaged across all five stations within a study site to 184 

provide a continuous predation measure for analysis. 185 

 186 
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3.3.3  Abundance and biomass census  187 

 188 

Sites were selected to be comparable with abundance and biomass measures from a fish 189 

community census (Deacon et al., 2018, 2017) to validate environmental DNA results. In the 190 

original census samplings, surveyed sites were repeatedly sampled twenty times from 191 

October 2011 to August 2016. Each site was sampled in October/November, 192 

January/February, April/May, and July/August each year. Of this data, seasonally comparable 193 

sampling dates were selected to be tested against the eDNA analysis (April/May and 194 

July/August samplings). Each site consisted of a 50 m stretch of stream which was blocked at 195 

either end using seines. Sampling involved fishing the stretch with a two-person seine net, 196 

followed by electrofishing. Dip nets were also used in the shallows. Further information is 197 

available in the original studies (Deacon et al., 2018, 2017).  198 

 199 

3.3.4  Environmental DNA sample collection and processing  200 

 201 

Water samples (mean ± standard deviation (SD) = 934 ± 152 ml; range = 480 – 1000 ml) 202 

were collected at the most downstream station within each study site prior to at-site predator 203 

observations, environmental sampling, and fish collection. Three water samples were 204 

collected on each of the three days of sampling to provide multiple replicates to quantify 205 

predator diversity (n = 9 per site). Water was filtered directly from the river through a 0.22 206 

µm Sterivex-GP PES filter (Merck Millipore, Darmstadt, Germany) using a 50 ml 207 

polypropylene syringe (BD Plastipak, Drogheda, Ireland). The volume of water was 208 

recorded. After filtering, 0.2 ml of 90 % ethanol was added to the Sterivex to preserve the 209 

DNA, the Sterivex was then fitted with a combistopper (B. Braun, Melsungen, Germany), 210 

and stored at 4 oC. One control sample was collected per site (n = 6) to assess potential field 211 

contamination. For each control sample, a 1000 ml bottle of shop-bought bottled drinking 212 

water was filtered at each site following the above protocol. Samples were transported to the 213 

University of Bristol and stored at -20 oC until DNA extraction took place in a dedicated trace 214 

DNA extraction laboratory. All surfaces and equipment were regularly cleaned using both 215 

ethanol (80 %) and bleach (10 %), and UV sterilised. An extraction control sample was taken 216 

alongside extractions performed each day (n = 9). DNA was extracted from the filters using 217 

the DNeasy Blood and Tissue Isolation kit (Qiagen, Hilden, Germany) and an adapted 218 

protocol including an additional two hour heated agitation step (56 oC) to promote DNA 219 
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release from the filter into 105 µL of AE elution buffer (https://github.com/genner-220 

lab/Molecular-Lab-Protocols).  221 

 222 

3.3.5  PCR and library preparation 223 

 224 

Each metabarcoding PCR reaction included 10 µl AmpliTaq Gold 360 Master Mix 225 

(Thermofisher Scientific, MA, USA), 0.16 µl of bovine serum albumin (ThermoFisher 226 

Scientific), 1 µl each of 5 µM forward (MiFish-U-F) and reverse (MiFish-U-R) 12S primers 227 

(Miya et al., 2015) and eDNA template in a total volume of 20 µl per sample. The primers 228 

were modified with unique 7-mer barcode tags to enable sample identification. Seven 229 

laboratory negative controls were run on each PCR reaction plate, substituting the purified 230 

DNA sample for ultrapure water to assess potential PCR reagent contamination. The 231 

thermocycling profile of the PCR (Mastercycler Nexus Gradient; Eppendorf, Hamburg, 232 

Germany) was as follows: polymerase activation at 95 oC for 10 minutes, initial denaturation 233 

at 95 oC for 2 minutes, then 40 cycles of 95 oC for 30 seconds, 60 oC for 30 seconds and 72 234 

oC for 45 seconds. Following cycling there was a final extension of 72 oC for 7 minutes 235 

before a hold at 10 oC.  236 

 237 

In total, each sample was subject to seven replicate PCRs. PCR amplifications were assessed 238 

through electrophoresis in 1 % agarose gels. The amplifications were then pooled per 239 

aggregate sample, purified, and cleaned using Zymo-Spin columns (Zymo Research, CA, 240 

USA), following the manufacturers protocol. The DNA concentrations were then 241 

standardised to 50 ng/µl using values determined from Nanodrop spectrophotometry (N60 242 

Touch; ThermoFisher Scientific). 243 

 244 

Library preparation was undertaken using a NEXTflex PCR-Free DNA Sequencing Kit 245 

(BIOO Scientific, TX, USA) following the manufacturers protocol. Amplicons were ligated 246 

to Illumina adapters and 6-mer index and DNA was suspended in buffered ultrapure water. 247 

PCR amplicon clean-up was performed using Zymo-Spin columns (Zymo Research), 248 

following the manufacturers protocol. The libraries were quantified using a dsDNA broad 249 

range Qubit 3.0 fluorometer (ThermoFisher Scientific) and using a NEBNext qPCR 250 

quantification kit (New England Biolabs). Library pool details were as follows: concentration 251 

https://github.com/genner-lab/Molecular-Lab-Protocols
https://github.com/genner-lab/Molecular-Lab-Protocols
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of 10.20 ng/µL, molarity at 42.10 nM and fragment size of ~367 bp. The libraries were 252 

sequenced using an Illumina MiSeq platform using a V2 kit (2 x 150 bp pair-ended).  253 

 254 

3.3.6  Reference library construction  255 

 256 

The reference library was constructed in R (v3.5.3) (R Core Team, 2019) with RStudio 257 

(v1.1.463) (RStudio Team, 2019). A list of all fish species recorded in freshwater 258 

environments in Trinidad and Tobago was sourced from Fishbase 259 

(https://www.fishbase.se/search.php). Synonyms for these genera were then identified using 260 

rfishbase (v3.0.4) (Boettiger et al., 2012) and the subsequent list searched using the rentrez 261 

package (v1.2.2) (Winter, 2017) against NCBI GenBank (release 233; 262 

https://www.ncbi.nlm.nih.gov/nucleotide/) including the terms: “12S”, “16S”, “rRNA”, 263 

“ribosomal”, “mitochondrial”, and “mitochondrion”, and extracted using the ape package 264 

(v5.0) (Paradis and Schliep, 2019). Homologous DNA fragments were also extracted using 265 

the HMMER3 package (v3.3) (hmmer.org). Further information available at: 266 

https://doi.org/10.5281/zenodo.4443921.  267 

 268 

Collected specimens were sequenced for 12S reference sequences to augment the reference 269 

library. DNA from collected specimen species (listed in Table 3.2) were extracted using a 270 

DNeasy Blood and Tissue Isolation kit (Qiagen). These were all amplified using the Aa22-271 

PheF/ Aa633-12sR primer (Collins et al., 2021), excluding C. frenata which was run with the 272 

Mi-Fish primers (Miya et al., 2015). These were then purified and cleaned using Zymo-Spin 273 

columns and sequenced by Eurofins Genomics. Sequences were checked and assembled in 274 

Geneious Prime (v2021) (Geneious, 2021) and then added to the reference library and 275 

uploaded to the National Centre for Biotechnology Information (NCBI) database. All sample 276 

collections were approved by the Forestry Division, Ministry of Agriculture, Land and 277 

Fisheries (Trinidad and Tobago) and the University of Bristol Animal Welfare and Ethical 278 

Review Body (UB 17/060 and UIN 20/009). 279 

 280 

  281 

https://www.fishbase.se/search.php
https://www.ncbi.nlm.nih.gov/nucleotide/
https://doi.org/10.5281/zenodo.4443921
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Table 3.2: Species collected and sequenced for reference library. Nucleotide genome 282 

sequences have been uploaded and are available at the National Centre for Biotechnology 283 

Information database.  284 

 285 

Species Common Name NCBI Accession 

Anablepsoides hartii (Boulenger 1890) Hart's rivulus MZ329652.1 

MZ329653.1 

Ancistrus trinitatis (Günther 1864) Bristlenose catfish MZ329663.1 

Andinoacara pulcher (Gill 1858) Blue acara MZ329650.1 

MZ329651.1 

MZ329658.1 

Astyanax bimaculatus (Linnaeus 1758) Two-spot astyanax MZ329660.1 

MZ329661.1 

Corydoras aeneus (Gill 1858) Bronze corydoras MZ329664.1 

MZ329665.1 

Crenicichla frenata Gill 1858 Pike cichlid MZ329649.1 

MZ329666.1 

Hemigrammus unilineatus (Gill 1858) Featherfin tetra MZ329654.1 

MZ329655.1 

Hypostomus robinii Valenciennes 1840 Teta MZ329656.1 

MZ329657.1 

Poecilia reticulata Bloch & Schneider 1801 Trinidadian Guppy MZ329659.1 

Roeboides dientonito Schultz 1944 Dientonito MZ329662.1 

   

 286 

3.3.7  Bioinformatic processing 287 

 288 

Raw Illumina sequencing data were converted to fastq format using bcl2fastq (v2.20.0.422). 289 

Paired-end reads were then merged using vsearch (v2.14.1) (Rognes et al., 2016) and 290 

reoriented to 5’-3’ using cutadapt (v2.7) (Martin, 2011) and vsearch, alongside the removal of 291 

reads with low quality 5’ PCR primer. Reads were then demultiplexed by the sample 292 

barcodes and trimmed of primers using seqkit (v0.11.0) (Shen et al., 2016) and cutadapt. 293 
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Reads were then dereplicated and quality filtered to remove low quality sequences, as 294 

follows: a threshold of 15 % either side of the average length of the expected fragment and a 295 

maximum error of 1 bp in a sequence was set. Sequences were then clustered into operational 296 

taxonomic units (OTUs) using the vsearch and the swarm algorithm (v3.0.0) (Mahé et al., 297 

2014). Next, chimeric sequences (partial sequences spliced together due to PCR and library 298 

artifacts) and low abundance OTUs (likely spurious) were removed. Taxonomy was then 299 

assigned using the custom reference library and an annotated NCBI RefSeq mitochondrial 300 

DNA database using cutadapt, vsearch and blastn (v2.9.0+). The fish reads were then 301 

summarised by OTU clustering using swarm. OTU-table post-processing was carried out 302 

with lulu (v3.6.1) (Frøslev et al., 2017) to reduce PCR errors. Post-processing of target 303 

species control reads: field control (77,601 ± 138,318 reads; 90 – 341,495 reads), extraction 304 

control (317 ± 563 reads; 0 – 1,394 reads) and PCR control (1,273 ± 3,049 reads; 0 – 8,159 305 

reads). Further details of the metabarcoding pipeline process can be found at: 306 

https://github.com/boopsboops/crack-pipe. All bioinformatic processing was run through an 307 

Ubuntu Linux bash terminal (v18.04) with R (v3.6.2) (R Core Team, 2019).  308 

 309 

Resulting OTU tables were manually assessed to remove spurious species outside of the 310 

known species present in these rivers (i.e. marine and terrestrial species; Appendix 3.1). 311 

Reads assigned to taxa that were closely related to native species or multiple taxa from the 312 

study site were informed by species occurrence data (Deacon et al., 2018, 2017) and assumed 313 

to belong to the Trinidadian native species (Table 3.3). For a species to be included in 314 

analysis for a site, the species had to be present within a minimum of two replicate samples 315 

from the same day. Reads were converted to proportions due to the standardisation of sample 316 

concentrations and diversity was assessed through a Shannon-Wiener diversity index (H’). 317 

This was calculated for both total fish community and for guppy predators. Predators of adult 318 

guppies were collected from a literature review and include the following species: 319 

Anablepsoides hartii, Andinoacara pulcher, Cichlasoma taenia, Corynopoma riisei, C. 320 

frenata, Dajus monticola, Gymnotus carapo, Hemigrammus unilineatus, Hoplias 321 

malabaricus, Rhamdia quelen (Deacon et al., 2018), Astyanax bimaculatus (Magurran and 322 

Seghers, 1990b), Hemibrycon taeniurus (Torres Dowdall et al., 2012), Oreochromis niloticus 323 

(Brown et al., 2015, 2014), Roeboides dientonito (Magurran, 2005) and Synbranchus 324 

marmoratus (Fraser et al., 2004). The diversity of guppy predators was then calculated and 325 

used as a main effect in the models assessing the behavioural assays.  326 

https://github.com/boopsboops/crack-pipe
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Table 3.3: Reads assigned to multiple species or species closely related to native Trinidadian 327 

species (blastID column) and the corrected species used in analysis, informed by species 328 

occurrence data at each site (Corrected species ID column). Percentage identity match of the 329 

DNA present within the eDNA sample compared to the blastID species is presented.  330 

 331 

blastID Corrected species ID Percentage identity match 

Aequidens metae Cichlasoma taenia 98.82 % 

Agonostomus monticola Dajaus monticola 100.00 % 

Awaous banana; Awaous 

flavus 

Awaous banana 100.00 % 

Megaleporinus garmani; 

Oligosarcus argenteus 

Hemibrycon taeniurus 89.29 % 

Oreochromis aureus; 

Oreochromis niloticus; 

Oreochromis niloticus x 

Oreochromis aureus: 

Oreochromis sp. 'red tilapia' 

Oreochromis niloticus 100.00 % 

Steindachnerina elegans Steindachnerina argentea 93.61 % 

   

 332 

3.3.8  Study species and collection 333 

 334 

Wild adult guppies (P. reticulata) were collected from the sites via seine netting (mesh size = 335 

3 mm; n = 612). Following collection, fish were transported in an opaque heat-insulated 336 

container (3 L) to a housing container within 1.5 hours of leaving the site. Fish were housed 337 

in mixed-sex groups with initial stocking of between 40 to 70 individuals in a white 20 L 338 

container (diameter x height: 50 x 50 cm). This was enriched with plastic foliage and PVC 339 

tubes, and additional oxygenation was provided with an air-stone. Tanks were exposed to 340 

natural light but shaded from direct sunlight and maintained within a temperature range of 26 341 

to 32 oC. The tank was fitted with a mesh net to prevent fish jumping.  342 

 343 
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Prior to the introduction of new fish, the tank was thoroughly cleaned and filled with fresh 344 

oxygenated and dechlorinated tap-water. Fish were left to acclimate for a minimum of 2 345 

hours following collection before experimental tests were conducted, with all assays being 346 

completed within 60 hours of collection. Housed fish were fed once per day between 6 and 7 347 

pm with commercial tropical fish flakes (TetraMin flakes brand) following behavioural trials. 348 

A half-water change was carried out daily for housed fish. Individuals were haphazardly 349 

selected from each population for testing. Only individuals greater than a size threshold of 12 350 

mm were selected for sampling (min. = 12.0 mm, max. = 28.0 mm, mean ± SD = 17.7 ± 3.0). 351 

Following their trials, the sex and standard length (to the nearest 0.5 mm) of tested fish were 352 

recorded (Table 3.4).  353 

 354 

3.3.9  Behavioural trials 355 

 356 

Individuals were tested consecutively through the behavioural assays in a randomised order 357 

assessing visual lateralisation, motor lateralisation, and sociability. Activity (measured as 358 

speed in cm/min) was extracted from all assays. All experimental tanks were shaded from 359 

direct light to prevent a light-induced turning bias, reduce reflections at the water surface to 360 

facilitate computer-tracking, and reduce extraneous weather conditions. Apparatus was 361 

placed on foam mats to reduce vibrations. Water temperature ranged from 26 to 32 oC, and 362 

water depth was maintained at a height of 5 cm and was changed after each set of four trials. 363 

For each trial, an individual P. reticulata was initially introduced to an acclimatisation 364 

section (opaque PVC tube; diameter x height: 5.5 x 8 cm) in the centre of the trial tank for 5 365 

minutes. After this time, the camcorder was started, the acclimatisation tube was carefully 366 

removed vertically, and the trial was run for a duration of 10 minutes.  367 

 368 
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Table 3.4: Study population characteristics (Poecilia reticulata). Behavioural assay indicates 369 

the number of tested individuals, with the number of samples included in analysis in brackets. 370 

All tested individuals were included in analysing activity. Sex ratio and body size values are 371 

derived from all tested individuals.  372 

 373 

Sampling 

Site 

Size (mm) Sex 

Ratio  

(F/M) 

Behavioural assay 

Male Female Mirror 

(N) 

Y-maze 

(N) 

Sociality 

(N) 

Lower Aripo 14.6 ± 

1.7 

18.5 ± 

2.4 

1.3 97 (95) 96 (81) 97 (96) 

Lower Caura 16.7 ± 

1.2 

19.1 ± 

2.7 

1.7 104 (104) 106 (104) 105 (89) 

Lower Turure 15.1 ± 

1.3 

18.5 ± 

3.0 

2.0 100 (100) 100 (92) 100 (92) 

Upper Aripo 17.7 ± 

1.6 

22.7 ± 

2.7 

1.1 100 (100) 100 (100) 100 (98) 

Upper Caura 15.4 ± 

1.3 

17.8 ± 

1.6 

1.5 104 (104) 104 (104) 104 (79) 

Upper Turure 17.0 ± 

1.4 

16.6 ± 

3.0 

 

2.4 104 (103) 104 (83) 103 (89) 

 374 

 375 

All experimental procedures and housing conditions were approved by the University of 376 

Bristol Animal Welfare and Ethical Review Body (UB 17/060) and conducted in 377 

collaboration with colleagues at the University of the West Indies. The procedures for each 378 

assay were as follows: 379 

 380 

3.3.10  Sociability  381 

 382 

To quantify the sociability of an individual, an adapted sociability assay was used (Harcourt 383 

et al., 2009b) (Figure 3.2A). This consisted of two transparent cylinders (diameter x height: 5 384 

x 10 cm), pierced with small holes (~1 mm) to provide both visual and olfactory cues, at 385 

either end of the arena. For each trial, a stimulus shoal consisting of three size-selected 386 

female conspecifics (size range: 14 – 17 mm) from the same site as the test fish was placed 387 

into one of the cylinders. The other was left empty as a control stimulus. The side of the 388 

stimulus shoal was alternated every set of four trials to account for potential asymmetries in 389 
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the set-up. Females were used as the social stimulus in the trial as males are generally not 390 

attracted to shoals of males and to minimise potential antagonistic behaviours between 391 

multiple males (Irving and Brown, 2013). No evidence of sexual displays was observed 392 

during the trials from males towards the female stimulus. It was therefore assumed both male 393 

and female guppies viewed the stimulus as a social refuge. Trials were recorded from above 394 

by a camcorder (Go-Pro Hero 5) fixed 65 cm above the centre of the apparatus, set at a 395 

resolution of 1280×720 and frame rate at 30 frames/second. Following computer tracking, an 396 

individual’s distance from the stimulus shoal and control stimulus was extracted for each 397 

frame for the duration of the trial using the equation: Distance = √ ((X0-SX)2 + (Y0-SY)2), in 398 

which X0 and Y0 are the coordinates of the fish at point 0, and SX and SY are the coordinates 399 

of the centre of the stimulus shoal or control cylinder.  400 

 401 

 402 
 403 

Figure 3.2: (Top) Apparatus used to assay (A) Sociability: stimulus shoal, (B) Visual 404 

Laterality: quasi-circular mirror, (C) Motor Laterality: symmetric Y-maze. (Bottom) 405 

Example diagrams indicating positions of coordinates required for data extraction and 406 

measurements of assay arenas for (D) Sociability assay, (E) Visual laterality assay and (F) 407 

Motor laterality assay. 408 

 409 

3.3.11  Visual lateralisation 410 

 411 

To identify potential lateralisation of monocular eye-use when shoaling, a quasi-circular 412 

octagonal mirror assay was used in which the test individual’s reflection mimics shoaling 413 
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with a conspecific (Dadda and Bisazza, 2016; Penry-Williams et al., 2022). The apparatus 414 

consisted of a plastic tank (length x width x height: 26 x 26 x 22 cm) in which a quasi-415 

circular octagonal cylinder (length x width x height: 14 x 14 x 8 cm) lined with mirrors on the 416 

internal surface (each mirror: width x height: 5 x 7.5 cm) was placed. A transparent barrier 417 

was placed 1 cm from the mirrors to prevent direct interactions between the individual and 418 

their reflection (Cattelan et al., 2017) (Figure 3.2B). After releasing the fish, the 419 

acclimatisation tube was returned to the trial tank for the duration of the trial to prevent a 420 

kaleidoscopic effect from reflections. Trials were recorded from above by a camcorder 421 

(Panasonic HC-X920) fixed 70 cm above the centre of the apparatus, and set at a resolution 422 

of 640×360 and frame rate at 25/30 frames/second for a total of 15,000/18,000 frames (10 423 

minutes). Where necessary, videos were converted from .MTS format to .mp4 format on the 424 

camcorder to facilitate computer tracking. Following tracking, relative orientation was 425 

calculated using χ = arcsin(sin(θ−ϑ)), in which θ was the angle of the fish between two 426 

frames and ϑ is the angle of the arena radius through the position of the fish (Herbert-Read et 427 

al., 2015; Penry-Williams et al., 2022). A score of χ < 0 demonstrates an anti-clockwise 428 

movement (right eye-use), while a score of χ > 0 is a clockwise movement (left eye-use). The 429 

mean ± SD number of measurements of directional choices for individuals included in 430 

analysis were 16,621.5 ± 1,497.5 and ranged from 8,382 to 17,975. All choices undertaken 431 

during the assay were used to calculate a relative laterality (RL) index ranging from -1 (left) 432 

to 1 (right) to assess directional bias using: RL = ((Nright − Nleft) / (Nright + Nleft)), where Nright 433 

is the number of right turns and Nleft is the number of left turns. To calculate the absolute 434 

laterality (AL) index to assess the intensity of lateralisation regardless of the direction, these 435 

values were scaled from 0 (non-lateralised) to 1 (fully-lateralised) using the equation AL = 436 

√(RL2).  437 

 438 

3.3.12  Motor lateralisation 439 

 440 

To identify potential lateralisation of directional turning, an adapted detour assay was used 441 

(Penry-Williams et al., 2022). This apparatus consisted of a plastic tank (length x width x 442 

height: 29 x 29 x 14 cm) in which a symmetric Y-shaped maze (Arm of maze: length x width 443 

x height: 10 x 4 x 10 cm) constructed from white PVC was positioned (Figure 3.2C). Trials 444 

were recorded from above by a camcorder (Panasonic HC-X920) fixed 80 cm above the 445 

centre of the apparatus, set at a resolution of 640×360 and frame rate at 25/30 frames/second. 446 

Videos were converted from .MTS format to .mp4 format on the camcorder to facilitate 447 
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computer tracking. Following tracking, the direction of each turn into an arm of the maze was 448 

calculated through Y0 > mX0 + c or Y0 < mX0 + c, in which m is the gradient of the line across 449 

the entrance to the arm, c is the y-axis intercept and Y0 and X0 are the coordinates of the fish 450 

at point 0. Individuals with less than ten turns were excluded from the analysis (Irving and 451 

Brown, 2013; Roche et al., 2020). The mean ± SD number of turns of those trials included 452 

was 32.6 ± 14.9 and ranged from 10 to 115 (Table 3.4). Both relative and absolute laterality 453 

indexes were calculated using the same equations described in Section 3.3.11.  454 

 455 

3.3.13  Data processing and extraction 456 

 457 

Videos were tracked using idTracker (v2.1.) (Pérez-Escudero et al., 2014). Threshold, 458 

minimum size, and exclusion regions were set for each video separately. Background 459 

removal was generally set to facilitate more accurate tracking, but in instances of low 460 

activity, the background was not subtracted to avoid confusion of these individuals with the 461 

background. Trajectory outputs were checked following tracking for accuracy and where 462 

inconsistencies were identified, tracking was repeated with different parameters.  463 

 464 

Still images of each video were taken using VLC media player (v3.0.8 Vetinari) (VideoLan, 465 

2006) and imported to ImageJ (v1.52a) (Rasband, 2018) to manually extract coordinates and 466 

pixel ratios necessary for data extraction and standardisation (Figure 3.2D – F). Coordinates 467 

extracted were the corners of the entrance to each arm of the Y-maze, the centre of the arena 468 

and acclimatisation tube in the mirror assay, and the centre of the stimulus shoal and the 469 

control cylinders of the sociability assay. Measurements of known distances were also made 470 

so that measurements could be standardised from pixels to mm between trials using the 471 

“Measure” function in ImageJ. Where possible, these points and distances were physically 472 

marked on the apparatus to allow consistent location and measurement (Figure 3.2D – F).  473 

 474 

Trajectories of each individual for each assay were processed in R (v3.5.3) (R Core Team, 475 

2019) with RStudio (v1.1.463) (RStudio Team, 2019). Datapoints exceeding maximum 476 

speeds for Trinidadian guppies were removed to account for potential tracking error (140 477 

cm/sec, representing maximum burst speed of this species) (Chappell and Odell, 2004; 478 

Oufiero and Garland, 2009). Trajectories were then interpolated using the na.interpolation 479 

function (imputeTS v3.1) (Moritz and Bartz-Beielstein, 2017) using a linear option and 480 

allowing a maximum gap of ten successional missing points (approximately 0.33 seconds). In 481 
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instances where this was exceeded, no replacement of missing coordinates took place. 482 

Following this interpolation, the removal of speeds over the maximum possible threshold was 483 

reperformed alongside the removal of coordinates positioned within exclusion zones (e.g. 484 

outside of the arenas or within stimulus cylinders). Trials were removed where they did not 485 

have a minimum post-processing tracking of 60 % for the sociability trial, and a minimum of 486 

70 % for the visual and motor laterality trials.  487 

 488 

3.3.14  Data analysis 489 

 490 

All statistics and graphical plotting were carried out in R (v3.6.1) (R Core Team, 2019) with 491 

RStudio (v1.2.1335) (RStudio Team, 2019). Environmental DNA reads were standardised to 492 

percentages (%) due to the standardisation of DNA concentrations performed during library 493 

preparation. A non-metric multidimensional scaling (NMDS) ordination using binomial 494 

dissimilarity of species presence/absence was produced using metaMDS (vegan package) 495 

(Oksanen et al., 2018). Piscine communities derived from eDNA sampling were compared to 496 

previous censuses (Deacon et al., 2018, 2017) using Jaccard’s similarity coefficients and an 497 

Analysis of Similarity (anosim function; vegan package). Shannon-Wiener (H’) diversity 498 

indexes (vegan package) were calculated for piscine communities for both sampling methods 499 

(eDNA: % reads, Census: % biomass) and resulting indexes correlated using a Spearman’s 500 

rank correlation coefficient (base R stats package) (R Core Team, 2019). Predators of 501 

Trinidadian guppies were then subset and additionally analysed. Resulting predator 502 

community diversity (H’) indexes derived from the eDNA were used to assess the impact of 503 

predator diversity on guppy behaviour. Differences between the total number of reads per site 504 

were assessed through a linear mixed-effects model (LMM) with site as the explanatory 505 

variable and a unique ID for each daily replicate within a site as the random effect.  506 

 507 

Guppy behavioural traits were analysed separately. Sociability was assessed through a linear 508 

model (LM) using the proportion of the trial in closer proximity to the stimulus shoal 509 

compared to the control (log transformation to satisfy normality assumptions) using the lm 510 

function (stats). Absolute visual lateralisation was assessed using a Gamma-distribution 511 

generalised linear model (GLM) with an inverse link function, while relative visual 512 

lateralisation was assessed using the proportion of all turn choices that were left turns in a 513 

quasi-poisson GLM, both using the glm function (lme4 package) (Bates et al., 2015). 514 

Absolute motor lateralisation was rescaled from 0 – 1 to 0 – 100 rounded to the nearest whole 515 
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number to fulfil the assumptions of negative-binomial GLM using the glm.nb function (lme4 516 

package). Relative motor lateralisation was assessed by using the total number of left and 517 

right turns (cbind) in a binomial GLM. Activity was averaged across the entire duration of the 518 

trial (cm/minute) for each assay (sociality, and visual and motor laterality) and analysed in a 519 

LMM (square-root transformation to satisfy normality assumptions), with the individual’s ID 520 

as a random effect. Within each of these models, predator diversity, sex, size, time of day, 521 

trial date, water temperature, and the order of each of the trials were included as fixed effects. 522 

The total number of choices was also included in the models assessing motor and visual 523 

lateralisation. In each model, the fixed effect with the highest p-value (when > 0.05) was 524 

removed from the model and re-run until only significant main effects remained. As predator 525 

diversity is the main variable of interest, this was not removed from the models. Assumptions 526 

of each model were verified with QQ plots and the residuals versus fitted values using the 527 

residual diagnostics for hierarchical (multi-level/mixed) regression models (DHARMa 528 

package) (Hartig, 2019). Variance inflation factors were assessed using the vif function (car 529 

package).  530 

 531 

Finally, it was investigated whether substituting alternate measures for site predator diversity 532 

in place of environmental DNA-derived predator diversity index in the final model would 533 

produce qualitatively similar results. These alternative measures included predator diversity 534 

indices averaged across census samplings for both the abundance and biomass census 535 

(Deacon et al., 2018, 2017), standardised at-site observations and a binary high/low 536 

classification. Model substitutions were run separately for each measured behavioural trait 537 

(sociability, visual absolute lateralisation, visual relative lateralisation, motor absolute 538 

lateralisation, motor relative lateralisation, and activity). Model structures can be found in 539 

Table 3.5. Each model’s assumptions were verified with QQ plots and residuals versus fitted 540 

values using the residual diagnostics for hierarchical (multi-level/mixed) regression models 541 

(DHARMa package). An Akaike Information Criterion (AIC) approach was then used for 542 

model fit comparisons, with the lowest AIC value indicating the best model fit, using the 543 

function ICtab (bbmle package) (Bolker, 2022).  544 

  545 
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3.4 Results 546 

 547 

3.4.1  Community structure 548 

 549 

Following eDNA extraction, metabarcoding using primers targeting teleost fishes, and high-550 

throughput sequencing, a total of 10,017,738 reads were found belonging to target fish fauna. 551 

Samples on average had 173,386 ± 81,775 (mean ± SD) reads assigned to target species 552 

(range: 41,497 – 436,058 reads). The number of reads was not found to differ significantly by 553 

site (LMM; χ2
(1) = 7.08, p = 0.215).  554 

 555 

These results from the eDNA samplings were compared to a pre-existing census using 556 

biomass data collected via seining and electrofishing during a similar seasonal period as my 557 

study (April – August, 2011 – 2015) (Deacon et al., 2018, 2017). Species presence at 558 

sampling sites resolved through eDNA showed strong agreement with the previous 559 

population census data (Figure 3.1B – C). No significant differences between community 560 

compositions derived from eDNA and the census were found for any site (Anosim; p = 0.091 561 

– 0.730), with Jaccard’s similarity coefficients ranging from 50.0 % to 85.5 %. Total species 562 

diversity (Shannon-Wiener; H’) was significantly correlated between the two methods 563 

(Spearman’s rank; r = 0.438, n = 60, p < 0.001). Environmental DNA samples generally 564 

revealed higher species richness than census data at the sites, identifying 2.3 ± 2.4 (mean ± 565 

SD) more species compared to the previous maximum species richness at each site (Figure 566 

3.3A – B). 567 

 568 

Guppy predator species (listed in Figure 3.3A) were investigated further to validate 569 

consistency of predatory species communities across the census and eDNA samples and to 570 

assess predator diversity across sites. The Jaccard similarity coefficient between the two 571 

sampling methods was between 46.7 % and 75.0 % similarity for the predatory species. 572 

Environmental DNA analysis generally identified a higher species richness compared to the 573 

previous census maximum, with a mean ± SD increase of 1.7 ± 2.0 species found per site. 574 

This was also reflected in the predator community diversity (H’), with increased levels of 575 

diversity found for the eDNA samplings (mean ± SD; 1.17 ± 0.52) compared to the census 576 

samplings (0.93 ± 0.37). Environmental DNA-derived predator diversity (H’) at each site was 577 

found to be (mean ± SD), in ascending order: Upper Aripo (0.16 ± 0.06), Upper Turure (1.10 578 
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± 0.27), Lower Caura (1.21 ± 0.24), Lower Turure (1.47 ± 0.15), Lower Aripo (1.49 ± 0.06) 579 

and Upper Caura (1.56 ± 0.06). Less predatory sites were generally found to contain Hart’s 580 

rivulus (A. hartii) as the predominant predator (UA and UT), while the more predatory sites 581 

had numerous additional guppy predators including high proportions of blue acaras (A. 582 

pulcher), pike cichlids (C. frenata) and wolffish (H. malabaricus) (LC, LT, LA and UC).  583 

 584 
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 585 

 586 

Figure 3.3: Bubble plot demonstrating mean percentage (%) of reads for eDNA metabarcoding and percentage of total mass (g) for biomass 587 

(mean across all samplings) of each site. Sites are ordered from lowest to highest eDNA-derived predator diversity (H’). Species categorised as 588 

either (A) predators of Trinidadian guppies and (B) non-predators. Biomass values have been standardised to average % for comparison. 589 
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3.4.2  Sociability  590 

 591 

Guppies (nind = 584) were found to be highly social, with populations spending a mean ± SD 592 

of between 69.05 % ± 0.14 (UT) to 77.14 % ± 0.13 (LA) of the trial in closer proximity to the 593 

social stimulus than the control stimulus. This was also reflected in the median distance from 594 

the social stimulus with a mean ± SD of 5.48 cm ± 2.43 (UC) to 6.73 cm ± 2.70 (UT). 595 

Environmental DNA-derived predator diversity was a significant predictor of sociability, 596 

with guppies from higher predator diversity sites spending more of the trial in closer 597 

proximity to the stimulus rather than the control (Figure 3.4A; LM; F(1) = 8.19, p = 0.004). No 598 

further parameters assessed were found to have a significant impact on sociability (p > 0.05).  599 

 600 

3.4.3  Visual lateralisation 601 

 602 

Guppies (nind = 606) demonstrated low levels of absolute visual lateralisation, with 603 

populations ranging from a mean ± SD of 0.064 ± 0.072 (UT) to 0.126 ± 0.171 (LT) on a 604 

scale of 0 (non-lateralised) to 1 (fully-lateralised). An absolute visual laterality index of 605 

below 0.5 was found in 96.7 % of trials, with 71.3 % of individuals scoring below 0.1 (Figure 606 

3.4B). Predator diversity was not found to be a significant predictor of absolute visual 607 

laterality (Figure 3B; GLM; X2
(1) = 0.91, p = 0.341). Despite the low levels of absolute 608 

lateralisation identified, several variables were found to be significant predictors. Males 609 

(Figure 3.4B; 0.116 ± 0.165) were significantly more lateralised than females (0.088 ± 0.106; 610 

χ2
(1) = 6.23, p = 0.013). Higher absolute laterality indexes were found later in the order of 611 

trials (χ2
(1) = 9.10, p = 0.003), and also later in the day (X2

(1) = 9.71, p = 0.002).  612 

 613 

Low levels of visual relative lateralisation, devoid of a directional population bias, were also 614 

found across all sites, ranging from a mean ± SD of -0.023 ± 0.020 (LA) to 0.021 ± 0.128 615 

(LC) on a scale of -1 (left aligned) to 1 (right aligned) (Figure 3.4C). Predator diversity was 616 

not a significant predictor of relative visual lateralisation (GLM; χ2
(1) = 0.48, p = 0.489). 617 

Higher water temperatures, however, were found to elicit a more rightward trend in visual 618 

lateralisation (χ2
(1) = 4.15, p = 0.042).  619 

 620 

  621 
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3.4.4  Motor lateralisation 622 

 623 

Using all turn choices completed during the trial, low levels of absolute motor lateralisation 624 

were identified across all sampled sites, with guppies (nind = 522) ranging from a mean ± SD 625 

of 0.162 ± 0.154 (UA) to 0.212 ± 0.175 (LA). An absolute motor laterality index of below 0.5 626 

was found in 95.2 % of measured individuals, with 33.1 % of individuals scoring below 0.1 627 

(Figure 3.4D). Predator diversity was not a significant predictor of absolute motor laterality 628 

(Figure 3.4D; GLM; χ2
(1) = 0.63, p = 0.428). However, absolute lateralisation and the total 629 

number of turn choices made were negatively correlated (χ2
(1) = 22.33, p < 0.001).  630 

 631 

Limited directionality in relative motor lateralisation was detected within the sampled 632 

populations (Figure 3.4E). The mean relative lateralisation ranged from a mean ± SD of -633 

0.040 ± 0.231 (UT) to 0.014 ± 0.217 (LT). Predator diversity was not a predictor of relative 634 

motor lateralisation (Figure 3.4E; GLM; χ2
(1) = 1.99, p = 0.158). A leftward trend was 635 

identified the later in the day the trial took place (χ2
(1) = 4.51, p = 0.034).636 
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 637 

 638 

Figure 3.4: Assessed behaviours of guppies from sites that vary in predator diversity. Sites are in ascending order of predator diversity from left 639 

to right. Medians are illustrated by thick horizontal lines, the interquartile range (IQR) is represented within the boxes, and the whiskers 640 

represent individuals within 1.5 × IQR. Circles represent data points falling outside of the whiskers. (A) Sociability: Proportion of the trial 641 

spent in closer proximity to the social stimulus compared to the control; higher values indicate a higher level of sociability (nind = 584). Visual 642 
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lateralisation: (B) Absolute (intensity) lateralisation index in a social quasi-circular mirror maze assay. (C) Relative (directional) lateralisation 643 

index; an index < 0 indicates a leftward bias and > 0 indicates a rightward bias (nind = 606). Motor lateralisation: (D) Absolute (intensity) 644 

lateralisation index in a detour Y-maze assay. (E) Relative (directional) lateralisation index; an index < 0 indicates a leftward bias and > 0 645 

indicates a rightward bias (nind = 522). Activity (nobs = 1780): Speed (cm/min) over the total trial for the (F) Visual lateralisation assay (nind = 646 

606), (H) Sociability assay (nind = 584), and (G) Motor lateralisation assay (nind = 591). 647 
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3.4.5  Activity 648 

 649 

Activity, as measured by swimming speed (cm/min) across the whole trial, was assessed in 650 

all assays (nobs = 1780). Predator diversity was a strong predictor of activity, with guppies 651 

from more predatory sites demonstrating significantly lower levels of activity (LMM; χ2
(1) = 652 

80.43, p < 0.001). Significant differences in activity were found between the differing assays 653 

(χ2
(1) = 139.05, p < 0.001), with swimming speed being highest in the mirror assay (Figure 654 

3.4F; mean ± SD; 110.68 ± 52.44 cm/min), followed by the sociability assay (Figure 3.4G; 655 

94.71 ± 31.45 cm/min), and the lowest levels of activity in the Y-maze (Figure 3.4H; 86.65 ± 656 

37.02 cm/min). Alongside this, fish were more active earlier in their trial series (χ2
(1) = 657 

140.66, p < 0.001), earlier in the day (χ2
(1) = 6.59, p = 0.010), and the earlier the date of the 658 

trial (χ2
(1) = 4.61, p = 0.032).  659 

 660 

3.4.6  Alternative measures of predation 661 

 662 

Finally, it was investigated whether substituting the environmental DNA-derived predator 663 

diversity index with alternate measures for predator diversity would produce qualitatively 664 

similar results. These alternative measures included predator diversity indices derived from 665 

the abundance and biomass census (Deacon et al., 2018, 2017), standardised at-site 666 

observations and a classic traditional binary classification of “high” or “low” predation (Croft 667 

et al., 2009; Edenbrow et al., 2011; Stoner and Breden, 1988). Correlations (Spearman’s 668 

rank) of these measures can be found in Figure 3.5. Model substitutions were run separately 669 

for each behavioural trait (sociability, visual absolute lateralisation, visual relative 670 

lateralisation, motor absolute lateralisation, motor relative lateralisation, and activity). In all 671 

cases, using alternative measures of predator diversity yielded qualitatively consistent results, 672 

with sociability increasing and activity decreasing in sites with greater predator diversity, and 673 

no effect of predator diversity on either visual or motor lateralisation (Table 3.5). An Akaike 674 

Information Criterion (AIC) approach revealed that the environmental DNA-derived predator 675 

diversity index was a better predictor of guppy sociability and activity than at-site 676 

observations taken during guppy collection and diversity indices based on the census data 677 

from earlier years. However, this was outperformed by a binary classification of “high” or 678 

“low” predation pressure (Table 3.5).  679 

 680 
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 681 

 682 

Figure 3.5: Correlations between predator diversity (or pressure) parameters. Correlation 683 

coefficients are calculated with Spearman’s rank (rs). The red line presented on the 684 

scatterplots is a linear model between the two corresponding variables. All continuous 685 

variables (eDNA, Abundance, Biomass and Observation) have been transformed (log(x+1)) 686 

for presentation. Each point represents the value averaged (mean) for each site. 687 

  688 
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Table 3.5: Model comparisons for alternative predator diversity measures. Environmental 689 

DNA (eDNA), abundance and biomass use a Shannon-Wiener diversity index (H’), averaged 690 

across each site. Abundance and biomass data has been provided by Deacon et al. (2018). 691 

Observation is from at-site observations and quantified by average frequency of time-points 692 

with a predator within proximity of a stimulus shoal. Classification is a binary variable of 693 

“Low” or “High” predation using the above information and previous descriptors of the 694 

sites. The null models follow the same model structure, but do not include a “Predation 695 

Parameter” explanatory variable. All continuous variables included in the models have been 696 

scaled for cross-comparison. dLogLik = difference in log-likelihood from minimum log-697 

likelihood model, dAIC = difference in Akaike Information Criterion (AIC) from the minimum 698 

AIC model (lowest = best model fit), and dBIC = difference in Bayesian Information 699 

Criterion (BIC) from the minimum BIC model (lowest = best model fit). Statistics represent 700 

the model output for the predator parameter stated, in all instances these demonstrate 701 

qualitatively similar results.  702 

 703 

 dLogLik dAIC (dBIC) df χ2 / F df p 

Sociability 

Model structure: LM(Proportion of trial nearer stimulus ~ Predation Parameter + Sex + Date + 

Trial Order) 

NULL 0.0 10.3 (6.0) 2 - - - 

eDNA (H’) 4.1 4.2 (4.2) 3 F = 8.19 1 0.004 

Abundance (H’) 3.1 6.1 (6.1) 3 6.22 1 0.013 

Biomass (H’) 1.6 9.2 (9.2) 3 3.15 1 0.077 

Observation 2.1 8.1 (8.1) 3 4.29 1 0.039 

Classification 6.2 0.0 (0.0) 3 12.43 1 < 0.001 

       

Visual absolute laterality 

Model structure: GLM(Absolute laterality ~ Predation Parameter + Sex + Time of day + Trial 

Order) : Gamma (link = inverse) 

NULL 0.0 0.5 (0.0) 5 - - - 

eDNA (H’) 0.7 1.2 (5.1) 6 χ2 = 0.91 1 0.341 

Abundance (H’) 0.1 2.2 (6.1) 6 0.20 1 0.656 

Biomass (H’) 0.3 1.9 (5.8) 6 0.41 1 0.519 

Observation 1.3 0.0 (3.9) 6 1.76 1 0.185 

Classification 0.5 1.5 (5.4) 6 0.70 1 0.404 

       

Visual relative laterality 

Model Structure: GLM((Left moves/total moves)*100 ~ Predation Parameter + Temperature) : 

Quasi-poisson 

NULL 0.0* 0.0 (0.0)* 2* - - - 
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eDNA (H’) 0.4* 1.3 (5.7)* 3* χ2 = 0.47 1 0.489 

Abundance (H’) 0.0* 1.9 (6.3)* 3* 0.07 1 0.778 

Biomass (H’) 0.2* 1.7 (6.1)* 3* 0.23 1 0.628 

Observation 0.2* 1.5 (5.9)* 3* 0.33 1 0.566 

Classification 0.0* 1.9 (6.3)* 3* 0.05 1 0.830 

       

Motor absolute laterality 

Model structure: GLM(Absolute laterality ~ Predation Parameter + Total Moves) : Negative 

Binomial 

NULL 0.0 0.0 (0.0) 3 - - - 

eDNA (H’) 0.3 1.4 (5.6) 4 χ2 = 0.63 1 0.428 

Abundance (H’) 0.7 0.5 (4.8) 4 1.47 1 0.225 

Biomass (H’) 0.4 1.2 (5.5) 4 0.75 1 0.385 

Observation 0.0 2.0 (6.2) 4 0.01 1 0.907 

Classification 0.2 1.7 (5.9) 4 0.31 1 0.578 

       

Motor relative laterality 

Model structure: GLM(cbind(Left, Right) ~ Predation Parameter + Time of Day) : Binomial 

NULL 0.0 0.3 (0.0) 2 - - - 

eDNA (H’) 1.0 0.4 (4.3) 3 χ2 = 1.99 1 0.158 

Abundance (H’) 1.1 0.2 (4.1) 3 2.17 1 0.141 

Biomass (H’) 0.6 1.1 (45.0)  3 1.26 1 0.262 

Observation  0.0 2.3 (6.2) 3 0.03 1 0.874 

Classification 1.2 0.0 (3.9) 3 2.35 1 0.125 

       

Activity  

Model Structure: LMM(sqrt(Speed) ~ Predation Parameter + Time of day + Trial Date + Assay 

+ Trial order + (1|Individual ID))  

 

NULL 0.0 105.7 (100.2) 8 - - - 

eDNA (H’) 36.0 35.6 (35.6) 9 χ2 = 80.43 1 < 0.001 

Abundance (H’) 22.9 61.9 (61.9) 9 51.40 1 < 0.001 

Biomass (H’) 20.5 66.7 (66.7) 9 46.24 1 < 0.001 

Observation 18.4 70.8 (70.8) 9 41.76 1 < 0.001 

Classification 53.8 0.0 (0.0) 9 120.00 1 < 0.001 

 

*estimated from Poisson distribution 704 

 705 

 706 
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3.5 Discussion  707 

 708 

This study demonstrates that environmental DNA-based methods can be used to successfully 709 

assess fish communities in the Northern Range river systems of Trinidad. Species presence at 710 

all sampling sites resolved through eDNA was in strong agreement with existing population 711 

census data collected via both seining and electrofishing (Deacon et al., 2018, 2017). Higher 712 

species richness was identified at all sites compared to conventional censuses collected in 713 

previous years, with some species identified through eDNA metabarcoding not previously 714 

identified at any assessed site including mountain mullet (D. monticola), Nile tilapia (O. 715 

niloticus) and stout sardine (Steindachnerina argentea). The gain in species detection for 716 

reduced at-site sampling effort when using eDNA compared to these traditional methods is 717 

striking. This demonstrates the promising potential of eDNA as an efficient method for 718 

assessing ecological communities (Doi et al., 2017; Lacoursière-Roussel et al., 2016; 719 

Takahara et al., 2012). However, it cannot be ignored that biological contamination of 720 

samples may unknowingly have led to an increase in species presence in the eDNA samples, 721 

with visual identification of presence being a clear advantage of more conventional methods. 722 

The non-invasive nature of eDNA sampling adds particular benefit to studies in behaviour, 723 

especially in sites such as these frequently used for fieldwork investigations, allowing 724 

repeated assessment of aquatic ecosystems with limited behavioural or ecological impact 725 

compared to more conventional methods (Castañeda et al., 2020; Wang et al., 2021).  726 

 727 

Predator diversity derived from environmental DNA was a significant predictor of 728 

behavioural traits in the Trinidadian guppy. Increased predator diversity was associated with 729 

higher sociability, consistent with previous work linking group living with increased 730 

predation pressure (Beauchamp, 2010; Ioannou, 2017; Seghers, 1981). Guppies from high-731 

predation environments typically live in larger groups (Magurran and Seghers, 1994b), are 732 

more cohesive in their groups (Heathcote et al., 2017; Ioannou et al., 2017), demonstrate a 733 

higher schooling tendency (Breden and Stoner, 1987; Magurran and Seghers, 1994b; Seghers, 734 

1974), and are more cooperative in predator inspections than guppies from low-predation 735 

environments (Croft et al., 2006a; Dugatkin and Godin, 1992). Increased sociability is 736 

typically advantageous under predation risk, with individuals gaining from avoidance, 737 

dilution and confusion effects (Foster and Treherne, 1981; Landeau and Terborgh, 1986; 738 

Turner and Pitcher, 1986; Vine, 1971), but at the potential cost of increased resource 739 
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competition (Day et al., 2001; Dyer et al., 2009) and parasitic infection (Jacquin et al., 2016), 740 

explaining why sociability is reduced in less predatory environments. Increased predator 741 

diversity was also associated with reduced activity, again following my expectations and 742 

consistent with previous work (Brown, 1999; Gerritsen and Strickler, 1977; Strobbe et al., 743 

2011; Werner and Anholt, 1993). Activity is essential for most fauna for foraging and mating 744 

success, but high levels of activity can increase encounters with, and conspicuousness to, 745 

predators resulting in a reduction in activity in highly predatory environments (Strobbe et al., 746 

2011; Werner and Anholt, 1993). Guppies from high-predation environments demonstrate 747 

less hasty decision making (Burns and Rodd, 2008) and are less active when foraging than 748 

low-predation guppies (Dugatkin and Godin, 1992; Fraser and Gilliam, 1987; Godin and 749 

Smith, 1988).  750 

 751 

Contrary to my hypotheses, neither visual nor motor laterality were associated with predator 752 

diversity for either relative (directional) or absolute (intensity) lateralisation. Despite the 753 

potential benefits gained from being lateralised, including improved escape capacity and 754 

multitasking performance (Dadda et al., 2010; Dadda and Bisazza, 2006a), consistently low 755 

levels of lateralisation were found at all study sites. Previous studies have suggested that the 756 

presence of visual lateralisation should emerge in more cooperative and social species 757 

(Bisazza et al., 2000a; Reddon and Balshine, 2010; Roux et al., 2016; Sovrano et al., 2001). 758 

Despite being highly sociable, Trinidadian guppies within my study lacked visual 759 

lateralisation when viewing their reflection, mimicking shoaling with a conspecific. It could 760 

perhaps be that lateralising visual behaviours in only one eye may be of limited benefit in 761 

high-predation environments where predators can potentially attack from all directions. 762 

Additionally, as guppies form large shoals in natural systems, it would be difficult to 763 

maintain visual contact of the entire shoal with only one eye without maintaining positioning 764 

on the outside of the shoal. This would work against the selfish herd effect, which predicts 765 

safer positioning from predator attacks in the centre of the group and more risky positioning 766 

on the edge of the group (Hamilton, 1971). Similar quasi-circular mirror assay methods have 767 

previously identified lateralised tendencies in eye-use in red-tailed splitfin (Xenotoca eiseni), 768 

eastern mosquitofish (Gambusia holbrooki), Sarasins minnow (Oryzias sarasinorum), 769 

zebrafish (Danio rerio), elephantnose fish (Gnatonemus petersii) (Sovrano et al., 2001), and 770 

even domestic (commercial) and wild-type (descendants of wild populations) strains of 771 

guppies (Dadda et al., 2015; Dadda and Bisazza, 2016). Despite some of these fishes’ 772 

lineages originating from high-predation environments, none of these fish experienced a 773 
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predation regime or potential risk in their environments, unlike the guppies tested within my 774 

study. Visual lateralisation may therefore be under a balancing selection and may only be 775 

expressed in certain individuals within a shoal or in certain contexts, and therefore, difficult 776 

to identify across all populations (Dadda et al., 2009).   777 

 778 

Similarly for motor lateralisation, low levels were found throughout the assessed populations. 779 

Consistency in the direction of motor lateralisation is believed to be selected within a 780 

population in more social and shoaling species (e.g. Poeciliidae and Cyprinidae) compared to 781 

more solitary non-shoaling species (e.g. freshwater Gobiidae and Ancistrus sp.) (Bisazza et 782 

al., 2000a). Despite the high levels of sociability demonstrated throughout the sampled sites, 783 

consistently low levels of motor lateralisation were found. Motor laterality is believed to be 784 

selected for in a population when the advantages gained from being in a group (Brown, 2005; 785 

Frasnelli and Vallortigara, 2018), such as reducing risk through confusion and dilution 786 

effects, outweigh the costs of being more predictably targeted by predators. Consistent and 787 

predictable swimming could be exploited by predators for more successful capture of prey 788 

(Dadda et al., 2010). The low levels of lateralisation identified in this study add to growing 789 

evidence questioning the significance of, and methodologies assessing, lateralisation (Roche 790 

et al., 2020; Vinogradov et al., 2021).  791 

 792 

Although eDNA metabarcoding was found to detect a wider range of species than previous 793 

methods in my focal habitats, information on abundance and biomass is limited using eDNA 794 

alone, which remains a clear advantage of conventional surveys (Beng and Corlett, 2020; 795 

Stoeckle et al., 2021). While abundance and biomass can be more reliably estimated for 796 

individual species using species-specific eDNA qPCR techniques and primers, this can be 797 

expensive, time-consuming, and complicated, especially if there are numerous species of 798 

interest (LeBlanc et al., 2020; Yates et al., 2019). The ability for eDNA-derived predator 799 

diversity to predict behavioural variation in prey is likely to be because diversity correlates 800 

positively with total predator abundance (Bista et al., 2017). Measures of predation pressure 801 

from diversity indices (both from the eDNA sampling and the census data) were generally 802 

better predictors of variation in prey behaviour than at-site surveys of predation risk based on 803 

predator responses to guppy presentations (Croft et al., 2006b; Szopa-Comley et al., 2020). 804 

However, a traditional dichotomous high/low predation measure still prevailed as the best 805 

performing model for both sociability and activity, with the lowest AIC. In all instances, the 806 

different predation measures offered qualitatively similar results when they were substituted 807 
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in the statistical models, all identifying predation to impact both sociability and activity but 808 

not either measure of lateralisation.   809 

 810 

In conclusion, environmental DNA proved to be an effective method for assessing piscine 811 

predator communities of rivers in the Northern Range of Trinidad, allowing efficient non-812 

invasive sample collection. My study demonstrates not only consistency of this method with 813 

previous, more invasive, census sampling techniques, but also that eDNA-derived predator 814 

diversity can be used to predict the divergence of adaptive anti-predatory behaviour in prey. 815 

This study provides a novel application of environmental DNA in the field of behavioural 816 

ecology, demonstrating promising potential for non-invasive assessment of aquatic ecological 817 

communities in future behavioural studies.  818 

 819 
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4 Chapter Four: The impact and interaction of predation 

risk and group association on visual lateralisation in 

predator inspections. 

 

 

 

 

 

Blue acara (Andinoacara pulcher) 

Photography: I.L. Penry-Williams 
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4.1 Abstract 1 

 2 

Group living allows individuals to reduce their predation risk. Visual lateralisation, defined as 3 

an asymmetry in eye-use, could provide an additional benefit to individuals in groups by 4 

dividing two concurrent visual tasks to simultaneously view group members and a potential 5 

predator. This would allow more efficient multi-tasking by improving synchronisation with 6 

group mates whilst also monitoring predatory advances. In this study, I assess the visual 7 

lateralisation of Trinidadian guppies (Poecilia reticulata) tested either solitarily or in groups 8 

in the presence or absence of a live predator, the blue acara (Andinoacara pulcher). I find 9 

consistently low levels of visual lateralisation across all treatments. Despite this and contrary 10 

to expectations, the guppies had significantly higher absolute lateralisation when tested alone 11 

in the absence of the predator compared to the other treatments. There was a significant, 12 

albeit small, left-eye bias when the predator was present but a right-eye bias when the 13 

predator was absent. The repeated measures design provided evidence that both relative and 14 

absolute laterality were repeatable when fish were tested together as a group but not when the 15 

fish composing these groups were tested in isolation. While this personality variation was 16 

observed at the group level random effect, there was no evidence for repeatability at the level 17 

of the individuals. This suggests an element of social conformity in lateralisation. Overall, 18 

these results suggest that in some species and contexts, social processes may have a greater 19 

effect on lateralisation than predation risk. 20 

  21 
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4.2 Introduction 22 

  23 

Predation is a major driver of group formation in prey species. Individuals in groups often 24 

experience higher survival compared to solitary individuals through mechanisms including 25 

risk dilution (Foster and Treherne, 1981; Turner and Pitcher, 1986), the avoidance effect 26 

(Ioannou et al., 2011; Turner and Pitcher, 1986), the confusion effect (Duffield and Ioannou, 27 

2017; Krakauer, 1995) and the group vigilance or “many eyes” effect (Elgar, 1989; Treherne 28 

and Foster, 1981). Maintaining visual contact with other group members to sustain group 29 

cohesion while staying vigilant to threats is required to maximise an individual’s chance of 30 

survival (Ward et al., 2011). However, performing two concurrent visual tasks may hinder 31 

performance of these tasks, unless visual information can be efficiently processed (Dadda and 32 

Bisazza, 2006a; Dukas, 2004; Rogers et al., 2013).  33 

 34 

Shoaling behaviours in fish are highly synchronous, especially in highly predatory 35 

environments where shoals are more common and the social tendency of individuals (i.e. 36 

sociability) is heightened (Gartland et al., 2022; Kelley and Magurran, 2003; Seghers, 1981). 37 

Individuals in groups may gain additional anti-predatory benefits from being lateralised in 38 

some behaviours, i.e. expressing an asymmetric directional bias (left or right). For example, 39 

some visual tasks may be preferentially performed with a certain eye (“visual lateralisation”), 40 

or an individual may demonstrate a consistent directional escape response (“motor 41 

lateralisation”). This is believed to be linked to a cerebral partitioning of cognitive 42 

functioning (Hulthén et al., 2021). Behavioural lateralisation is typically assessed through 43 

“relative laterality”, the directional turning bias of the individual (left or right), and “absolute 44 

laterality”, the strength or intensity of this bias regardless of directionality. Behavioural 45 

lateralisation has been observed across a range of taxa and behaviours including tool use, 46 

predator avoidance, and escape responses (Rogers et al., 2013). Lateralised individuals have 47 

demonstrated a greater escape capacity, foraging capability, and tend to occupy positions of 48 

safety in a group under predator presence (Bibost and Brown, 2013; Dadda et al., 2010; 49 

Dadda and Bisazza, 2006a; Middlemiss et al., 2018).  50 

 51 

In environments with high levels of predation, fish may demonstrate enhanced visual 52 

lateralisation, an asymmetric bias in eye-use when viewing a stimulus. The eyes of prey fish 53 

species are generally laterally positioned on the head with limited binocular overlap, resulting 54 



140 
 

in stimuli being viewed by only one eye at a time (Middlemiss et al., 2018; Vanegas and Ito, 55 

1983). The information gathered from each eye is primarily processed by the contralateral 56 

hemisphere, allowing for the potential division of two concurrent visual behavioural tasks 57 

between brain hemispheres (Bisazza and Brown, 2011; Dadda et al., 2009). This allows for 58 

more effective multi-tasking through efficient cognitive partitioning and processing (Bisazza 59 

and Brown, 2011; Miletto Petrazzini et al., 2020; Vanegas and Ito, 1983). This is beneficial in 60 

the context of shoaling as an individual can observe shoal mates while simultaneously 61 

viewing other stimuli, such as predators or prey. This minimises detection latency and neural 62 

processing time, and hence maximises response efficiency (Bisazza et al., 2000a; Brown et 63 

al., 2004; Dadda and Bisazza, 2006a; Vallortigara et al., 1999b). If multiple individuals 64 

within a shoal demonstrate lateralisation, this has the potential to enhance group 65 

synchronisation, cohesion, and escape capacity, allowing individuals to further benefit from 66 

group mechanisms including the confusion and dilution effect (Brown, 2005; Brown et al., 67 

2004; Frasnelli and Vallortigara, 2018; Miletto Petrazzini et al., 2020). Despite the potential 68 

benefits associated with being lateralised, lateralisation has not been consistently identified in 69 

previous studies, showing variability in both the directionality and intensity within and 70 

between populations (Bisazza et al., 1998a; Ferrari et al., 2015; Penry-Williams et al., 2022; 71 

Roche et al., 2020). 72 

 73 

Previous research has identified lateralised eye-use for the poeciliid Brachyrhaphis episcopi 74 

from high predation areas (Brown et al., 2004), and for goldbelly topminnows (Girardinus 75 

falcatus) (Facchin et al., 1999) and eastern mosquitofish (Gambusia holbrooki) when 76 

observing a predator model (Bisazza et al., 1997a). In Trinidadian guppies (Poecilia 77 

reticulata), just exposure to a predator’s odour can induce such lateralisation (Dale Broder 78 

and Angeloni, 2014). Similarly, asymmetrical eye-use has been observed when viewing a 79 

conspecific in eastern mosquitofish (G. holbrooki) (Sovrano et al., 1999) and several other 80 

poecilid species (Fuss et al., 2019). Many fish species follow a similar trend when viewing 81 

their own reflection, mimicking shoaling with a conspecific (Sovrano et al., 2001). Visual 82 

lateralisation is believed to be most efficiently adopted in conjunction to shoaling behaviours 83 

to maximise predator evasion and escape. However, research investigating lateralisation of 84 

individuals within groups in relation to predation is limited. Individuals tend to be assessed 85 

solitarily (Dale Broder and Angeloni, 2014; Facchin et al., 1999; Sovrano et al., 1999), with 86 

few studies assessing individuals within groups (Brown et al., 2004), but investigation of 87 

both, and especially the repeatability of lateralisation, is limited in the current literature 88 
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(Roche et al., 2020; Vinogradov et al., 2021). If lateralisation is beneficial as an anti-89 

predatory behavioural mechanism, then we should expect this to be consistently demonstrated 90 

when under predatory threat due to the severe fitness consequence should an individual be 91 

preyed upon (Toscano et al., 2014). Determining the conditions under which lateralisation is 92 

expressed and whether lateralisation is repeatable is fundamental to determining the 93 

evolutionary drivers of lateralisation and in predicting how prey species may respond to 94 

potential threats (Killen et al., 2016). 95 

 96 

In this study, I use the predator-prey model system of female Trinidadian guppies (P. 97 

reticulata) and the predatory blue acara (Andinoacara pulcher) to investigate the interaction 98 

between predation, shoaling, and visual lateralisation. I assess both relative and absolute 99 

lateralisation of each guppy in a variety of trials. The first aim of this study is to determine 100 

whether shoaling and/or a live predatory stimulus impacts visual lateralisation. I hypothesise 101 

that both maintaining shoaling behaviours in a group and viewing a live predator should 102 

enhance lateralisation, with a potential multiplicative (i.e. interactive) effect when multi-103 

tasking both activities. The second aim is to assess the repeatability of visual lateralisation 104 

(Penry-Williams et al., 2022; Vinogradov et al., 2021). I hypothesise that if visual 105 

lateralisation is an adaptive anti-predatory trait, then this behaviour should be more consistent 106 

and repeatable when fish are exposed to the predatory stimulus (Toscano et al., 2014). To 107 

validate that the guppies view the predatory stimulus as a threat, I also assess their 108 

positioning around the acara in the context of “attack cone avoidance”. It is expected that in 109 

the presence of a predator, the guppies should avoid being directly in front of the acara’s head 110 

if they view this stimulus as a potential threat, i.e. within the attack cone of the predator 111 

(Magurran and Seghers, 1990a). In addition to this, I assess activity (speed, cm/min) and 112 

sociability (distance from group centroid) in relevant treatments as potential behavioural 113 

correlates of visual lateralisation, and the repeatability of these behaviours.  114 

  115 
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4.3 Materials and methods 116 

 117 

4.3.1  Study species: Trinidadian guppies (Poecilia reticulata) 118 

 119 

Trinidadian guppies (P. reticulata) have been previously used as a model organism for 120 

investigating the effect of predation risk on lateralisation (Dale Broder and Angeloni, 2014; 121 

De Santi et al., 2000; Irving and Brown, 2013). The population used in this investigation 122 

were descendants of wild guppies collected from a high predation environment in the 123 

Guanapo river in Trinidad (Moonan: 10.6082°N 61.2547°W) in April 2019 by the Guppy 124 

Project (University of Oxford). Guppies were exported to the John Krebs Field Station 125 

(Oxford, UK) where they were selectively bred across three generations to prevent inbreeding 126 

and maintain genetic diversity. Here, guppies were maintained between 25 to 27 oC and fed 127 

twice daily with either live brine shrimp nauplii or liver paste, with a 12:12 light:dark 128 

photoperiod. Guppies were transferred to the University of Bristol (Bristol, UK) in December 129 

2020. Preceding investigation, guppies were maintained in mixed-sex groupings in 90 L 130 

holding tanks (length x width x height: 70 x 40 x 35 cm), furnished with plastic foliage and a 131 

sand substrate. Guppies were fed once per day with either brine shrimp or fish flake and 132 

maintained at 26 to 28 oC and a 12:12 light:dark photoperiod. 133 

 134 

Only female guppies were selected for this experiment to standardise the experimental 135 

protocol due to their stable social interactions (Croft et al., 2006a, 2006b; Heathcote et al., 136 

2017), to exclude sexual behaviours, and to avoid potential harassment from males 137 

(Cummings, 2018; Edenbrow et al., 2011). For this investigation, female guppies were sorted 138 

into size-selected groups to maintain individual identity across trials without the need for 139 

elastomer tagging. Female guppies were measured (mean standard length ± SD: 26.1 ± 5.7 140 

mm) and sorted into size classes: small (< 22 mm), medium (23 – 29 mm) and large (> 30 141 

mm). One individual from each size class was haphazardly selected to form each group of 142 

three fish (mean group length ± SD: 26 ± 1 mm). Groups were viewed on camera (Panasonic 143 

HC-X920: 1920 x 1080-pixel resolution, 50 frames/second) to ensure an individual’s size 144 

classification, and therefore, individuals’ identities could be discerned within each group. 145 

Where size classifications could not be discerned, all individuals were placed back into their 146 

respective classification and new females haphazardly selected again until size classifications 147 

could be determined on camera. Small deviations from size classifications were made in a 148 
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few instances where fish in a particular size class had limited availability (n = 6). Groups 149 

were kept in separate breeding nets (length x width x height: 16 x 13 x 13 cm) for the 150 

duration of the trial period to maintain group IDs (n = 32). Groups were acclimatised for 72 151 

hours prior to the testing period. In instances where an individual within a group died during 152 

the trial period, they were replaced with a size matched individual. The new individual and 153 

group were assigned a new individual and group ID and acclimatised for 24 hours prior to 154 

testing. Breeding nets were kept in tanks on a filter system to ensure adequate water quality, 155 

oxygenation, and to prevent temperature fluctuations. Guppies were fed commercial fish 156 

pellets at 17:00 during the testing period, approximately 16 to 24 hours before testing.  157 

 158 

4.3.2  Study species: blue acaras (Andinoacara pulcher) 159 

 160 

Blue acaras (A. pulcher) are known as a major predator species of Trinidadian guppies 161 

(Deacon et al., 2018; Magurran, 2005). A total of fourteen blue acaras were used as the 162 

predatory stimulus to induce a heightened perception of predation risk (mean standard length 163 

± SD: 86 ± 11 mm). Acaras were held in a 90 L holding tank (length x width x height: 70 x 164 

40 x 35 cm), furnished with plastic foliage, plastic tubes, and a sand substrate base. Acaras 165 

were fed commercial fish pellet at 17:00 during the testing period, allowing a starvation 166 

period of approximately 16 to 24 hours before testing. Acaras were maintained at a 167 

temperature of 26 to 28 oC and a 12:12 light:dark photoperiod. Individual acaras were used in 168 

a maximum of one trial each day to limit potential stress.  169 

 170 

4.3.3  Lateralisation assays  171 

 172 

Trials took place in two testing blocks between June to July 2021. Trials were run on both 173 

individuals in isolation (n = 96) and within their groups (n = 32), with the fully-factorial 174 

treatments being: “Predator-Solitary”, “Predator-Group”, “Control-Solitary” and “Control-175 

Group”. Each individual was subject to all four treatments twice (n = 8 trials total), with the 176 

treatment order following a Latin-square design. Two set-ups of the assay were used, with a 177 

“predator” trial and a “control” trial taking place concurrently, and “group” and “solitary” 178 

trials taking place on alternating days. Control and predator trials were alternated between the 179 

two set-ups after testing each group to account for potential asymmetries; the side of the 180 

assay (left or right) was included in the statistical analyses. The order of testing for groups of 181 
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fish was randomised for each day (generated using random.org). For solitary trials (where 182 

single guppies were tested), the order of testing individuals within each group was also 183 

randomised. On days of solitary trials, the start time of trials took place between 9:00 to 184 

17:00 (n = 24 trials per day). To account for the fewer trials taking place on the days of group 185 

trials (n = 8 trials per day), the start times were altered to occur at variable times throughout 186 

this time period. The start times of group trials began at 9:00 to 11:00, 11:00 to 13:00, and 187 

13:00 to 15:00 and was randomly determined for each day.  188 

 189 

The apparatus was adapted from a previous investigation by Dale Broder and Angeloni 190 

(2014), and the assay consisted of a white circular container (Figure 4.1: diameter x height: 191 

32 x 30 cm), in the centre of which a transparent chamber was placed containing either a 192 

predator stimulus (blue acara) or a control (empty chamber). Groups, or a solitary individual, 193 

were introduced into an opaque white acclimatisation section (white PVC tube: diameter x 194 

height: 5.5 x 10 cm) in the area surrounding the chamber for ten minutes preceding the trial, 195 

after which the video camera was started (Panasonic HC-X920: 1920 x 1080 pixel resolution, 196 

50 frames/second), and the acclimatisation tube was lifted. Trials ran for 15 minutes. All 197 

tanks were shaded from direct light using a translucent plastic cover to prevent a light-198 

induced turning bias and to reduce reflections on the surface of the water to facilitate 199 

computer tracking from video. Water temperature was maintained between 26 to 28 oC and 200 

was replaced from the filtration system following each trial. Water level was maintained at 8 201 

cm within the assay, and 11 cm within the central chamber. All experimental procedures and 202 

housing conditions were approved by the University of Bristol Animal Welfare and Ethical 203 

Review Body (UIN 21/003). 204 

 205 
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 206 

 207 

Figure 4.1: (A) Schematic representation of the lateralisation assay displaying a group trial 208 

with the predator stimulus within the chamber. (B) Still image from a video of a trial 209 

demonstrating the lateralisation assay, blue acara predator (Andinoacara pulcher), and 210 

displaying size differences between the individual guppies (Poecilia reticulata) within the 211 

group. 212 

 213 

4.3.4  Data processing: guppy trajectory 214 

 215 

All trial videos were converted from .MTS format to .mp4 (1920 x 1080 pixel resolution, 30 216 

frames/second) using Handbrake (v1.2.0) (The Handbrake Team, 2018) to facilitate tracking 217 

in idTracker (v2.1) (Pérez-Escudero et al., 2014). Guppies’ trajectories were tracked by 218 

excluding the central chamber during analysis. Following tracking, trajectories were 219 

manually assessed for accurate identification of guppies. Where inconsistencies were found, 220 

tracking parameters were adjusted, and tracking was reperformed. The centre and diameter of 221 

the central chamber was manually measured in ImageJ (v1.52a) (Rasband, 2018) from still 222 

images of each trial obtained using VLC media player (v3.0.8 Vetinari) (VideoLan, 2006). 223 

Data cleaning involved the removal of datapoints exceeding maximum speeds for Trinidadian 224 

guppies (140 cm/sec burst speed) to account for potential tracking errors (Chappell and Odell, 225 

2004; Oufiero and Garland, 2009). Data were then interpolated using the na.interpolation 226 

function (imputeTS package) (Moritz and Bartz-Beielstein, 2017) using a linear option and 227 
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allowing a maximum gap of ten successional missing points (approximately 0.33 seconds) in 228 

R (v3.6.1) (R Core Team, 2019) with RStudio (v1.2.1335) (RStudio Team, 2019).  229 

 230 

For each frame of video (15 minutes, 30 frames/sec), relative lateralisation was calculated 231 

using χ = arcsin(sin(θ−ϑ)), in which θ was the angle of the fish between two frames and ϑ is 232 

the angle of the arena radius through the position of the fish (Herbert-Read et al., 2015; 233 

Penry-Williams et al., 2022). Lateralisation indexes are relative to the centre of the central 234 

chamber. A score of χ > 0 demonstrates a clockwise (right eye-use) orientation, while a score 235 

of χ < 0 is an anti-clockwise (left eye-use) orientation. Extracted orientations for each 236 

individual were used to calculate a relative laterality (RL) index (on a scale of -1 to 1) for 237 

visual representation of this directional bias using: RL = ((Nright − Nleft) / (Nright + Nleft)), 238 

where Nright is the number of right turns and Nleft is the number of left turns. To calculate 239 

absolute laterality (AL) to assess the intensity of lateralisation for analysis and data 240 

visualisation, these values were converted to a scale of 0 to 1 using the equation: AL = 241 

√(RL2). Each individual’s activity was extracted by calculating the speed (cm/min), averaged 242 

(mean) across the whole trial. Sociability was measured by calculating the mean distance of 243 

each individual from the centroid of their group for all frames and extracted at both an 244 

individual and group level. The mean value across the whole trial was then used for analysis.  245 

 246 

4.3.5  Data processing: acara orientation and attack cone avoidance 247 

 248 

For the trials with a predator, the guppies’ positioning in relation to the acara’s body 249 

orientation was also measured to assess whether the guppies avoided being directly in front of 250 

the acara’s head, i.e. within the attack cone of the predator (Magurran and Seghers, 1990a). 251 

The resolution of the trial videos was reduced using ffmpeg to facilitate tracking (640 x 360 252 

pixel resolution, 3 frames/second) (FFmpeg Developers, 2021). An automated custom ImageJ 253 

plugin using a convolution-based approach was used to detect the centre of mass and 254 

orientation of the acara (further details available in Heathcote et al., 2020). The extracted 255 

angle and centre of mass was used to calculate the relative positioning of each guppy for each 256 

extracted frame of the trial through trigonometry, with 0˚ being in front of the acara’s head 257 

and 180˚ behind the acara’s tail. The activity of the acara was also assessed through the 258 

change in degrees per minute. A subset of the videos (n = 10) was randomly selected using a 259 

random number generator and run at both full frame rate (30 frames/second) and original 260 
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resolution (1920 x 1080 pixels resolution) to validate tracking accuracy. When comparing 261 

these outputs to the reduced resolution and framerate, the extracted angles were in good 262 

agreement, with a mean ± SD absolute difference in degrees (median) of 0.70˚ ± 0.67˚ at the 263 

reduced framerate, and 0.10˚ ± 0.31˚ at the reduced resolution. Further comparisons with the 264 

guppies’ positioning relative to the acara’s head also showed good agreement between the 265 

full and reduced framerate and resolution data sets. Using (full framerate / reduced framerate) 266 

x 100, this relative difference between the output datasets had a mean ± SD of 100.03 ± 4.06 267 

% for the reduced framerate and at 99.75 ± 0.49 % for the reduced video resolution.   268 

 269 

4.3.6  Data analysis  270 

 271 

All statistical analysis was performed in R (v3.6.1) (R Core Team, 2019) with RStudio 272 

(v1.2.1335) (RStudio Team, 2019). An assumption of this experiment is that the guppy views 273 

the live predator, the blue acara, as a predatory threat. Therefore, in trials with a predator, it 274 

was initially assessed whether there was a cone of avoidance around the head of the acara 275 

(Magurran and Seghers, 1990a). Guppy positioning relative to the acara (median degrees 276 

from the acara’s head) was analysed as a response variable using a linear mixed-effects 277 

model (LMM). Explanatory variables included were grouping treatment (“solitary” or 278 

“group”), guppy size (mm), guppy activity (cm/min), replicate number (first or second time 279 

completing the trial), time of day, date, trial number (one to eight), side of assay (left or right 280 

side of the room), testing block (first or second set of groups), predator activity (degrees 281 

turned/minute), and predator size (mm), with individual ID nested within group ID as the 282 

random effect. 283 

 284 

Behavioural traits were then investigated across all trials. Absolute laterality indexes (AL) 285 

were rescaled from 0 – 1 to 0 – 100 and rounded to the nearest whole number to fulfil the 286 

assumptions to run a negative binomial generalised linear mixed-effects model (GLMM) 287 

using the glmer.nb function (lme4) (Bates et al., 2015). Relative lateralisation was assessed 288 

by using the proportion of left and right eye-use in a binomial GLMM using the glmer 289 

function (lme4) (Bates et al., 2015). To fulfil model assumptions, the proportion right or left 290 

eye-use over each trial (27,000 frames) were scaled to proportions of 100. Grouping 291 

treatment (“solitary” or “group”), predation treatment (“predator” or “control”), guppy size 292 

(mm), guppy activity (cm/min), replicate number (first or second), time of day, date, trial 293 
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number (one to eight), side of assay (left or right), and testing block (first or second) were 294 

included as main effects, with individual ID nested within group ID as the random effect. 295 

Guppy activity was assessed using the average speed (cm/min) as the response variable in a 296 

LMM using the same model structure described above, excluding guppy activity as a main 297 

effect. For all models, the main effect with the highest p value (when > 0.05) was dropped 298 

from each iteration of the model (backwards selection) and re-run until only significant main 299 

effects remained. Grouping treatment and predation treatment were initially included as an 300 

interaction term, however, this interaction was removed if this had the highest p value (> 301 

0.05), which was the case in all models. Grouping treatment and predator treatment were not 302 

removed from the models as explanatory terms at any stage as these are integral to the 303 

hypotheses being tested.  304 

 305 

Data from trials with a predator were also analysed separately to assess whether additional 306 

factors significantly impacted guppy behaviour. In these models, reflecting those previously 307 

described, predator activity (degrees turned/minute), guppy positioning relative to the acara 308 

(median degrees from the orientation of the acara’s head), and predator size (mm) were added 309 

to the models as main effects along with the previously mentioned main and random effects, 310 

excluding predator treatment. For trials where guppies were tested in groups, an individual’s 311 

mean distance from group centroid (sociability) was assessed using a LMM in which 312 

predation treatment (“predator” or “control”), absolute lateralisation index, relative 313 

lateralisation index, replicate number (first or second), side of assay (left or right), time of 314 

day, date, trial number (one to eight), and testing block (first or second) were included as 315 

main effects. Predator treatment, absolute laterality index, and relative laterality index were 316 

not removed from the models as explanatory terms at any stage as these are integral to the 317 

hypotheses being tested. The assumptions of all models were verified with QQ plots and 318 

residuals versus fitted values using the residual diagnostics for hierarchical (multi-level/ 319 

mixed) regression models (DHARMa) (Hartig, 2019). Variance inflation (multicollinearity) 320 

was assessed using the vif function (car package) (Fox and Weisberg, 2011). Individuals not 321 

completing a minimum of one of each of the treatments were excluded from analysis (Nind = 322 

12, Nobs = 15).  323 

 324 

Repeatability (R) in guppies’ behavioural traits (positioning relative to the acara head, 325 

absolute laterality, relative laterality, activity, and sociability) were assessed using 326 

repeatability estimates with parametric bootstrapping at 1,000 iterations (rptR) (Stoffel et al., 327 
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2017). This was initially run on all trials together, and then on subdivisions of each trial type 328 

(“Predator-Solitary”, “Predator-Group”, “Control-Solitary”, and “Control-Group”). Median 329 

degrees from the acara’s head were assessed with a Gaussian datatype option. For absolute 330 

lateralisation, individuals were ranked (with averaged tied ranks) to avoid the violation of 331 

homogeneity of variances in the model’s residuals and an estimate of repeatability assessed 332 

via a Gaussian datatype option. Relative lateralisation was assessed through the proportion of 333 

turn choices (left and right) using the proportion datatype option. Activity (cm/min) and 334 

sociability (mean distance from group centroid) were also assessed with a Gaussian datatype 335 

option. For all models, repeatability in both individual ID and group ID was investigated. 336 

LMMs and GLMMs with the repeatability model structure were fitted to check and verify the 337 

model assumptions.  338 

 339 

4.4 Results 340 

 341 

4.4.1  Attack cone avoidance 342 

 343 

In the predation trials, guppies spent the majority of the trial behind the predator, spending a 344 

mean ± SD of 73.18 ± 7.50 % and 71.42 ± 5.60 % of the trial in closer proximity to the tail 345 

compared to the head, for the solitary and group trials, respectively. Guppies were 346 

consistently found to be behind the predator, having a median degree from the acara’s head of 347 

123˚ ± 10˚ for the solitary trials and 125˚ ± 7˚ for the group trials (mean ± SD across 348 

individual guppies) (Figure 4.2). No explanatory variable significantly impacted the median 349 

degrees from the acara’s head (Figure 4.2: Grouping treatment: LMM: χ2
(1) = 1.94, p = 350 

0.163). This strongly suggests that the guppies viewed the acara as a predatory threat by 351 

demonstrating a clear attack cone avoidance around the head of the predator (Magurran, 352 

1990; Magurran and Seghers, 1990a), and that this avoidance was not affected by whether 353 

guppies were tested alone or in groups. 354 

 355 
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 356 

 357 

Figure 4.2: Stacked histogram of the median degrees of the guppies’ position from the 358 

acara’s head, with data split by the shoaling treatment (Blue = Group, Purple = Solitary). 359 

Large fish icon indicates orientation of the blue acara (Andinoacara pulcher), smaller fish 360 

icons represent the Trinidadian guppies (Poecilia reticulata).  361 

 362 

Between treatments, repeatability in median degrees from the acara’s head was not found 363 

within individuals (LMM: R = 0.023, 95 % CI = 0 – 0.113, Nobs = 379, Nind = 97, p = 0.301), 364 

nor within their respective groups (R = 0.034, 95 % CI = 0 – 0.029, Nobs = 379, Ngrp = 38, p = 365 

0.132). However, Group ID did produce significantly repeatable median degrees from the 366 

acara’s head within the “Predator-Group” treatment (Table 4.1: p < 0.001), as well as 367 

individual ID for the “Predator-Solitary” treatment (p = 0.019). Group ID was not found to be 368 

repeatable in the solitary trials nor individual ID in the group trials (Table 4.1: p = 1).   369 

 370 

4.4.2  Absolute lateralisation  371 

 372 

Low levels of absolute lateralisation were found across all treatments. A large proportion of 373 

the trials, 98.94 %, were below an absolute laterality index of 0.5, with 58.38 % below 0.1. 374 

Despite the low levels of absolute lateralisation, several factors were found to have a 375 
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significant impact on this variable. Solitary trials (mean absolute laterality index ± SD: 0.13 ± 376 

0.12) produced significantly higher levels of absolute lateralisation compared to group trials 377 

(0.09 ± 0.09: Figure 4.3: GLMM: χ2
(1) = 51.79, p < 0.001). Control trials without a predator 378 

(0.12 ± 0.11) also yielded increased absolute lateralisation indexes compared to predation 379 

trials (Figure 4.3: 0.10 ± 0.10: χ2
(1) = 5.06, p = 0.024). Guppy activity (cm/min) was 380 

positively correlated with absolute laterality index (χ2
(1) = 32.74, p < 0.001). Analysing the 381 

predation trials with the inclusion of predator-specific parameters in the model did not 382 

qualitatively alter these results, with both shoaling treatment (χ2
(1) = 28.90, p < 0.001) and 383 

guppy activity (χ2
(1) = 23.62, p < 0.001) still significantly impacting absolute laterality.  384 

 385 

 386 

 387 

Figure 4.3: Absolute (intensity) lateralisation index for the predation and grouping 388 

treatments. Medians are illustrated by the thick horizontal central line, the boxes enclose the 389 

interquartile ranges (IQR), and the whiskers represent cases within 1.5 × IQR. The circles 390 

represent datapoints outside of the whiskers. The data distributions are represented with 391 

kernel density plots. 392 
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 393 

Groups were repeatable in their absolute laterality indexes when including all treatments 394 

(LMM: R = 0.050, 95 % CI = 0 – 0.112, Nobs = 752, Ngrp = 44, p = 0.012); however, 395 

individual ID was not significantly repeatable (R = 0.039, 95 % CI = 0 – 0.099, Nobs = 752, 396 

Nind = 99, p = 0.052). When dividing the treatments into separate analyses, group ID was 397 

significantly repeatable within both group trials (Table 4.1: Predation: p = 0.020, Control: p < 398 

0.001) but not within the solitary trials (Predation: p = 1, Control: p = 1). Absolute 399 

lateralisation for individual ID was not repeatable within any of the treatments (Table 4.1: p = 400 

0.107 – 1).  401 

  402 
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Table 4.1: Repeatability of behavioural parameters (Attack cone avoidance, absolute laterality, relative laterality, activity, and sociability) of 403 

female Poecilia reticulata in each of the four treatments: “Predation-Group”, “Predation-Solitary”, “Control-Group”, and “Control-Solitary”. 404 

Values in bold are deemed to be statistically significant.  405 

Treatment  Individual ID Group ID 

 Repeatability (SE) 95 % CI P Repeatability (SE) 95 % CI P 

Attack cone avoidance  

Predation-Group 0.000 (0.045) 0.000 – 0.147 1.000 0.381 (0.087) 0.196 – 0.522 < 0.001 

Predation-Solitary  0.167 (0.094) 0.000 – 0.324 0.019 0.000 (0.038) 0.000 – 0.124 1.000 

 

Absolute laterality 

Predation-Group 0.000 (0.061) 0.000 – 0.203 1.000 0.129 (0.070) 0.000 – 0.265 0.020 

Predation-Solitary 0.123 (0.089) 0.000 – 0.301 0.107 0.000 (0.033) 0.000 – 0.109 1.000 

Control-Group 0.000 (0.054) 0.000 – 0.182 0.500 0.287 (0.083) 0.117 – 0.441 < 0.001 

Control-Solitary 0.028 (0.065) 0.000 –0.222 0.395 0.000 (0.030) 0.000 – 0.106 1.000 

       

Relative laterality 

Predation-Group 0.000 (0.000) 0.000 – 0.002 1.000 0.004 (0.001) 0.001 – 0.007 < 0.001 

Predation-Solitary 0.003 (0.002) 0.000 – 0.008 0.157 0.000 (0.001) 0.000 – 0.003 1.000 

Control-Group 0.000 (0.000) 0.000 – 0.002 1.000 0.008 (0.002) 0.003 – 0.013 < 0.001 

Control-Solitary 0.010 (0.004) 0.002 – 0.017 0.004 0 (0.001) 0.000 – 0.005 0.427 
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Activity 

Predation-Group 0.000 (0.042) 0.000 – 0.145 1.000 0.430 (0.086) 0.243 – 0.579 < 0.001 

Predation-Solitary 0.477 (0.078) 0.297 – 0.608 < 0.001 0.000 (0.000) 0.000 – 0.000 1.000 

Control-Group 0.000 (0.035) 0.000 – 0.116 1.000 0.524 (0.080) 0.348 – 0.662 < 0.001 

Control-Solitary 0.432 (0.087) 0.251 – 0.583 < 0.001 0.000 (0.000) 0.000 – 0.000 1.000 

 

Sociability 

Predation-Group 0.012 (0.040) 0.000 – 0.135 0.418 0.493 (0.081) 0.324 – 0.624 < 0.001 

Control-Group 0.000 (0.052) 0.000 – 0.176 1.000 0.302 (0.081) 0.127 – 0.447 < 0.001 

       

 406 

 407 
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4.4.3  Relative lateralisation 408 

 409 

Fish did not show a clear directional bias in left or right eye-use in any treatment, with low 410 

levels of relative lateralisation throughout. However, there was a significant leftward bias in 411 

viewing the central chamber when the predator was present (mean relative lateralisation 412 

index: -0.01 ± 0.14), compared to the control trials (Figure 4.4: 0.01 ± 0.16, GLMM: χ2
(1) = 413 

4.22, p = 0.040). Later trials dates also had a significantly more leftward trend (χ2
(1) = 4.01, p 414 

= 0.045). No relationship was identified between relative lateralisation and grouping 415 

treatment (Figure 4.4: χ2
(1) = 0.09, p = 0.760). Analysis of the predation treatment including 416 

the additional predator variables bore no significant predictors of relative lateralisation 417 

(Grouping treatment: χ2
(1) = 2.25, p = 0.133).  418 

  419 
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 420 

 421 

Figure 4.4: Relative (directional) lateralisation index for the predation and grouping 422 

treatments. Medians are illustrated by the thick horizontal central line, the boxes enclose the 423 

interquartile ranges (IQR), and the whiskers represent cases within 1.5 × IQR. The circles 424 

represent datapoints outside of the whiskers. The data distributions are represented with 425 

kernel density plots. 426 

 427 

An individual’s relative laterality was repeatable when including all treatments (GLMM: R = 428 

0.003, 95 % CI = 0.001 – 0.005, Nobs = 752, Nind = 99, p < 0.001), as well as within each 429 

group (R = 0.002, 95 % CI = 0 – 0.003, Nobs = 752, Ngrp = 44, p = 0.019). Investigating 430 

repeatability of relative lateralisation within each treatment separately identified, again, that 431 

group ID was significantly repeatable within the two group treatments (Table 4.1: Predation: 432 

p < 0.001, Control: p < 0.001), but this was not maintained in the solitary treatments (Table 433 

4.1: Predation: p = 1, Control: p = 0.427). Individual ID was significantly repeatable within 434 

the “Control-Solitary” trial (Table 4.1: p = 0.004) but was not repeatable within any of the 435 

other treatments (Table 4.1: p = 0.157 – 1).  436 
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4.4.4  Activity  437 

 438 

Guppy activity was significantly impacted by both the grouping and predator treatment. 439 

Guppies were more active when tested in groups (119.05 ± 30.26 cm/min) than when tested 440 

solitarily (Figure 4.5: 97.98 ± 38.39 cm/min: LMM: χ2
(1) = 96.57, p < 0.001). Higher activity 441 

was also identified in the presence of a predator (110.87 ± 38.78 cm/sec) compared to the 442 

control trials (Figure 4.5: 106.06 ± 33.09 cm/sec: χ2
(1) = 5.11, p = 0.024). The two concurrent 443 

assays were found to have a significant difference, with the left apparatus (111.67 ± 38.55 444 

cm/min) producing a higher activity than trials in the right apparatus (105.37 ± 33.33 cm/sec: 445 

χ2
(1) = 11.45, p = 0.002). Within the trials with a predator, guppy size and predator activity 446 

significantly impacted guppy activity, in addition to the grouping treatment (χ2
(1) = 48.65, p < 447 

0.001). Guppy activity was positively correlated with acara activity (χ2
(1) = 13.73, p < 0.001), 448 

and smaller guppies were generally more active than larger guppies (χ2
(1) = 5.16, p = 0.023).  449 

 450 

  451 
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 452 

Figure 4.5: Activity (speed: cm/sec) for the predation and grouping treatments. Medians are 453 

illustrated by the thick horizontal central line, the boxes enclose the interquartile ranges 454 

(IQR), and the whiskers represent cases within 1.5 × IQR. The circles represent datapoints 455 

outside of the whiskers. The data distributions are represented with kernel density plots. 456 

 457 

Repeatability of activity with both individual ID (LMM: R = 0.162, 95 % CI = 0.095 – 0.253, 458 

Nobs = 752, Nind = 99, p < 0.001) and group ID (R = 0.086, 95 % CI = 0.008 – 0.155, Nobs = 459 

752, Ngrp = 44, p = 0.006) was found when including all trials in the analysis. Group ID was 460 

significantly repeatable in activity within both group treatments (Table 4.1: p < 0.001), as 461 

well as individual ID for the solitary treatments (Table 4.1: p < 0.001). However, group ID 462 

was not significantly repeatable within the solitary trials, nor was individual ID significantly 463 

repeatable in the group trials (Table 4.1: p = 1).  464 

 465 

  466 
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4.4.5  Sociability 467 

 468 

In analysing only the group treatments, guppies maintained close distances to the centroid of 469 

the group with a mean ± SD of 3.40 ± 0.83 cm for the control treatment and 3.39 ± 0.85 cm 470 

for the predator treatment. Predation treatment was not a significant predictor of sociability 471 

(Figure 4.6: χ2
(1) = 0.56, p = 0.455). Trial number did have a significant impact on sociability 472 

within the assays, with decreased sociability later in the series of trials (χ2
(1) = 12.49, p < 473 

0.001). Sociability was not significantly predicted by either absolute lateralisation index (χ2
(1) 474 

= 0.59, p = 0.443) or relative lateralisation index (χ2
(1) = 3.58, p = 0.058).  475 

 476 

 477 

 478 

Figure 4.6: Sociability measured by mean distance to group centroid (cm) for the grouping 479 

treatments. Medians are illustrated by the thick horizontal central line, the boxes enclose the 480 

interquartile ranges (IQR), and the whiskers represent cases within 1.5 × IQR. The circles 481 

represent datapoints outside of the whiskers. The data distributions are represented with 482 

kernel density plots. 483 
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 484 

Group ID was significantly repeatable in sociability across both control and predation 485 

treatments (LMM: R = 0.068, 95 % CI = 0.189 – 0.428, Nobs = 375, Ngrp = 41, p < 0.001), as 486 

well as within both treatments separately (Table 4.1: p < 0.001). Individual ID was not 487 

repeatable in sociability across trials (R = 0.022, 95 % CI = 0 – 0.090, Nobs = 375, Nind = 99, p 488 

= 0.270), nor within either treatment (Table 4.1: p = 0.418 – 1).  489 

 490 

4.5 Discussion 491 

 492 

Previous studies have found that visual lateralisation is enhanced as a result of predatory 493 

threat (Bisazza et al., 1998a, 1997a) or when shoaling (Brown et al., 2007; Dadda et al., 494 

2012; Sovrano et al., 1999), with clear benefits when undertaking both simultaneously 495 

(Dadda and Bisazza, 2006a; Rogers et al., 2013). It is evident in my study that the guppies 496 

viewed the blue acara as a predatory threat, with a clear cone of avoidance around the 497 

predator’s head during the trials when there was a predator present (Magurran, 1990; 498 

Magurran and Seghers, 1990a), and that the guppies were highly sociable across all trials, 499 

with close distances from the centroid of the group. Guppies were also found to be more 500 

active under the presence of a predator, with guppy activity significantly positively correlated 501 

with predator activity. Despite this, visual lateralisation was not enhanced when viewing the 502 

predator nor when shoaling with a group, and importantly, not by multitasking these 503 

activities, with no significant interaction between these treatments.  504 

 505 

The benefits of an individual being lateralised under predation pressure, especially in 506 

conjunction with shoaling, are clear. Being able to monitor conspecifics while simultaneously 507 

observing predators would minimise detection latency and neural processing time, 508 

maximising response efficiency and group synchronisation (Bisazza et al., 2000a; Brown et 509 

al., 2004; Vallortigara et al., 1999b). In this investigation, low levels of absolute lateralisation 510 

were found across all treatments. Despite these low levels of lateralisation, control trials 511 

without a predator stimulus were found to yield higher absolute laterality than the viewing a 512 

live predator, contrary to predictions based on previous studies (Brown et al., 2004; Facchin 513 

et al., 1999; Sovrano et al., 1999). In this study, trials with a predator were, however, found to 514 

have a significant leftward bias in relative lateralisation compared to control trials. 515 

Conversely, a trend in right eye-use (left turning) was found in goldbelly topminnows (G. 516 
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falcatus) (Facchin et al., 1999) and male eastern mosquitofish (G. holbrooki) when observing 517 

a simulated/dummy predator (Bisazza et al., 1997a). Male guppies reared with chemical 518 

predator cues also had higher absolute lateralisation than those reared without, regardless of 519 

whether they originated from high or low predation environments (Dale Broder and 520 

Angeloni, 2014). Whilst there are several potential benefits to being visually lateralised, its 521 

presence under predation threat or in high predation environments appear to be inconsistently 522 

identified. Visual lateralisation may be limited or detrimental under predation threat in nature 523 

due to potentially high abundances and a diverse array of predators leaving prey species 524 

prone to attacks from all directions (Rogers, 2000; Rogers et al., 2004). Specialisation of 525 

predator detection in only one eye may therefore decrease successful detections and leave 526 

lateralised individuals vulnerable to attacks on the alternate side. However, further work 527 

would be needed to validate this hypothesis as only predator inspection behaviours have been 528 

assessed in this study, with an important distinction between predator detection and predator 529 

inspection behaviours (Fishman, 1999; Magurran and Pitcher, 1987). There is evidence to 530 

suggest both heritable and experiential components to lateralisation (Bisazza et al., 2000b; 531 

Brown et al., 2007). The population used within this experiment were derived from a high 532 

predation environment (see Section 2.1.1.) but had no prior experience with predators. 533 

However, these fish demonstrated a clear cone of avoidance around the predators’ head 534 

(Magurran, 1990; Magurran and Seghers, 1990a). The selection and maintenance of the 535 

positioning behind the predator may have contributed to a reduction in lateralisation indexes 536 

demonstrated in these trials compared to more continuous ‘free-swimming’ behaviour 537 

exhibited in the control trials.  538 

 539 

Contrary to my hypothesis, absolute lateralisation was found to be significantly higher when 540 

fish were tested alone compared to when they were tested in groups. There was no difference 541 

in relative lateralisation between these treatments. Solitary individuals may experience a 542 

higher level of perceived threat, and therefore, stress or fear when facing a predator alone. 543 

Stress has been found to be a key factor in determining the degree of behavioural 544 

lateralisation, with higher levels of stress contributing to higher levels of behavioural 545 

lateralisation (Berlinghieri et al., 2021; Ferrari et al., 2017; Halpern, 2005; Ocklenburg et al., 546 

2016). It is possible that solitary individuals would make better use of visual lateralisation in 547 

the wild to monitor predatory threats and their surrounding environment simultaneously 548 

while groups would gain from collective vigilance of the shoal (Ward et al., 2011). However, 549 

this is difficult to disentangle with no significant interaction identified in this investigation 550 
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between the grouping treatment and predator presence. Previous investigations with small 551 

groups of female B. episcopi from high predation areas demonstrated a right eye-use 552 

preference when viewing a live potential predator, a blue acara (A. pulcher), while 553 

individuals from low predation areas had no preference (Brown et al., 2004). Additional 554 

benefits have been associated with visual lateralisation in guppies, with it enhancing number 555 

processing and quantity discrimination, potentially indicating lateralised individuals could 556 

discern between shoal sizes to maximise group anti-predation benefits (Dadda et al., 2015). 557 

Visually lateralised goldbelly topminnows (G. falcatus) and yellow-eye mullet (Aldrichetta 558 

forsteri) also occupy positions of safety within the school more so than control fish (Bisazza 559 

and Dadda, 2005; Middlemiss et al., 2018, respectively), with the side of the shoaling partner 560 

influencing predator inspection distance in eastern mosquitofish (G. holbrooki) (Bisazza et 561 

al., 1999; De Santi et al., 2000).  562 

 563 

Building on the impact of grouping treatment influencing absolute lateralisation when 564 

viewing the predatory stimulus identified in my study, lateralisation when viewing social–565 

sexual stimuli has also been well-documented in the literature (Brown et al., 2004; Reddon 566 

and Balshine, 2010; Sovrano et al., 2001, 1999). A leftward trend in five fish species (Danio 567 

rerio, G. holbrooki, Gnatonemus petersii, Oryzias sarasinorum, and Xenotoca eiseni) in a 568 

quasi-circular mirror assay has been found when viewing their reflection mimicking shoaling 569 

with a conspecific (Sovrano et al., 2001). Similarly, three closely related poecilid species 570 

(Poecilia latipinna, Poecilia Mexicana, and Poecilia formosa) demonstrated a general 571 

tendency for a left-eye preference (right turn) when scrutinising a social stimulus in a detour 572 

assay, while guppies (P. reticulata) demonstrated a right-eye preference (left turn) (Fuss et 573 

al., 2019). Sex differences have also been identified, with female eastern mosquitofish (G. 574 

holbrooki) showing a left-eye bias (right turning) when viewing a female conspecific, and 575 

male eastern mosquitofish demonstrating a right-eye bias (left turning) (Sovrano et al., 1999). 576 

However, despite the importance of the social context of lateralisation, few studies have 577 

assessed the lateralisation of groups of individuals (Brown et al., 2004), instead only 578 

assessing a solitary individual.  579 

 580 

In my study, the combination of predation threat and shoaling did not enhance lateralisation, 581 

with all treatments demonstrating low levels of absolute lateralisation throughout and no clear 582 

directional bias. However, previous comparable work has not been consistent in this finding. 583 

Interestingly, despite no population-level asymmetric eye-use, in two separate assays 584 
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goldbelly topminnows (G. falcatus) preferred to view a predator stimulus and their ‘social’ 585 

reflection in a quasi-circular mirror assay with opposite eyes (Dadda et al., 2012). Female B. 586 

episcopi from high predation environments have also shown increased levels of absolute 587 

lateralisation, and a trend in right eye-use (left turn), when viewing a conspecific in a detour 588 

test compared to those from low predation environments. This trend was also maintained and 589 

enhanced in laboratory-reared offspring (Brown et al., 2007). Female B. episcopi from high 590 

predation areas assessed in groups demonstrated a right eye-use preference when viewing a 591 

live potential predator (A. pulcher), while low predation individuals had no preference 592 

(Brown et al., 2004).  593 

 594 

Previous assessments of repeatability in lateralisation indexes have been inconsistent in 595 

identifying significant repeatability in solitary individuals (Penry-Williams et al., 2022; 596 

Roche et al., 2020; Vinogradov et al., 2021). Roche et al. (2020) found relative lateralisation 597 

in five fish species was not repeatable in a detour assay, including in feral guppies (P. 598 

reticulata) (Irving and Brown, 2013), despite many individuals demonstrating a strong 599 

directional bias within a trial. Repeatability in relative lateralisation was found to be higher in 600 

guppies by McLean and Morrell (2020) across various contexts, but with absolute 601 

lateralisation only repeatable in males. Similarly, Vinogradov et al. (2021) found relative 602 

laterality in female eastern mosquitofish (G. holbrooki) to be significantly repeatable in five 603 

of six treatments incorporating social and control stimuli but non-repeatable in only one 604 

treatment. It was hypothesised that should lateralisation be an important anti-predation 605 

mechanism, then the presence of a predator, rather than its absence, should reduce the 606 

variability in this trait in order to maximise survival under perceived predation threat 607 

(Toscano et al., 2014). Repeatability of lateralisation in my study was observed in the group 608 

level random effect within both predation and control treatments. However, there was limited 609 

evidence for repeatability at the level of the individuals. Guppies in shoals are, therefore, 610 

more likely to consistently orient themselves in the same direction than solitary individuals. 611 

This result suggests that social processes, primarily social conformity, may have a greater 612 

effect than predation risk on determining lateralisation (Munson et al., 2021). It is important 613 

to mention that the manipulation of shoal compositions to allow for individual identification 614 

throughout the series of trials may have had an impact on the results. The size selection of 615 

individuals may have introduced size-related dominance hierarchies (Gorlick, 1976; Oliveira 616 

et al., 2022) or have led to more defined leader and follower roles within the shoal (Harcourt 617 

et al., 2009a; Hoare et al., 1998; Ioannou et al., 2017; Reebs, 2001). If defined leader and 618 
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follower roles are in fact influencing swimming direction, and by proxy the measured eye 619 

use, then this could be a key factor in explaining the repeatability and apparent social 620 

conformity identified in the group trials. This could also explain why lateralisation indexes 621 

are less predictable and demonstrate more variability in the solitary trials.  622 

 623 

Interestingly, repeatability in relative lateralisation was identified in the solitary trials at the 624 

level of the individual in the control trials, but not in the trials containing a predator stimulus. 625 

This could be indicative of alternative anti-predation mechanisms being adopted by solitary 626 

individuals in the predator trails, namely “protean” movements, which may lead to move 627 

unpredictable swimming behaviour and, therefore, measured eye-use (Jones et al., 2011; 628 

Szopa-Comley and Ioannou, 2022). In a study of sixteen fish species, shoaling species (e.g. 629 

Poeciliidae and Cyprinidae) were more likely to demonstrate a population conformity in the 630 

direction of lateralisation when undertaking predator escape responses, while non-shoaling 631 

species (e.g. freshwater Gobiidae and Ancistrus sp.) were more likely to demonstrate a 632 

mixture of individuals with both right and left alignment (Bisazza et al., 2000a). Behaviours 633 

more sensitive to environmental or motivational influences, such as predation, may be less 634 

predictable and repeatable (Bell et al., 2009) such as those influenced by energetic needs 635 

(MacGregor et al., 2021), social interactions (Bevan et al., 2018) or ecological variables 636 

(Castellano et al., 2002; Roy and Bhat, 2018; Smith and Hunter, 2005).  637 

 638 

In conclusion, this investigation provides evidence suggesting that visual lateralisation is not 639 

enhanced under predation threat or when assessed in groups, contrary to my predictions, with 640 

relatively low lateralisation indexes across all treatments. However, interestingly, 641 

repeatability of lateralisation indexes with the group level random effect was found but 642 

limited repeatability at the individual level suggests an important role of social conformity in 643 

lateralisation. I suggest that these results indicate social processes may have a greater effect 644 

than predation risk on variation in lateralisation. Given the predictions of lateralisation 645 

generally suggest greater benefits to groups over a solitary individual, I suggest that a greater 646 

consideration of groups when assessing lateralisation in addition to individuals is required to 647 

disentangle the potential benefits of visual lateralisation.  648 
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5 Chapter Five: The impact of predation risk and 

sociability on visual lateralisation of a social stimulus in 

wild, native Trinidadian guppies under variable 

predation regimes.  

 

 

 

Guanapo River, Trinidad 

Photography: I.L. Penry-Williams 
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5.1 Abstract 1 

 2 

Predation elicits pressure on prey species to form cohesive and synchronous groups to reduce 3 

an individual’s risk of predation. Visual lateralisation, the preferential use of one eye over the 4 

other to view a stimulus, may provide additional benefits to individuals in groups. This would 5 

allow them to maintain visual contact of the shoal with one eye to aid in group aggregation, 6 

while remaining vigilant to predators with the other. Here, I assess the sociability and visual 7 

lateralisation of wild female Trinidadian guppies (Poecilia reticulata) when viewing a 8 

stimulus shoal of conspecific females. Fish were collected from across 19 sites varying in 9 

predation risk in the Northern Range of Trinidad. I also use video recordings of free-10 

swimming predators attracted to a stimulus shoal of guppies to establish predator species 11 

presence and predation risk at each site. I found high levels of sociability across all sites, with 12 

no impact of predation risk or predator species richness on sociability at the sites. Despite low 13 

levels of absolute lateralisation, a propensity for left eye-use at sites with a higher predator 14 

species richness was identified when viewing the stimulus shoal of conspecifics. Given that 15 

the left eye is linked to the right hemisphere of the brain contralaterally, this result is 16 

consistent with previous research across a range of taxa linking social tendencies and the 17 

right brain hemisphere.  18 

 19 

20 
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5.2 Introduction 21 

 22 

Predation provides a strong selective pressure for the adaptation and development of anti-23 

predation behaviours in prey species, particularly in the formation of groups. Group 24 

formation in response to predation risk has been observed on both short- (Hoare et al., 2004) 25 

and long-term time scales (Herbert-Read et al., 2017). Shoaling and social tendencies (i.e. 26 

sociability) are also enhanced in highly predatory environments (Gartland et al., 2022; Kelley 27 

and Magurran, 2003; Seghers, 1981). Shoaling allows individuals within the group to benefit 28 

from mechanisms that aid in reducing their probability of falling victim to a successful attack 29 

from a predator, including risk dilution (Foster and Treherne, 1981; Turner and Pitcher, 30 

1986), the avoidance effect (Ioannou et al., 2011; Travis and Palmer, 2005; Vine, 1971), the 31 

confusion effect (Ioannou et al., 2008; Neill and Cullen, 1974; Tosh et al., 2006), and the 32 

group vigilance (“many eyes”) effect (Ioannou, 2017; Magurran et al., 1985; Siegfried and 33 

Underhill, 1975). Retaining visual contact with other group members to maintain shoal 34 

association, cohesion and synchronisation, while staying vigilant to predatory threats, is vital 35 

to maximise the chance of survival (Ward et al., 2011). However, performing two 36 

simultaneous visual tasks, such as this, may reduce the efficiency of both tasks, unless visual 37 

information can be processed efficiently (Dadda and Bisazza, 2006a; Dukas, 2004; Rogers et 38 

al., 2013).  39 

 40 

Lateralisation of visual tasks, i.e. splitting the processing of visual information between brain 41 

hemispheres through preferentially performing visual tasks with a particular eye, offers the 42 

opportunity for an individual to perform concurrent visual tasks (Bisazza et al., 2000a; Brown 43 

et al., 2004; Dadda and Bisazza, 2006a; Vallortigara et al., 1999b). Fish species generally 44 

have laterally positioned eyes on either side of their head to maximise their visual field, 45 

resulting in limited depth perception and only partial binocular overlap compared to binocular 46 

positioning, where by both eyes face in the same direction on the front of the head (Douglas 47 

et al., 1988; Howard, 2012). These fish, therefore, view environmental stimuli predominantly 48 

with only one eye (Howard, 2012; Middlemiss et al., 2018; Vanegas and Ito, 1983), with 49 

most visual inputs projected contralaterally to each hemisphere of the brain, more 50 

specifically, the tectum (Howard, 2012; Rogers et al., 2013; Springer and Gaffney, 1981). As 51 

visual information is processed almost entirely by the contralateral hemisphere, it allows for 52 

the potential division of two simultaneous visual tasks, allowing for effective multi-tasking 53 
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and more efficient cognitive processing (Bisazza and Brown, 2011; Miletto Petrazzini et al., 54 

2020; Vanegas and Ito, 1983).  55 

 56 

Lateralising visual tasks may provide particular benefit as an anti-predation mechanism in 57 

conjunction with shoaling, as this would allow individuals to observe shoal mates while 58 

simultaneously staying vigilant to predators. Previous research has identified lateralised 59 

tendencies when viewing a predator model (dummy) in goldbelly topminnows (Girardinus 60 

falcatus) (Facchin et al., 1999), eastern mosquitofish (Gambusia holbrooki) (Bisazza et al., 61 

1997a) and the poeciliid Brachyraphis episcopi (Brown et al., 2004). Similarly, lateralised 62 

eye-use has been observed in a social setting, when viewing a conspecific in goldbelly 63 

topminnows (Sovrano et al., 1999), Trinidadian guppies (Poecilia reticulata) (Dadda and 64 

Bisazza, 2016; Irving and Brown, 2013) and several other poecilid species (Fuss et al., 2019). 65 

In preferentially using one eye over the other to perform a visual task, an individual may 66 

benefit from a reduction in neural processing time and detection latency, and maximise their 67 

response efficiency (Bisazza et al., 2000a; Brown et al., 2004; Dadda and Bisazza, 2006a; 68 

Vallortigara et al., 1999b). In a study of sixteen fish species, gregarious shoaling species 69 

generally demonstrated a uniformity in the direction of their lateralisation, while non-70 

shoaling species were more likely to demonstrate inter-individual differences (Bisazza et al., 71 

2000a). The evolutionary drive for the formation of lateralised tendencies may be dependent 72 

on an individual’s level of both predation risk and group living both of which are often 73 

intrinsically linked (Brodie et al., 1991; Fuiman and Magurran, 1994; Krause and Ruxton, 74 

2002; Magurran, 1990).  75 

 76 

The ubiquity of the Trinidadian guppy (P. reticulata) and the geographical variation in their 77 

natural predators in the Northern Range river systems of Trinidad provides a model system 78 

for investigation into behavioural differentiation under variable predation risk (Deacon et al., 79 

2018; Magurran, 2005; Magurran and Phillip, 2001). Previous research has found sociability 80 

of guppies to be heightened when exposed to predation risk, with generally increased social 81 

tendency and school cohesion in more predatory environments (Botham et al., 2006; Croft et 82 

al., 2003; Dugatkin and Godin, 1992; Edenbrow et al., 2011; Magurran, 2005; Magurran et 83 

al., 1992). Experimental set-ups manipulating perceived predation risk have also assessed 84 

lateralisation in wild-type guppies (descendants from natural populations and laboratory 85 

strains). These show increased lateralisation in viewing a fish lure when reared with a 86 

predatory cue (Dale Broder and Angeloni, 2014) and closer predator inspections when 87 



170 
 

viewing their own reflection, mimicking shoaling with a conspecific, on their right side (De 88 

Santi et al., 2000). Given the variability in intensity and directionality of lateralisation within 89 

and between populations (Bisazza et al., 1998a; Ferrari et al., 2015; Roche et al., 2020), 90 

natural guppy populations provide an ideal study system for investigation of visual 91 

lateralisation along a continuum of sociability and predation risk. 92 

 93 

In this study, I present a combination of standardised behavioural assays on wild-caught 94 

guppies and in-situ non-invasive video recordings of guppy predators to assess the 95 

association between predation, and the sociability and visual lateralisation of Trinidadian 96 

guppies. I assess populations at 19 sites differing in predation risk across the Northern Range 97 

river systems of Trinidad and evaluate predator communities and resulting predation risk 98 

experienced by guppies. Repeat video-recordings of diurnal predators interacting with a 99 

stimulus shoal of guppies across each site were made in conjunction to the guppy behavioural 100 

assays. This was used to evaluate predator presence and to quantify the predation risk 101 

experienced by the resident guppies. The first aim of this investigation was to assess the 102 

sociability of groups of guppies along a gradient of predation risk, with the hypothesis that 103 

increased levels of predation risk should result in increased levels of group cohesion. The 104 

second aim was to assess the impact of predation risk and sociability on the visual 105 

lateralisation of guppies when viewing a social stimulus, consisting of a shoal of 106 

conspecifics. I hypothesise that more sociable individuals should demonstrate increased 107 

levels of lateralisation, and that lateralisation should be heightened in more predatory 108 

environments (Brown et al., 2004; Ferrari et al., 2017; Hulthén et al., 2021). To achieve this 109 

aim, I assess both relative laterality, the directional bias in eye-use when viewing the social 110 

stimulus, and absolute laterality, the strength or intensity of this bias regardless of 111 

directionality. Traditionally, predation risk of these systems has been evaluated on the 112 

presence or absence of a limited range of predator species, particularly the pike cichlid 113 

(Crenicichla frenata). Inclusion or exclusion of certain predator species can therefore greatly 114 

influence classification of a site in terms of predation risk (Croft et al., 2006b; Deacon et al., 115 

2018; Szopa-Comley et al., 2020). The third aim of this study was to validate the impact 116 

certain predatory species may have on the visual lateralisation and sociability of guppies. I 117 

achieve this through the use the presence and absence of identified predatory species at each 118 

site as an explanatory variable across a range of models and compare the AIC values to a null 119 

model (Burnham and Anderson, 2003; Ioannou et al., 2019).  120 

 121 
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5.3 Materials and methods 122 

 123 

5.3.1  Study sites 124 

 125 

Nineteen sites were identified and selected from the Northern Range of Trinidad, within the 126 

Arima, Aripo, Caura, Guanapo, Lopinot, St Josephs, and Turure river systems (Figure 5.1, 127 

Table 5.1). Where safe accessibility and guppy presence could be identified, three sites within 128 

each river were used for the study. In the Guanapo and Turure river systems, only two sites 129 

could be identified by these criteria. Sites geographically close to each other were paired to 130 

allow sampling of one site in the morning and one in the afternoon of each day. Each site was 131 

assessed twice, with one sampling in the morning and one in the afternoon where possible, on 132 

two separate days approximately two weeks apart to account for potential diurnal variation. 133 

All sites were visited once before a second visit to any site. The pairs of sites were numbered 134 

and the order of testing of sites was randomised for the first and second visit during the study 135 

period; minor deviations from this occurred where fieldwork was not possible due to adverse 136 

weather conditions. At each sampling location, environmental measurements were also 137 

collected to characterise the site (Table 5.1). River width (m) and water depth (cm) were 138 

measured using a tape measure. Temperature (oC) and light (lux) measurements within each 139 

river were taken with a HOBO MX2202 waterproof temperature/light level logger. All 140 

testing took place between 08:00 to 17:30 during April-May 2022. 141 
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 142 

 143 

 144 

Figure 5.1: Study area within Trinidad, Caribbean, depicting the nineteen sampling sites in Trinidad’s Northern Range river systems. Sites 145 

within each river are labelled 1-3 (or 1-2) from north to south. Coordinates provided in Table 5.1.146 
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Table 5.1: Study site coordinates, environmental parameters (river width, depth, temperature, and light), and guppy predator species present at 147 

each site determined from underwater video recordings taken at each site. Predation risk represents the mean ± standard percentage of the 148 

sampling duration any guppy predator was present at the guppy stimulus, within the field of view from the top camera.  149 

 150 

Site Latitude Longitude Predators present Width  

(m) 

Depth  

(cm) 

Temp  

(oC) 

Light  

(x103 lux) 

Predation risk  

(%) 

Arima1 10.692755 -61.292442 Andinoacara pulcher,  

Crenicichla frenata 

11.3 ± 1.2 60.5 ± 7.2 26.0 ± 0.7 24.7 ± 10.9 24.1 ± 9.5 

Arima2 10.691077 -61.290824 Andinoacara pulcher,  

Crenicichla frenata 

7.3 ± 4.6 55.0 ± 2.0 25.4 ± 0.5 21.4 ± 17.3 58.9 ± 34.9 

Arima3 10.653454 -61.283482 Andinoacara pulcher,  

Astyanax bimaculatus 

3.3 ± 1.5 53.3 ± 5.1 26.8 ± 0.2 8.5 ± 5.2 0.2 ± 0.3 

Aripo1 10.685054 -61.232494 Anablepsoides hartii 3.7 ± 1.5 44.7 ± 9.4 24.7 ± 0.1 2.7 ± 2.7 66.2 ± 8.8 

Aripo2 10.681485 -61.230390 Anablepsoides hartii 4.3 ± 1.2 68.2 ± 9.9 25.2 ± 1.5 6.4 ± 2.5 76.1 ± 20.0 

Aripo3 10.656661 -61.222766 Andinoacara pulcher,  

Astyanax bimaculatus,  

Crenicichla frenata,  

Hemibrycon taeniurus,  

Hoplias malabaricus,  

Roeboides dientonito 

8.5 ± 3.5 56.8 ± 5.0 26.8 ± 0.3 8.9 ± 8.5 55.7 ± 9.9 
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Caura1 10.709027 -61.354935 Andinoacara pulcher,  

Crenicichla frenata,  

Hoplias malabaricus,  

Rhamdia quelen  

4.7 ± 2.5 57.2 ± 1.6 25.4 ± 0.2 17.1 ± 11.2 23.8 ± 9.1 

Caura2 10.691767 -61.357592 Andinoacara pulcher,  

Crenicichla frenata 

8.3 ± 1.5 65.2 ± 8.8 25.9 ± 0.2 7.6 ± 2.5 50.0 ± 24.5 

Caura3 10.680852 -61.362457 Andinoacara pulcher,  

Astyanax bimaculatus,  

Crenicichla frenata  

10.8 ± 1.8 61.7 ± 9.6 25.1 ± 0.1 3.7 ± 2.8 31.0 ± 9.3 

Guanapo1 10.696080 -61.261732 Andinoacara pulcher,  

Astyanax bimaculatus, 

Hemibrycon taeniurus,  

Rhamdia quelen     

4.7 ± 1.0 62.2 ± 3.8 24.8 ± 0.1 15.4 ± 6.4 4.0 ± 1.5 

Guanapo2 10.693539 -61.262162 Andinoacara pulcher,  

Astyanax bimaculatus, 

Hemibrycon taeniurus  

9.2 ± 0.9 73.0 ± 8.0 25.9 ± 0.1 7.8 ± 9.4 4.2 ± 1.9 

Lopinot1 10.704846 -61.320761 Andinoacara pulcher,  

Astyanax bimaculatus,  

Crenicichla frenata,  

Hemibrycon taeniurus,  

Rhamdia quelen 

4.3 ± 2.5 59.0 ± 6.3 25.6 ± 0.3 16.5 ± 18.3 52.1 ± 3.5 
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Lopinot2 10.692178 -61.323294 Andinoacara pulcher,  

Crenicichla frenata 

5.3 ± 3.7 57.3 ± 0.3 26.0 ± 0.3 11.3 ± 8.5 66.6 ± 11.1 

Lopinot3 10.660253 -61.326169 Andinoacara pulcher,  

Crenicichla frenata,  

Hemibrycon taeniurus,  

Hoplias malabaricus  

9.3 ± 2.3 56.5 ± 10.0 25.4 ± 0.1 4.9 ± 3.5 27.8 ± 8.7 

StJosephs1 10.718621 -61.420621 Andinoacara pulcher,  

Astyanax bimaculatus,  

Crenicichla frenata,  

Hoplias malabaricus,  

Rhamdia quelen 

5.0 ± 1.0 65.3 ± 17.3 26.2 ± 0.1 20.4 ± 11.9 88.4 ± 5.4 

StJosephs2 10.712566 -61.412643 Andinoacara pulcher,  

Astyanax bimaculatus,  

Crenicichla frenata,  

Hoplias malabaricus,  

Rhamdia quelen 

4.7 ± 3.1 66.8 ± 19.5 26.2 ± 0.6 12.3 ± 20.0 93.3 ± 0.00 

StJosephs3 10.702111 -61.405903 Andinoacara pulcher,  

Astyanax bimaculatus, 

Crenicichla frenata,  

Hemibrycon taeniurus  

6.6 ± 1.4 50.2 ± 5.5 26.5 ± 0.4 9.7 ± 11.3 25.8 ± 31.1 

Turure1 10.680293 -61.167084 Anablepsoides hartii,  4.2 ± 2.4 77.8 ± 18.1 25.3 ± 0.3 8.7 ± 10.5 19.4 ± 6.7 
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Hemibrycon taeniurus,  

Macrobrachium crenulatum  

Turure2 10.657777 -61.167485 Andinoacara pulcher,  

Astyanax bimaculatus,  

Crenicichla frenata,  

Hemibrycon taeniurus,  

Roeboides dientonito 

5.7 ± 2.1 53.8 ± 5.2 25.7 ± 0.1 3.3 ± 2.5 43.2 ± 1.8 

 151 
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5.3.2  Study species 152 

 153 

Trinidadian guppies (Poecilia reticulata) were collected at each site via hand-seine netting 154 

(mesh size = 3 mm). Guppies were tested in behavioural assays through experiments on the 155 

side of the riverbanks, as per the collection permit provided by the Fisheries Division 156 

(Ministry of Agriculture, Land and Fisheries, Trinidad and Tobago). Following collection, 157 

fish were housed in mixed-sex groups in a white 20 L container (diameter x height: 50 x 50 158 

cm) containing 10 L of water from the study site. This container was positioned in the shade 159 

and covered using a semi-translucent plastic sheet to protect fish from direct sunlight, prevent 160 

rapid fluctuations in abiotic conditions (i.e. temperature and oxygen levels), and to prevent 161 

fish from jumping from the container. Water temperature was between 24 and 30 °C. Water 162 

temperature and oxygen were maintained through a quarter water change each hour. Only 163 

female guppies were used to standardise the experimental protocol due to their stable social 164 

interactions (Croft et al., 2006a, 2006b; Heathcote et al., 2017), less variable colouration 165 

(Houde, 1988; Kodric-Brown and Johnson, 2002; Rodd et al., 2002), and to exclude sexual 166 

behaviours and harassment from males (Cummings, 2018; Edenbrow et al., 2011). Following 167 

assessment, all fish were returned to their respective sites, as per the collection permit. Upon 168 

the repeat visit, fish were collected from different sections of the study site (a minimum 10 m 169 

from the previous collection) to reduce potential pseudo-replication. Due to the high 170 

abundance of guppies found at all sites, it is unlikely that individuals would have been 171 

retested. Collection of guppies did not occur within 5 m of concurrent predator community 172 

sampling locations to avoid disturbing the predator species.  173 

 174 

5.3.3  Predator community 175 

 176 

Diurnal predator species presence and guppy predation risk were assessed at each site. The 177 

apparatus used consisted of a transparent cylinder (diameter x height: 20 x 20 cm), with a 178 

transparent square base and lid. The lid was perforated with small holes (~1 mm) to aid with 179 

sinking of the apparatus (Szopa-Comley et al., 2020). The cylinder contained a mixed-sex 180 

stimulus shoal of ten Trinidadian guppies, collected at the site to attract free-swimming 181 

predatory fish to the apparatus for fifteen minutes. The apparatus was recorded using 182 

underwater GoPro Hero 4 video cameras (30 fps, 2704 x 1520 pixel resolution) attached to 183 

two clear acrylic rods, with one filming from above the apparatus (40 cm) and one to the side 184 
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(40 cm) with a consistent field of view between sampling sites. Three sampling locations 185 

were selected within each site with a minimum interval distance of 5 m between sampling 186 

locations within a site. A minimum depth of 40 cm was required to allow for recordings from 187 

above. The apparatus was carefully positioned to minimise ecological disturbance and 188 

prevent increases in turbidity from sediment resuspension. Predator presence within the field 189 

of view of the top-view camera (species and time spent within the field of view) and attacks 190 

(physical contact with the cylinder) were manually extracted using BORIS (v 7.13.8.) (Friard 191 

and Gamba, 2016) for each video (n = 3 per site, per visit). A predator’s presence at a site 192 

was established from it being observed and identified on any recording taken at a site on 193 

either visit.  194 

 195 

5.3.4  Behavioural trials 196 

 197 

Behavioural assays for sociability and visual lateralisation of conspecifics were conducted as 198 

bank-side experiments. The apparatus used for assays were made of white plastic to facilitate 199 

tracking. All assays were shaded from direct sunlight using a semi-translucent cover to 200 

facilitate computer tracking and prevent a light induced turning bias. Two trials were 201 

recorded concurrently side-by-side, in each instance the groups were first assessed for 202 

sociability, followed by individual assessment of visual lateralisation separately. Water depth 203 

was at 4 cm for both assays using water collected at each site. Light intensity and water 204 

temperature were recorded for the duration of the trials in an identical container of the same 205 

size and water volume, positioned in between the two assays using a HOBO MX2202 206 

waterproof temperature/light level logger to incorporate into the model to account for 207 

potential environmental fluctuations. Mean temperature was 26 ± 1 oC and mean light 208 

intensity was at 161 ± 194 lux. Water was filtered through a net mesh to reduce the instance 209 

of debris. Water changes took place following each groups’ trials. Trials were recorded from 210 

above over the centre of the assay at a height of 60 cm using a GoPro HERO8 (24 fps, 1920 x 211 

1080 pixel resolution). In total, 32 individuals (n = 16 per visit) were assessed at each of the 212 

19 sites (n = 608). All experimental procedures and holding conditions were approved by the 213 

University of Bristol Animal Welfare and Ethical Review Body (UIN 21/003).  214 

  215 
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5.3.5  Sociability assay 216 

 217 

Four groups, each containing four female guppies, were haphazardly selected from the 218 

guppies collected at each site and measured to the nearest mm. Both individual guppy size 219 

(mm) and the variance in the group size accounting for mean individual size (variance/mean) 220 

were used in the analysis to account for variable guppy sizes within and between groups. 221 

Each group was acclimated together for fifteen minutes before being filmed freely swimming 222 

in a circular arena for a further ten minutes to assess sociability (Figure 5.2: diameter x 223 

height: 28 x 13 cm). Water was changed and replenished with fresh water collected from the 224 

river following each group trial. Following tracking, the distance of individuals from the 225 

centroid of their group was extracted for assessing group-level sociability.  226 

 227 

 228 

 229 

Figure 5.2: Schematic representations for both (A) the open free-swimming sociability assay, 230 

and (B) the visual lateralisation assay depicting the central social stimulus shoal of three 231 

female guppies. 232 

 233 

5.3.6  Visual lateralisation assay 234 

 235 

Individuals were then subject to a visual lateralisation assay, consisting of a circular arena 236 

(Figure 5.2: diameter x height: 28 x 13 cm) containing a transparent chamber covered by an 237 

opaque white cover (diameter x height: 13 x 8 cm). Individuals were haphazardly selected 238 

from their group and sequentially tested. The central chamber contained a stimulus shoal of 239 
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three female guppies haphazardly selected from the remaining females collected at the site. 240 

The assayed individual was positioned within the section surrounding the central chamber 241 

preceding the trial to acclimatise for five minutes. Following the acclimatisation period, the 242 

opaque cover was gently removed vertically to prevent a directional turning bias. The 243 

individual’s swimming direction around the stimulus shoal was then filmed for ten minutes. 244 

The same stimulus shoal was used for all individuals within the same group. Water was 245 

changed and replenished with fresh water collected from the river following testing of all 246 

individuals within the group.  247 

 248 

5.3.7  Data processing and extraction 249 

 250 

Fish movements in the trials were tracked from the videos using idTracker (v2.1.) (Pérez-251 

Escudero et al., 2014). Trajectory outputs were manually checked following tracking for 252 

accuracy and where inconsistencies were identified, tracking was repeated with different 253 

parameters and corrected. Still images of each video were taken using VLC media player 254 

(v3.0.8 Vetinari) (VideoLan, 2006) and imported to ImageJ (v1.52a) (Rasband, 2018) to 255 

obtain pixel ratios and the centre of stimulus chamber to facilitate data extraction and 256 

standardisation.  257 

 258 

For the sociability trials, the distance of each individual from the centroid of their group 259 

(mean of x and y coordinates of all members of the group) was extracted for all frames and 260 

averaged (mean) across the group for analysis. This was standardised between trials by 261 

converting the units from pixels to centimetres.  262 

 263 

For the visual lateralisation trials, relative lateralisation was calculated for each frame of 264 

video (10 minutes, 24 frames/sec) using χ = arcsin(sin(θ−ϑ)), in which θ was the angle of the 265 

fish between two frames and ϑ is the angle of the arena radius through the position of the fish 266 

(Herbert-Read et al., 2015; Penry-Williams et al., 2022). Lateralisation indexes are relative to 267 

the centre of the central chamber. A score of χ > 0 demonstrates a clockwise (right eye-use) 268 

orientation, while a score of χ < 0 is an anti-clockwise (left eye-use) orientation. All extracted 269 

orientations for each individual were used to calculate a relative laterality (RL) index (on a 270 

scale of -1 to 1) using: RL = ((Nright − Nleft) / (Nright + Nleft)), where Nright is the number of right 271 

turns and Nleft is the number of left turns. To calculate absolute laterality (AL), an assessment 272 
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of the intensity of lateralisation, these values were converted to a scale of 0 to 1 using the 273 

equation: AL = √(RL2). Each individual’s activity was extracted by calculating the speed 274 

(cm/min), averaged (mean) across the whole trial for both the sociability and visual 275 

lateralisation trials, and used within their respective analysis.  276 

 277 

5.3.8  Data analysis 278 

 279 

All statistical analysis was performed in R (v3.6.1) (R Core Team, 2019) with RStudio 280 

(v1.2.1335) (RStudio Team, 2019). Predator communities at each site were visualised using a 281 

non-metric multi-dimensional scaling ordination (NMDS) of species presence/absence per 282 

site using metaMDS (vegan package) (Oksanen et al., 2018). Predation risk parameters 283 

(proportion of time a predator was in the camera’s field of view and the frequency of attacks) 284 

were averaged within each site for inclusion as explanatory variables in the models with 285 

guppy behaviour as the response. The proportion of time a predator was in the field of view 286 

on the top camera (i.e. in close proximity to the stimulus shoal) was identified to be a better 287 

predictor of guppy behavioural parameters than the frequency of attacks by a predator, with a 288 

generally lower Akaike information criterion (AIC), and therefore only the proportion of time 289 

was included in the models to avoid collinearity (Appendix 5.1). Predator species richness 290 

was determined from predator presence across all recordings, with inclusion of a predator if it 291 

had been observed in at least one recording at the site. Predator species community 292 

dissimilarity was assessed by extracting the first axis from the NMDS (Figure 5.3). Predator 293 

species richness and predator species community dissimilarity were input into separate 294 

models to assess the best fitting predictor, and predator species richness was identified as the 295 

better predictor by having a generally lower AIC value (Appendix 5.2). This predictor was 296 

included in the behavioural models as an explanatory variable.  297 

 298 

Sociability (as measured by the mean distance from the group centroid) was analysed using a 299 

linear mixed model (LMM) with one value per group, with site as a random effect (n = 19). 300 

Predation risk (proportion of time a predator was near the stimulus shoal), predator species 301 

richness, time of day, date of trial, water temperature (oC), light (lux), guppy activity 302 

(cm/min), mean size of individuals within the shoal (mm), and variance of sizes corrected for 303 

mean size (variance /mean), were included as explanatory variables. Absolute laterality 304 

indexes (AL) were rescaled from 0 – 1 to 0 – 100 and rounded to the nearest whole number to 305 
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fulfil the assumptions of a negative binomial generalised linear mixed model (GLMM). 306 

Relative lateralisation was assessed by using the proportion of left and right eye-use in a 307 

binomial GLMM using the glmer function (lme4) (Bates et al., 2015). To fulfil model 308 

assumptions, the proportion right or left eye-use over each trial (27,000 frames) was scaled to 309 

a percentage. In both models for lateralisation, group ID was nested within site as a random 310 

effect. Predation risk (proportion of time a predator was near the stimulus shoal), predator 311 

species richness, sociability (cm), time of day, date of trial, water temperature (oC), light 312 

(lux), guppy activity (cm/min), mean size of individuals within the stimulus shoal (mm), and 313 

variance of sizes corrected for mean size (variance/mean) were included as explanatory 314 

variables. The main effect with the highest p value (when > 0.05) was dropped from each 315 

iteration of the model (i.e. backwards selection) and re-run until only significant main effects 316 

remained. Predation risk, predator species richness and sociability (mean distance from group 317 

centroid) were not removed from the models as explanatory terms at any stage as these are 318 

integral to the hypotheses being tested. The assumptions of all models were verified with QQ 319 

plots and residuals versus fitted values using the residual diagnostics for hierarchical (multi-320 

level/ mixed) regression models (DHARMa) (Hartig, 2019). Variance inflation 321 

(multicollinearity) was assessed using the vif function (car package) (Fox and Weisberg, 322 

2011). 323 

 324 

To assess associations between the presence of specific predator species and guppy 325 

behavioural traits at a site, an assessment of the difference between the AIC values for ten 326 

different models was used for each behavioural trait. The response variable in each instance 327 

was a guppy behaviour, i.e. sociability, absolute lateralisation, or relative lateralisation, with 328 

the explanatory variable being the presence or absence of a predator species (n = 9 species). 329 

In the tenth model assessed, there were no explanatory variables, i.e. a null model. Sociability 330 

was analysed using a linear model (LM), absolute laterality with a negative binomial general 331 

linear model (GLM), and relative laterality with a binomial GLM. A model comparison 332 

approach allowed us to test which predator species were better predictors of guppy behaviour 333 

than other predator species. This used a difference in the AIC value of greater than two units 334 

to indicate strong support for one model over another and models demonstrating greater 335 

predictive power than the null model (Burnham and Anderson, 2003; Ioannou et al., 2019). 336 

The assumptions of all models were verified with QQ plots and residuals versus fitted values 337 

using the residual diagnostics for hierarchical (multi-level/ mixed) regression models 338 

(DHARMa) (Hartig, 2019).  339 
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 340 

Repeatability (R) in guppies’ behavioural traits within each site population were assessed 341 

using repeatability estimates with parametric bootstrapping at 1,000 iterations (rptR) (Stoffel 342 

et al., 2017). Repeatability of guppy behavioural traits within each site population was 343 

assessed for the mean distance from group centroid (i.e. sociability) with a Gaussian datatype 344 

option. For absolute lateralisation, individuals were ranked (with averaged tied ranks) to 345 

avoid the violation of homogeneity of variances in the model’s residuals and an estimate of 346 

repeatability assessed via a Gaussian datatype option. Relative lateralisation was assessed 347 

through the percentage of turn choices (left and right) using the proportion datatype option. 348 

For both of these models, repeatability within both site and group ID was investigated. 349 

Repeatability was investigated with and without the inclusion of significant predictors in each 350 

instance, results were not qualitatively altered with the inclusion of significant predictors 351 

(Appendix 5.3). Repeatability results are therefore included without the inclusion of these 352 

predictors. LMMs and GLMMs with the repeatability model structure were fitted to check 353 

and verify the model assumptions, using the approach detailed above.  354 

 355 

5.4 Results 356 

 357 

5.4.1  Predator community 358 

 359 

Blue acaras (Andinoacara pulcher) were found to be the most common guppy predator, being 360 

present at 16 of the 19 sites (84.2 % of sites), closely followed by pike cichlids (Crenicichla 361 

frenata) being present at 13 sites (68.4 % of sites) (Figure 5.3, Table 5.1). The least common 362 

predators observed near the guppy stimulus was an amphidromous freshwater shrimp 363 

(Macrobrachium crenulatum), identified at only one of the sites (Turure1), followed by 364 

Dientonitos (Roeboides dientonito) at two sites (10.5 %), and Hart’s rivulus (Anablepsoides 365 

hartii) at three sites (15.8 %). Associations between predator species and site are presented 366 

through a non-metric multi-dimensional scaling graph (Figure 5.3). Mean ± standard 367 

deviation (SD) predatory species richness across sites was found to be 3.3 ± 1.5, with a 368 

minimum of one predatory species identified at all sites (Table 5.1). Aripo3 was found to host 369 

the highest number of guppy predator species, with 6 different predators present at this site. A 370 

gradient of predation risk was established from the proportion of time spent in close 371 
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proximity to the stimulus shoal, ranging from 0.2 ± 0.3 % at Arima3 to 93.3 ± 0.0 % at St 372 

Josephs2 (Table 5.1).  373 

 374 

 375 

Figure 5.3: Non-metric multidimensional scaling ordination displaying the first two axes 376 

based on the presence-absence of guppy predator species. Each circle represents an assessed 377 

site (see Table 5.1), and each square represents a species. Variables that are more similar to 378 

one another are ordinated closer together. Site abbreviations: Aa = Arima, Ao = Aripo, C = 379 

Caura, G = Guanapo, L = Lopinot, S = St Josephs, and T = Turure. Species abbreviations: 380 

AB = Astyanax bimaculatus, AH = Anablepsoides hartii, AP = Andinoacara pulcher, CF = 381 

Crenicichla frenata, HM = Hoplias malabaricus, HT = Hemibrycon taeniurus, MC = 382 

Macrobrachium crenulatum, RD = Roeboides dientonito, and RQ = Rhamdia quelen. 383 

 384 

  385 
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5.4.2  Sociability 386 

 387 

Guppies were highly sociable throughout the populations, with a mean ± SD distance from 388 

group centroid ranging from 3.89 ± 1.07 cm (Arima3) to 5.97 ± 0.87 cm (Guanapo2), out of a 389 

maximum of 14 cm. Sociability was not significantly impacted by the predation risk of the 390 

site, measured either as the proportion of time a minimum of one predator was near the 391 

stimulus shoal (Figure 5.4A: LMM: χ2
(1) = 2.48, p = 0.115), nor a site’s predator species 392 

richness (Figure 5.4B: χ2
(1) = 0.34, p = 0.562). Further investigation into the impact of 393 

specific predator species identified a relationship between guppy sociability and the presence 394 

of silver catfish (Rhamdia quelen) (Table 5.2), typically a less predatory omnivorous species 395 

(Deacon et al., 2018). The presence of this species made the model more likely than the null 396 

model, or the presence of any other species, with a difference in the AIC greater than two 397 

units (Table 5.2: dAIC > 2). Lower levels of sociability were identified at sites with silver 398 

catfish present, than those where this species was absent.  399 

 400 

A positive relationship between the mean distance from centroid and temperature was 401 

identified (χ2
(1) = 11.12, p < 0.001), with less sociability at higher temperatures. A negative 402 

relationship was found between the mean distance from centroid and the mean size of the 403 

individuals composing the shoal (χ2
(1) = 4.57, p = 0.033), with shoals composed of larger 404 

individuals being more sociable than those composed of smaller individuals. The mean 405 

distance from the group centroid was significantly repeatable by site (LMM: R = 0.275, 95 % 406 

CI = 0.083 – 0.399, Nobs = 151, Nsite = 19, p < 0.001), suggesting that despite a lack of 407 

association with predation pressure, there were consistent differences between the sites in the 408 

guppies’ sociability.  409 
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 410 

Figure 5.4: Behaviours of guppies from sites that vary in predation risk and predator species 411 

richness. (Left) Graphs on the left demonstrate behavioural traits correlated with predation 412 

risk, assessed through the mean proportion of time that a minimum of one predator was in 413 

close proximity to the stimulus, and (Right) predator presence at site. (A – B) Sociability, 414 

assessed by the mean distance of individuals from the group centroid (cm), averaged per 415 



187 
 

group (Ngrp = 151), (C – D) absolute lateralisation when viewing a stimulus shoal of female 416 

conspecifics (Nind = 605), and (E – F) relative lateralisation when viewing a stimulus shoal of 417 

female conspecifics (Nind = 605). The blue line demonstrates a linear model between the 418 

parameters specified on the graph.  419 

 420 

Table 5.2: Model comparisons for alternative predator species as a predictor of sociability, 421 

mean distance of individuals from group centroid (cm), averaged per group. The null model 422 

has no explanatory variables. Models with an AIC more than 2 less than the NULL model are 423 

considered to have strong support, and therefore, the trend in sociability for the presence of 424 

this predator has been presented. dLogLik = difference in log-likelihood from minimum log-425 

likelihood model, dAIC = difference in Akaike Information Criterion (AIC) from the minimum 426 

AIC model (lowest = most likely model given the data).   427 

 428 

Species dLogLik dAIC Df Impact of presence 

Rhamdia quelen 3.06 0.00 3 Lower sociability 

NULL 0.00 4.13 2 - 

Astyanax bimaculatus 0.88 4.36 3 - 

Macrobrachium crenulatum 0.74 4.65 3 - 

Hoplias malabaricus 0.62 4.89 3 - 

Crenicichla frenata 0.14 5.84 3 - 

Andinoacara pulcher 0.10 5.93 3 - 

Anablepsoides hartii 0.10 5.93 3 - 

Roeboides dientonito 0.06 6.01 3 - 

Hemibrycon taeniurus 0.04 6.05 3 - 

 429 

5.4.3  Absolute lateralisation 430 

 431 

Levels of absolute lateralisation were low throughout all sites, with 594 individuals (98.18 % 432 

of total) scoring less than an absolute lateralisation index of 0.5, on a scale of 0 to 1, and 298 433 

individuals (49.26 % of total) scoring less than 0.1. Predation risk was not a significant 434 

predictor of absolute laterality (Figure 5.4C: GLMM: χ2
(1) = 0.49, p = 0.484), nor was 435 

predator species richness (Figure 5.4D: χ2
(1) = 0.35, p = 0.557). Further investigation into the 436 
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impact of specific predator species identified that models that included blue acara (A. 437 

pulcher) or Hart’s rivulus (A. hartii) performed better than the null model (Table 5.3: dAIC > 438 

2). Inclusion of blue acara presence was associated with lower levels of absolute 439 

lateralisation, while conversely, inclusion of Hart’s rivulus presence was associated with 440 

higher levels of absolute lateralisation.  441 

 442 

Sociability, i.e. the distance from group centroid, was not a significant predictor of absolute 443 

laterality (Figure 5.5A: χ2
(1) = 1.02, p = 0.3112). Time of day was significantly negatively 444 

correlated with absolute laterality, with lower absolute laterality indexes later in the day (χ2
(1) 445 

= 8.97, p = 0.003), and guppy activity (speed cm/min) significantly positively correlated with 446 

absolute lateralisation (χ2
(1) = 6.50, p = 0.011). Visit number was also a significant predictor, 447 

with higher absolute laterality indexes during the second visit to a site (χ2
(1) = 6.50, p = 448 

0.011). Absolute lateralisation was significantly repeatable by site (LMM: R = 0.046, 95 % 449 

CI = 0.001 – 0.098, Nobs = 605, Nsite = 19, p = 0.003), but was not repeatable by group ID (R 450 

= 0.033, 95 % CI = 0 – 0.109, Nobs = 605, Ngrp = 152, p = 0.172).  451 

 452 

 453 

 454 

Figure 5.5: (A) Absolute and (B) relative lateralisation index correlated with the measure of 455 

sociability, mean distance of individuals from group centroid (cm), averaged per group (Nind 456 

= 601). The blue line demonstrates a linear model between the parameter specified on the x 457 

and y axis, in each instance. 458 
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Table 5.3: Model comparisons for different predator species each as a predictor of absolute 459 

lateralisation (AL), calculated as an index from left and right eye-use for each individual 460 

when viewing a group of female conspecifics. The null model has no explanatory variables. 461 

Models with an AIC more than 2 less than the NULL model are considered to have strong 462 

support, and therefore, the trend in absolute lateralisation for the presence of this predator 463 

has been presented. dLogLik = difference in log-likelihood from minimum log-likelihood 464 

model, dAIC = difference in Akaike Information Criterion (AIC) from the minimum AIC 465 

model (lowest = most likely model given the data).   466 

Species dLogLik dAIC Df Impact of presence 

Andinoacara pulcher 2.06 0.00 3 Lower AL 

Anablepsoides hartii 2.06 0.00 3 Higher AL 

Crenicichla frenata 1.63 0.87 3 - 

NULL 0.00 2.12 2 - 

Macrobrachium crenulatum 0.92 2.27 3 - 

Roeboides dientonito 0.42 3.27 3 - 

Rhamdia quelen 0.29 3.54 3 - 

Hoplias malabaricus 0.25 3.62 3 - 

Astyanax bimaculatus 0.11 3.90 3 - 

Hemibrycon taeniurus 0.10 3.92 3 - 

 467 

5.4.4  Relative lateralisation 468 

 469 

Deviations from a relative lateralisation score of 0 (unaligned) were low across all trials with 470 

a mean ± SD of 0.01 ± 0.18 on a scale of -1 to 1. Of the assessed individuals, 283 individuals 471 

(48.88 % of total) yielded negative lateralisation indexes, demonstrating a left trend, with the 472 

remaining 296 individuals (51.12 % of total) demonstrating a right trend. Predation risk was 473 

not a significant predictor of relative lateralisation (Figure 5.4E: GLMM: χ2
(1) = 0.40, p = 474 

0.529); however, predator species richness significantly influenced the direction of 475 

lateralisation, with a higher level of left eye-use with increased species richness (Figure 5.4F: 476 

χ2
(1) = 10.35, p = 0.001). Further investigation into the presence of specific predator species 477 

identified that the inclusion of a number of species made the models more likely than the null 478 

model (Table 5.4: dAIC > 2). Generally left-alignment of guppies when viewing conspecifics 479 



190 
 

was found at sites hosting species representing more of a predation risk to guppies, including 480 

wolffish (Hoplias malabaricus), pike cichlids (C. frenata), and blue acara (A. pulcher). While 481 

there was a right-alignment for the presence of the predator Hart’s rivulus (A. hartii), a 482 

species more associated with low-predation environments.  483 

 484 

Sociability, distance from group centroid, did not significantly impact relative lateralisation 485 

(Figure 5.5B: χ2
(1) = 2.02, p = 0.155). Test order significantly influenced the direction of 486 

relative laterality, with more left eye-use during trials later in the series (χ2
(1) = 9.44, p = 487 

0.002). Guppy activity, i.e. speed (cm/min), was also a significant predictor of relative 488 

laterality, with more active individuals having a higher proportion of right eye-use than less 489 

active individuals (χ2
(1) = 19.42, p < 0.001). Relative lateralisation was not repeatable by site 490 

(GLMM: R = 0, 95 % CI = 0 – 0.001, Nobs = 605, Nsite = 19, p = 0.203), or by group (R = 0, 491 

95 % CI = 0 – 0.002, Nobs = 605, Ngrp = 152, p = 0.500). 492 

  493 
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Table 5.4: Model comparisons for different predator species each as a predictor of relative 494 

lateralisation, i.e. proportion of left and right eye-use for each individual when viewing a 495 

group of female conspecifics. The null model has no explanatory variables. Models with an 496 

AIC more than 2 less than the NULL model are considered to have strong support, and 497 

therefore, the direction of the relative lateralisation for the presence of this predator has 498 

been presented. dLogLik = difference in log-likelihood from minimum log-likelihood model, 499 

dAIC = difference in Akaike Information Criterion (AIC) from the minimum AIC model 500 

(lowest = most likely model given the data). 501 

Species dLogLik dAIC Df Impact of presence 

Hoplias malabaricus 8.48 0.00 2 Left eye-use 

Crenicichla frenata 6.16 4.64 2 Left eye-use 

Andinoacara pulcher 4.28 8.36 2 Left eye-use 

Anablepsoides hartii 4.28 8.39 2 Right eye-use 

Roeboides dientonito 2.52 11.91 2 Left eye-use 

Rhamdia quelen 2.26 12.43 2 Left eye-use 

Hemibrycon taeniurus 1.86 13.24 2 - 

NULL 0.00 14.95 1 - 

Astyanax bimaculatus 0.20 16.56 2 - 

Macrobrachium crenulatum 0.00 16.95 2 - 

 502 

  503 
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5.5 Discussion  504 

 505 

Lateralisation of visual activities is believed to be selected for in high predation 506 

environments, with benefits to lateralising behaviours potentially maximised when 507 

associating with a group (Bisazza et al., 2000a; Brown, 2005; Brown et al., 2004; Middlemiss 508 

et al., 2018; Rogers et al., 2013). However, given the variable nature of lateralisation and lack 509 

of studies using wild, natural populations, these key assumptions were assessed in wild 510 

female guppies under variable predation risk across the Northern Range of Trinidad. While 511 

an association between predation and sociability was not identified within this investigation, 512 

trends between relative lateralisation and predator presence were identified. All sites 513 

contained at least one predator, with blue acaras (A. pulcher) and pike cichlids (C. frenata) 514 

the most common predators throughout the sites.  515 

 516 

Group living and social interactions have been found to be heightened under predation risk 517 

(Herbert-Read et al., 2017), with individuals gaining from group mechanisms including the 518 

dilution and confusion effects (Ioannou, 2017; Krause and Ruxton, 2002). In my study, 519 

guppies were highly social, with low group average distance from centroid across all sites. 520 

Contrary to my predictions, sociability was not significantly influenced by either predation 521 

risk (the proportion of time a predator was near the stimulus shoal) nor predator species 522 

richness. Often sites are dichotomously classified as “high predation” or “low predation” 523 

based on the presence or absence of key diurnal predatory species, particularly the pike 524 

cichlid (C. frenata). Inclusion or exclusion of certain predator species can therefore greatly 525 

influence classification of a site in terms of predation risk (Croft et al., 2006b; Deacon et al., 526 

2018; Szopa-Comley et al., 2020). Here I identified a gradient of threat from low to high 527 

which differs from the classic low/high dichotomy used in past studies (Croft et al., 2006b; 528 

Edenbrow et al., 2011; Ioannou et al., 2017; Magurran, 2005; Magurran and Seghers, 1994b). 529 

It is interesting to note, however, that the non-metric multidimensional scaling plot (Figure 530 

5.3) seems to suggest that very few of my study sites would be considered “low predation” 531 

locations in the traditional sense. Guppies from high-predation environments have often been 532 

identified to be more cohesive (Heathcote et al., 2017; Ioannou et al., 2017), live in larger 533 

groups (Magurran and Seghers, 1994b), demonstrate a higher schooling tendency (Breden 534 

and Stoner, 1987; Magurran and Seghers, 1994b; Seghers, 1974), and are more cooperative in 535 

predator inspections (Croft et al., 2006a; Dugatkin and Godin, 1992). Despite predation 536 
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pressure not being a significant predictor of sociability, I found larger guppies were more 537 

sociable than smaller guppies, likely due to larger guppies being preferentially targeted by 538 

predators (Dugatkin, 1992; Johansson et al., 2004). However, smaller guppies may also be 539 

considered more vulnerable as they are often exposed to more predators (Seghers, 1974). 540 

Given that guppy predators were present at all sites, it is possible that inter-individual 541 

differences in size may lead to more variable predation risk within sites than between sites. 542 

Stress also has a major impact on schooling behaviours in fish species, with increased levels 543 

of stress often enhancing the formation of groups (Culbert et al., 2019; Kleinhappel et al., 544 

2019; Mazeaud et al., 1977). Due to the nature of the bank-side experiments in potentially 545 

allowing inadequate acclimatisation time for destress after collection, perhaps this induced 546 

stress across all populations resulting in heightened sociability throughout. It could also be 547 

that the size of the apparatus (diameter: 28cm) was not large enough to distinguish 548 

differences between populations, with assessment of group sociability parameters often 549 

taking place in larger apparatus, e.g. 100 x 90 cm (Herbert-Read et al., 2017), or free-550 

swimming in natural pools (Dugatkin and Godin, 1992; Magurran and Seghers, 1994b).  551 

 552 

Previous studies have found that visual lateralisation is enhanced as a result of predatory 553 

threat (Bisazza et al., 1998a, 1997a) with particular associated benefits when shoaling 554 

(Brown et al., 2007; Dadda et al., 2012; Dadda and Bisazza, 2006a; Rogers et al., 2013; 555 

Sovrano et al., 1999). Levels of lateralisation were low across all sites, with no statistical 556 

differences in absolute lateralisation resulting from variation in predation pressure. However, 557 

the presence of certain predatory species appears to have an impact, with the presence of 558 

Hart’s rivulus (A. hartii), a species generally associated with low predation environments 559 

(Magurran, 2005), resulting in increased absolute lateralisation indexes. Conversely, the 560 

presence of blue acaras (A. pulcher), a species generally associated with high predation 561 

environments (Magurran, 2005), resulted in lower levels of absolute lateralisation, contrary to 562 

expectation, with the inclusion of these species presence in the models proving to be more 563 

likely than the null model (dAIC > 2). Lower absolute lateralisation was also found later in 564 

the day, possibly also linked to a reduced level of stress following acclimatisation after 565 

collection, with stress having a strong impact on lateralisation (Berlinghieri et al., 2021; 566 

Byrnes et al., 2016b; Ferrari et al., 2017; Halpern, 2005; Ocklenburg et al., 2016).  567 

 568 

Despite the low levels of absolute lateralisation, trends in relative lateralisation due to 569 

predator species richness were identified. Guppies from sites with a higher species richness 570 
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appear to predominantly use their left eye when viewing conspecifics, compared to guppies 571 

collected from sites with lower predator species richness. The presence of highly piscivorous 572 

species, species likely representing a greater risk to guppies, further identified this trend in 573 

left eye-use when viewing conspecifics, particularly at sites with a presence of wolffish (H. 574 

malabaricus), pike cichlids (C. frenata), and blue acaras (A. pulcher). While the presence of 575 

Hart’s rivulus (A. hartii), typically a species associated with less predatory environments 576 

(Deacon et al., 2018; Magurran, 2005), was associated with a rightward trend. Similar 577 

lateralised biases in eye-use have been observed in fish species when viewing conspecifics. A 578 

leftward trend was found in five fish species (Danio rerio, G. holbrooki, Gnatonemus 579 

petersii, Oryzias sarasinorum and Xenotoca eiseni) when viewing their reflection in a quasi-580 

circular mirror assay, mimicking shoaling with a conspecific (Sovrano et al., 2001). 581 

Conversely, female B. episcopi from high predation environments, and their offspring, 582 

demonstrate a trend in right eye-use and higher absolute lateralisation when viewing a 583 

conspecific in a detour test compared to those from low predation environments (Brown et 584 

al., 2007). Interestingly, three closely related poecilid species (Poecilia latipinna, Poecilia 585 

Mexicana, and Poecilia formosa) demonstrated a general tendency for a left-eye preference 586 

when viewing various social stimuli in a detour assay, while P. reticulata demonstrated a 587 

right-eye preference (Fuss et al., 2019). This result is likely consistent with my investigation, 588 

as the guppies used in the Fuss et al. (2019) study were a laboratory wild-type strain, 589 

descendants of wild guppies of Trinidadian origin (further details on collection unspecified in 590 

original study). Regardless of their origin, it is unlikely that this population have experienced 591 

predation risk in their immediate environment given the absence of predators in the 592 

laboratory. They would represent a ‘low predation’ environment and, therefore, this result is 593 

consistent with the rightward trend identified in the less predatory environments within my 594 

study. Eastern mosquitofish (G. holbrooki) have a left-eye preference for scrutinising their 595 

reflection, mimicking shoaling with a conspecific, but demonstrate a right-eye preference for 596 

predator inspection (De Santi et al., 2001). Similarly, despite no universal directional trend in 597 

eye-use, goldbelly topminnow (G. falcatus) preferentially viewed a predator stimulus and 598 

their own reflection with opposite eyes (Dadda et al., 2012). Therefore, how the stimulus is 599 

viewed in terms of its arousal or emotional intensity (the salience) and whether it is viewed 600 

positively or negatively (the valence) may alter the preferred eye.  601 

 602 

Given that the left eye is linked contralaterally to the right hemisphere of the brain, the 603 

preference for guppies in high predation environments to preferentially use their left eye 604 
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when viewing social stimuli is consistent with the general specialisation of structures in the 605 

right hemisphere in dealing with social signals across a range of vertebrate taxa, spanning 606 

mammals, birds, amphibians and reptiles (Bradshaw and Rogers, 1993; De Santi et al., 2001; 607 

Rogers et al., 2013). Generally associated links include facial recognition and expressions in 608 

mammals (Casperd and Dunbar, 1996; Hamilton and Vermeire, 1988; Kendrick, 2006; 609 

Versace et al., 2007) and in copulatory (Bullock and Rogers, 1986) and aggressive 610 

behaviours across reptiles, birds and amphibians (Bullock and Rogers, 1986; Deckel, 1995; 611 

Robins et al., 1998). The right hemisphere has also been linked to dealing with stimuli which 612 

are novel in birds (Vallortigara, 1992; Vallortigara and Andrew, 1991) or unfamiliar in fishes 613 

(Kaarthigeyan and Dharmaretnam, 2005), which presumably could represent scenarios 614 

posing some risk. Previous investigation has also identified differences in guppy brain size 615 

and anatomy as a result of predation pressure. Predator species-specific associations have 616 

been identified with the size of the telencephalon, optic tectum, olfactory bulbs, and 617 

hypothalamus in guppies (Kotrschal et al., 2017; Reyes et al., 2022; Vega-Trejo et al., 2022), 618 

with brain morphology impacting anti-predation behavioural responses and cognitive 619 

capacity (Kotrschal et al., 2015; van der Bijl et al., 2015; Vila Pouca et al., 2021). Due to the 620 

pressure to associate with a group under the threat of predation, preferential use of the left 621 

eye, and therefore right hemisphere, may be more strongly selected for compared to less 622 

predatory environments. However, it is important to note that sociability measured within this 623 

investigation did not significantly impact visual lateralisation in either directionality or 624 

intensity but as noted may be due to constraints associated with the methodology or testing 625 

locations.  626 

 627 

Interestingly, both sociability and absolute laterality were repeatable at a site level, 628 

demonstrating consistent differences between sites perhaps indicating the impact of an 629 

unmeasured parameter. Despite finding an association between relative lateralisation and 630 

predation risk, I found that relative laterality was not repeatable at a site level. In the 631 

partitioning of visual tasks, and potentially completing two tasks simultaneously, being able 632 

to lateralise the processing of visual information removes the duplication of functions in the 633 

two hemispheres and increases the efficiency of cerebral capacity, providing benefits to the 634 

individual (Frasnelli and Vallortigara, 2018; Ghirlanda and Vallortigara, 2004; Rogers et al., 635 

2004). In specialising behaviours (e.g. predator detection or conspecific recognition) in one 636 

hemisphere, there is reduced competition between the hemispheres, and therefore a more 637 

rapid and efficient response (Frasnelli and Vallortigara, 2018). Left eye-use was found to be 638 
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more common in high predation environments than low predation environments, but the 639 

existence of variability in this trait and only slight deviations from unalignment (i.e. relative 640 

lateralisation index of 0) suggests that laterality might be under balancing selection. This 641 

would indicate that there may be contexts that laterality is beneficial, but also those where 642 

lateralisation does not provide a fitness benefit or may even be costly (Dadda et al., 2009). 643 

While there are many associated benefits to being visually lateralised, this may also be 644 

detrimental in high predation environments where prey species are prone to attacks from all 645 

directions (Rogers, 2000; Rogers et al., 2013, 2004). Generally, guppies across all sites 646 

deviated only slightly from equal use of both their eyes in viewing conspecifics but 647 

demonstrated a significant preference for left eye-use for viewing conspecifics in high 648 

predation environments. Even just a slight directional bias may give these lateralised 649 

individuals an advantage over shoal mates, with even small differences between individual 650 

responses often being the difference between life and death when under predation threat 651 

(Kelley and Magurran, 2003; Lima and Dill, 1990).  652 

 653 

In conclusion, my study provides evidence suggesting that the predation pressure alters visual 654 

lateralisation in prey species, with left eye-use when viewing shoaling conspecifics more 655 

likely in environments with a greater number of predator species. This appears to be 656 

influenced by the presence of specific highly piscivorous species, likely representing a 657 

greater predation risk to guppies. However, interestingly, only slight deviations from equal 658 

eye-use were identified in relative lateralisation indexes across all sites. While sociability was 659 

not identified as a predictor of lateralisation, high levels of sociability were found across all 660 

sites. I suggest that in highly predatory environments, preferential use, but not reliance, of the 661 

left eye in viewing conspecifics may lead to a shorter latency in response time due to strong 662 

links between the right hemisphere and social behaviours across a variety of taxa.  663 
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6 Chapter Six: General conclusions 

 

 

 

Maracas Falls, Trinidad 

Photography: I.L. Penry-Williams 
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6.1 Summary 1 

 2 

Investigations into behavioural lateralisation, in both motor and visual responses, have 3 

yielded many interesting evolutionary and behavioural insights. However, there has been 4 

disparity in findings across species and contexts, and questions regarding the validity of 5 

numerous lateralisation methods in fish. This has led to speculation about the significance 6 

and ecological contexts in which we would expect to observe lateralisation. Key assumptions 7 

of an individual being visually lateralised hinge on benefits to cognitive processing and 8 

vigilance, with enhanced levels of lateralisation under predation threat or when performing 9 

synchronous group behaviours. Similarly, when escaping a predator, demonstrating motor 10 

laterality in escape response can be improved when performed with a group, allowing the 11 

individual to gain from dilution and confusion effects (Foster and Treherne, 1981; Landeau 12 

and Terborgh, 1986). Detailed observational and experimental studies have aided in shaping 13 

our understanding of anti-predatory behavioural responses and adaptations, particularly in 14 

social behaviours. Aspects of sociability and group living have been widely studied, 15 

particularly in Trinidadian guppies (Poecilia reticulata). Despite many of the benefits to 16 

lateralisation occurring when associating with other individuals, few studies have explicitly 17 

tested individuals in groups, particularly in wild, natural fish populations. During research for 18 

this thesis, I investigated the interaction between lateralisation, predation, and social 19 

behaviours to assess the ecological relevance of behavioural lateralisation. I aimed to 20 

progress the field of lateralisation research by filling current knowledge gaps and focussing 21 

on fundamental questions surrounding methodology advancement and assessing the 22 

ecological relevance of lateralisation.   23 

 24 

  25 
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Research questions: 26 

 27 

• Chapter Two: Are lateralisation indexes consistent between prominent assays used 28 

to assess lateralisation (detour I-maze assay and quasi-circular mirror maze assay) 29 

and a novel assay (detour symmetrical Y-maze assay) in wild-type (descendant) 30 

guppies? 31 

 32 

• Chapter Three: Can environmental DNA be used to predict anti-predation 33 

behavioural differentiation (visual and motor lateralisation, sociability, and activity) 34 

in wild, native populations of guppies?  35 

 36 

 37 

• Chapter Four: Do predation risk and group association together maximise visual 38 

lateralisation when viewing a predator and impact the repeatability of visual 39 

lateralisation in wild-type (descendant) guppies?  40 

 41 

• Chapter Five: Can visual lateralisation of stimulus shoal of conspecifics be identified 42 

along a gradient of predation risk and sociability in wild, native populations of 43 

guppies?  44 

 45 

  46 
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In Chapter Two, I began by using wild-type (descendant) guppies (nind = 104) to examine 47 

repeatability between current prevailing methodologies for assessing behavioural 48 

lateralisation, a quasi-circular mirror assay and a detour I-maze assay, alongside a novel 49 

assessment method, a symmetrical detour Y-maze assay. I found general repeatability 50 

between the two detour assays in terms of relative laterality, but limited consistency with the 51 

mirror maze. No repeatability was found in absolute laterality. It was also found that 52 

employing a standard methodological approach of assessing the first ten choices in a detour 53 

assay was generally reflective of an individual’s level of lateralisation. However, the 54 

reduction in turn choices exaggerated levels of lateralisation compared to indexes derived 55 

from all choices undertaken over the course of the trial. Observed laterality indexes in this 56 

chapter resembled corresponding datasets produced by a novel randomisation “coin-flip” 57 

model developed for this thesis. Low levels of lateralisation were identified throughout trials, 58 

highlighting the potential for spurious or exaggerated lateralisation indexes from random 59 

chance, external influences, and low sample sizes.  60 

 61 

In Chapter Three, I presented the successful use of a non-invasive method for assessing 62 

predator communities, environmental DNA, in predicting anti-predatory behaviours of wild 63 

guppies (nind = 612) from the Northern Range of Trinidad at sites varying in their predator 64 

communities (nsite = 6). Environmental DNA results were in strong agreement with previous 65 

piscine species census data collected at the same sites in previous years and were useful in 66 

identifying species often missed through more conventional survey methods. Environmental 67 

DNA-derived predator diversity predicted sociability and activity, with guppies from more 68 

predatory environments demonstrating increased social tendencies and decreased activity. 69 

However, contrary to my predictions, no measure of predation pressure predicted motor or 70 

visual lateralisation.  71 

 72 

In Chapter Four, I further investigated the interaction between predation, shoaling, and 73 

visual lateralisation. I found that wild-type (descendant) guppies tested alone and in the 74 

absence of a predator, had the highest levels of absolute lateralisation (nind = 96). There was a 75 

left-eye bias in viewing the central chamber when the predator, a blue acara (Andinoacara 76 

pulcher), was present but a right-eye bias when the predator was absent. The repeated 77 

measures design provided evidence that both relative and absolute laterality were repeatable 78 

when fish were tested together as a group (ngrp = 32) but not when the fish composing these 79 

groups were tested in isolation, suggesting conformity in lateralisation.  80 
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 81 

In Chapter Five I return to the natural populations of Trinidad (nsite = 19) to further assess 82 

shoaling behaviours and visual lateralisation under variable predation risk (nind = 605). I 83 

found high levels of sociability across all sites and a significant trend in left eye-use when 84 

viewing a stimulus shoal of female conspecifics in high predation environments. Collectively, 85 

my research points to a widespread variation in lateralisation when considering the context 86 

and stimulus presented, with the need to further consider the evolutionary and ecological 87 

context of such lateralisation activities and stimuli in research. Importantly, this research 88 

emphasises examination of laterality in a group context which theory predicts is an important 89 

evolutionary driver of this behaviour. In my general discussion that follows, I will detail how 90 

my thesis adds to the current literature, and how it is of particular interest in terms of 91 

advancing methodology and in assessing the ecological relevance of lateralisation, with a 92 

focus on visual lateralisation.  93 

 94 

6.2 Methodology advancement 95 

 96 

6.2.1  Differing lateralisation assays 97 

 98 

Recent investigations have questioned the significance of lateralisation and even the validity 99 

of lateralisation assessment methods (Roche et al., 2020), citing issues in studies suffering 100 

from low sample sizes with often less than twenty individuals (Byrnes et al., 2016a; De Santi 101 

et al., 2000; Ferrari et al., 2017; Jutfelt et al., 2013; Lopes et al., 2016; Nilsson et al., 2012; 102 

Roche et al., 2013; Sundin and Jutfelt, 2018) and limited repeatability in individuals (McLean 103 

and Morrell, 2020; Roche et al., 2020; Vinogradov et al., 2021). Given the vast and often 104 

unstandardised array of methodologies used to assess both visual and motor lateralisation, 105 

lateralisation has not been consistently identified within contexts or species, with reported 106 

widespread variation in both the intensity and directionality within and between populations 107 

(Bisazza et al., 1998a; Ferrari et al., 2015; Roche et al., 2020). Addressing these concerns has 108 

been a cornerstone of this thesis, incorporating large sample sizes and aspects of repeatability 109 

and personality variation throughout my research. There is a clear need to develop 110 

standardised methodologies to investigate laterality in fishes and assess whether lateralisation 111 

on an individual-level is consistent, i.e. repeatable, over time and between different assays 112 
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(Dadda and Bisazza, 2016; Killen et al., 2016; McLean and Morrell, 2020; Roche et al., 113 

2020). 114 

 115 

While numerous studies have presented differing stimuli in a single assay (Bisazza et al., 116 

1997a; Facchin et al., 1999; Sovrano, 2004), few studies have used more than one type of 117 

assay to assess lateralisation with none of these studies assessing the consistency of 118 

lateralisation metrics of individuals in different assays (Bisazza et al., 2001; Dadda et al., 119 

2012; Dadda and Bisazza, 2016). In Chapter Two I began by assessing the repeatability of 120 

three lateralisation assays, a detour “I-maze” assay, a quasi-circular mirror assay, and a novel 121 

assay I developed for field-research, a detour “Y-maze” assay. I found the non-social motor 122 

detour assays (I-maze and Y-maze) were generally consistent in terms of relative 123 

lateralisation, while the social visual mirror assay produced inconsistent results with lower 124 

between-individual variation. Absolute laterality, however, was not correlated between any 125 

assays, with consistently low levels of laterality in all assays. In Chapter One, 95.6 % of all 126 

trials fell below an absolute lateralisation index of 0.5 (on a scale of 0 to 1), which would be 127 

considered low or unaligned (e.g. 0.8 previously classified as directional alignment (Dadda 128 

and Bisazza, 2006b; Gatto et al., 2019; Roche et al., 2020)). Low levels of behavioural 129 

lateralisation have been a consistent finding throughout the chapters presented within this 130 

thesis, be it in experimental laboratory studies (Chapters Two and Four), or investigations 131 

using natural, wild populations of Trinidadian guppies (Chapters Three and Chapter Five).  132 

 133 

In Chapter Three, I built on Chapter Two and used two of the same lateralisation assays, the 134 

‘visual’ quasi-circular mirror assay and the ‘motor’ detour Y-maze assay. In using these 135 

assays, I assessed behavioural lateralisation in populations across the Northern Range of 136 

Trinidad. Throughout the six assessed sites, 586 individuals out of the 606 assessed (96.7 %) 137 

demonstrated visual absolute lateralisation indexes of below 0.5, with 496 individuals out of 138 

the 522 included in the analysis (completing more than ten choices) (95.2 %) also having a 139 

motor absolute lateralisation index of below 0.5. Given these low levels of laterality and 140 

known issues with detour assays (Roche et al., 2020), there was a need to assess lateralisation 141 

in a more ecologically relevant way. Therefore, I used an adaptation of an assay presented in 142 

Dale Broder & Angeloni (2014) in Chapters Four and Five. Using a corridor around a central 143 

transparent chamber holding a stimulus, I was able to assess lateralisation in a similar way to 144 

the quasi-circular mirror maze assay, assessing lateralisation as a function of time rather than 145 

as a discrete choice. Unlike using a detour assay, this assay with a central chamber also 146 
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reduced potential biases, stress to test subjects, and the need for a minimum number of turn 147 

choices per individual (Jutfelt et al., 2013; Roche et al., 2020; Sundin and Jutfelt, 2018; 148 

Vinogradov et al., 2021). The assay with the central chamber revealed similarly low levels of 149 

lateralisation in wild-type guppies in the presence of a live predator, either tested solitarily or 150 

in a group. Out of 752 trails (99 individuals), 744 trials (98.9 %) resulted in a visual absolute 151 

lateralisation index of under 0.5. In research presented in Chapter Five, studying nineteen 152 

wild populations of guppies, 594 individuals (98.2 %) out of 605 had visual absolute 153 

lateralisation indexes of under 0.5. Therefore, lateralisation metrics were consistently low 154 

throughout the chapters of this thesis, contrasting heavily to the often-high levels described in 155 

the literature, particularly when using a detour test. Guppies have previously been identified 156 

to be visually lateralised under certain conditions including detouring past objects (Dale 157 

Broder and Angeloni, 2014; McLean and Morrell, 2020) or conspecifics (Bisazza et al., 158 

1997b; Dadda and Bisazza, 2016; Fuss et al., 2019; Irving and Brown, 2013). It may be that 159 

populations used throughout my investigations demonstrated low levels of visual 160 

lateralisation compared to those previously used. However, the range of origins of guppy 161 

populations used across the chapters of my thesis, incorporating wild-type populations of 162 

varying domestication and, for the first time, many wild, native populations, would suggest 163 

that this would not be the case. Therefore, the findings in my thesis bring into question the 164 

extent and conditions under which lateralisation is beneficial and would be selected for at 165 

both an individual- and population-level.  166 

 167 

6.2.2  Testing methodological assumptions 168 

 169 

The current methodological standard for a detour test to assess lateralisation is to use ten 170 

replicates per individual, i.e. measuring ten turning choices when swimming past an obstacle 171 

or stimulus (Bisazza et al., 1998a; Irving and Brown, 2013; Roche et al., 2020). In Chapter 172 

Two I investigated if ten turns would be generally reflective of all turns undertaken by an 173 

individual across the duration of a detour assay. I found that incorporating fewer turn choices 174 

resulted in greatly exaggerated absolute lateralisation indexes. Coupled to the low number of 175 

samples generally found in the literature and issues of extraneous variables, such as “wall 176 

following” or “wall alterations” (Penry-Williams et al., 2022; Vinogradov et al., 2021), or the 177 

need for physical interaction with fish during the assay (Jutfelt et al., 2013; Roche et al., 178 

2020; Sundin and Jutfelt, 2018), it is easy to see how this may lead to spurious and 179 
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exaggerated findings (Button et al., 2013; Roche et al., 2020). These results demonstrate the 180 

need to increase the number of observed turning choices to reduce the likelihood of 181 

producing spurious or exaggerated lateralisation indexes from random chance or external 182 

influences. In doing so, this may decrease the measurement error associated with each 183 

observation (Bell et al., 2009; Hoffmann, 2000; Roche et al., 2020). However, a trade-off 184 

must be considered to select an appropriate trial duration, to balance time efficiency in 185 

undertaking experimentation and to prevent habituation of the individual to the stimulus or 186 

apparatus which may increasingly impact the outcome. When there is no physical interaction 187 

with the test individual, and instead instituting a fixed trial duration and minimum number of 188 

turn choices for inclusion in statistical testing, then some individuals are likely to be excluded 189 

from analyses. In Chapter Two, for the I-maze 17 trials were excluded because of an 190 

insufficient number of turn choices (16.6 % of trials) and 7 trials were excluded for the Y-191 

maze (7.1 % of trials). In Chapter Three, for the Y-maze, 84 trials (13.8 % of trials) were 192 

excluded. This may lead to some potential biases associated with more-active individuals 193 

being included over less-active individuals, which may require consideration given the 194 

positive association identified between absolute visual lateralisation and guppy activity in 195 

both Chapters Three and Four. Further studies investigating the association between activity 196 

and lateralisation would be required to further validate and understand this link.  197 

 198 

When investigating departures from random chance in relation to laterality in fish, generally 199 

tests have a null expectation of no bias based on a static value, i.e. right and left turns in equal 200 

proportion (Dadda et al., 2015; Facchin et al., 1999; Roche et al., 2020). However, given that 201 

each turn is a binary choice, noise around this central value is highly likely. The impact of 202 

random chance was therefore assessed using a novel randomisation “coin-toss” model 203 

enabling quantification of how observed laterality indexes in Chapter Two differed to 204 

corresponding datasets produced from a random binary choice for each turn, i.e. flipping a 205 

coin. For the most part, lateralisation indexes identified within my population were 206 

adequately explained by random chance, with limited statistical differences between the 207 

observed results and the randomisation model. Deviations from random expectation in my 208 

experiments could be explained by wall following in the detour test, resulting in consistent 209 

turn choices in the same direction, contrasting to the trend of turn alteration identified in 210 

similar experiments (Vinogradov et al., 2021). The limited departure from random chance for 211 

lateralisation indexes in this study could be the result of the study population being reared in 212 

a laboratory, leading to potentially little need to develop lateralised tendencies due to the risk-213 
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free environment, a potential limitation of the study. Therefore, application of this 214 

randomisation model to other studies within the literature, particularly those with more 215 

limited sample sizes and those using detour tests, would be greatly beneficial to determine 216 

deviation from random chance. While indexes in Chapter Two, as well as Chapters Three 217 

through Five, settled around zero with little variation, clear biases in directional alignment 218 

with binomial distributions in relative lateralisation indexes can be common and would 219 

clearly defy random chance and not be explained by the randomisation model. For example 220 

in hand-use in humans (Knecht et al., 2000; Warren, 1980) and foot-use in various species of 221 

parrot (23 species assessed) (Brown and Magat, 2011; Magat and Brown, 2009). Therefore, it 222 

is worth keeping in mind that given the low apparent levels of laterality in my study 223 

population, this result would unlikely hold for more strongly lateralised behaviours.  224 

 225 

Despite the high degree of reported within and between individual variation in lateralisation, 226 

few studies have focussed on or incorporated repeatability of lateralisation within individuals 227 

or groups, i.e. the behavioural consistency of this over time and between contexts (Bell et al., 228 

2009). Investigations using a detour test, have been inconsistent and not repeatable within 229 

and among individuals of five different species when using a neutral stimulus (Ctenolabrus 230 

rupestris, Neopomacentrus azysron, Pomacentrus amboinensis, Danio rerio, and P. 231 

reticulata) (Irving and Brown, 2013; Roche et al., 2020). However, further studies using a 232 

variety of social and neutral stimuli have obtained higher levels of repeatability in eastern 233 

mosquitofish (Gambusia holbrooki) (Vinogradov et al., 2021) and in guppies (P. reticulata) 234 

(Irving and Brown, 2013; McLean and Morrell, 2020), particularly in males (McLean and 235 

Morrell, 2020). Building on the repeatability between assays assessed in Chapter Two, I 236 

incorporated an assessment of repeatability into Chapter Four when assessing visual 237 

lateralisation of wild-type guppies in the presence or absence of a live predator, either tested 238 

within a group or solitarily. Despite the low levels of lateralisation identified, the repeated 239 

measures design provided evidence that both relative and absolute laterality were repeatable 240 

when fish were tested together as a group, but not when the fish composing these groups 241 

were tested in isolation. Establishing the repeatability of lateralisation is integral to achieving 242 

precise and accurate measurements and ensure reliability of data. There is a current 243 

replication crisis across many fields in science, including in animal behaviour and ecology, in 244 

which there is difficulty in reproducing the results of numerous scientific studies. This can 245 

undermine the credibility of theories and can call them into question (Hunter, 2017; Locey, 246 

2020; Loken and Gelman, 2017; Macleod and Mohan, 2019). Good repeatability, and the 247 



206 
 

ability for others to replicate studies, is vital if we are to draw inferences regarding the 248 

ecological or evolutionary relevance of lateralisation and if we are to validate and gain further 249 

evidence for theories.  250 

 251 

While lateralisation may be a behaviourally plastic or context-dependent trait, we would 252 

expect that under controlled conditions, this should be repeatable to some degree if we are to 253 

infer any further the role of external factors in influencing lateralisation. Lateralisation, 254 

however, may in fact be a highly liable behavioural trait, varying over time and across 255 

contexts. If this is the case then it may be that it is not the assessment methods that need to be 256 

questioned, but perhaps a causal link in the fundamental biology that is missing and requires 257 

further consideration, such as the impact of an individual’s internal motivation, i.e. potential 258 

neophobia or neophilia (Sovrano, 2004; Sovrano et al., 2001). Work on fishes has shown that 259 

individuals may change their perception of objects or contexts over time. For example, the 260 

eye used to view conspecifics may switch as the subject becomes increasingly familiar with 261 

the conspecific they are viewing (Sovrano, 2004). Similarly, fish that have been held in 262 

isolation for some time show enhanced motivation to shoal or be attracted to potential 263 

partners (Kaarthigeyan and Dharmaretnam, 2005). In this manner, the valence of the same 264 

stimulus or context may be altered over varying timescales causing a shift in the hemisphere 265 

that is brought to bear the stimulus.  266 

 267 

6.2.3  Application of environmental DNA 268 

 269 

Non-invasive measures of assessing the composition of ecological communities are required 270 

if we are to maintain the integrity of ecosystems and limit disturbance. In Chapter Three, I 271 

demonstrate the successful use of environmental DNA metabarcoding techniques in assessing 272 

fish communities across all sampled sites. Patterns of species presence resolved through 273 

eDNA were in strong agreement with existing population census data collected via both 274 

seining and electrofishing (Deacon et al., 2018, 2017). Use of less invasive ecological 275 

surveying techniques, such as eDNA, would allow more rapid, accurate, and standardised 276 

procedures than conventional biodiversity sampling methods, allowing long-term, large-scale 277 

ecological surveys potentially at a reduced labour cost (Carvalho et al., 2022; Deacon et al., 278 

2017; Dejean et al., 2012). Reducing disruption caused by sampling protocols is vital in 279 

evolutionary and behavioural research to maintain the integrity of the study system and limit 280 
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the impact of potential extraneous stressors on our study organisms (Payne et al., 2015; 281 

Wilson et al., 2020). This is particularly important for sites such as these, which are 282 

frequently used for fieldwork investigations, in which ecosystem disruptions or organism 283 

stress may lead to inaccuracy in subsequent studies at the site.  284 

 285 

A key benefit of more traditional methodologies for assessment of community structure is the 286 

precision of abundance and biomass estimates. By contrast, the metabarcoding used in 287 

Chapter Three is generally considered to only give a semi-quantitative estimate of biomass of 288 

species within a community. Nevertheless, it is possible to gain reliable estimates of 289 

individual species abundance through eDNA using species-specific qPCR techniques 290 

(LeBlanc et al., 2020; Yates et al., 2019).  291 

 292 

Although environmental DNA-based methods have been particularly useful in this 293 

investigation, they are currently limited in their accessibility. Processing of eDNA samples is 294 

expensive (Sanches and Schreier, 2020; Smart et al., 2016) and analysis of metabarcoding 295 

data, in particular, requires specific bioinformatics knowledge. Hopefully, as eDNA-based 296 

methods become more widely used, associated costs of processing samples will be reduced, 297 

and data analysis methods will become more accessible. Further to this, the specific skillsets 298 

required for behavioural research, environmental DNA assessment, and ecological 299 

investigation may foster an environment for interdisciplinary collaboration allowing for the 300 

development of new ideas and promotion of more scientifically innovative research (Dodson 301 

et al., 2010; Novak et al., 2014).  302 

 303 

6.3 Ecological relevance: predation and group living 304 

 305 

Predation is a major driver of behaviour in guppies, with alterations to sociability, boldness, 306 

activity, foraging, and laterality identified as a direct result of predation pressure or threat 307 

(Botham et al., 2008; Day et al., 2001; Dyer et al., 2009; Godin and Dugatkin, 1996; Krause 308 

and Godin, 1996; Magurran and Seghers, 1994a; Smith and Blumstein, 2010). As sociability 309 

is intrinsically linked to predation threat, particularly in the Trinidadian guppy (Croft et al., 310 

2006a; Dugatkin and Godin, 1992; Edenbrow et al., 2011; Ioannou et al., 2017; Magurran, 311 

2005), these two potential drivers of the development and evolution of lateralised behaviours 312 

will be discussed together. Lateralisation is believed to be heightened under predation 313 
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pressure, with the expectation that lateralised individuals should outperform non-lateralised 314 

individuals in detecting, inspecting, and evading predators. Studies investigating this concept, 315 

however, have been variable in their findings (Bisazza et al., 1999; Brown, 2005; Dale 316 

Broder and Angeloni, 2014; Hulthén et al., 2021; Rogers et al., 2013, 2004). It is possible, 317 

therefore, that laterality may be under balancing selection, in which there may be contexts 318 

where laterality is beneficial, but also contexts where lateralisation does not provide a fitness 319 

benefit and may even be costly (Dadda et al., 2009). In Chapter Three, I assessed over 600 320 

individuals across six different natural sites varying in predation pressure to identify the 321 

direction and intensity of both visual and motor laterality, alongside sociability and activity 322 

measures. In line with my hypothesis, sociability and activity were associated with variations 323 

in predator diversity. Contrary to expectations, however, neither visual nor motor laterality 324 

differed between sites, with low levels of laterality across all sites, without any directional 325 

alignment. This is a very interesting finding, as this is the first investigation to use wild, 326 

native populations of guppies to investigate lateralisation. The results of my studies contrast 327 

sharply with similar studies of wild poeciliid fish using both an I-maze apparatus with various 328 

stimuli and a partitioned tank with a predatory stimulus (Brown et al., 2007, 2004). This 329 

evidence raises questions about the ecological relevance of lateralisation, and whether 330 

lateralisation is favoured under predation risk.  331 

 332 

Benefits of visual lateralisation are believed to be maximised in groups (Brown, 2005; 333 

Vallortigara and Rogers, 2005), to maintain visual contact with both shoal mates and to stay 334 

vigilant to potential predators or detect prey. Therefore in Chapter Four, I investigated visual 335 

lateralisation of individuals in the presence and absence of a live predator, a blue acara 336 

(Andinoacara pulcher), testing individuals both in groups and solitarily. Notably, the absence 337 

of a predator resulted in significantly higher absolute lateralisation indexes than in the 338 

presence of a predator. Moreover, despite the trend being subtle, a significant bias in using 339 

the left-eye to view the predator was identified compared to a right-eye trend in the control 340 

trials, when the predator was absent. Furthermore, solitary trials produced significantly higher 341 

levels of absolute lateralisation compared to group trials. It is important to note, however, that 342 

consistently low levels of laterality were found across all trials. The pattern of absolute 343 

laterality being reduced in both the predation and group trials, contrasts my predictions, 344 

raising further questions about the significance and assumptions behind the evolution and 345 

development of lateralisation. Finding repeatability of both relative and absolute lateralisation 346 

at the group level, but no evidence for repeatability at the level of the individuals suggests 347 
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conformity in lateralisation and an important impact of sociability, with groups of fish 348 

behaving more consistently than the individual constituents. Similar social conformity of 349 

behaviour has been identified in groups of guppies in both foraging (Day et al., 2001) and 350 

avoidance behaviours (Brown and Laland, 2002). Despite the social nature of lateralisation, 351 

with assumed benefits to shoal cohesion and synchronisation, only one other study has 352 

previously assessed lateralisation of individuals when in a group, identifying Brachyrhaphis 353 

episcopi from high predation environments to view a predatory stimulus with their right eye 354 

compared to those from low predation environments (Brown et al., 2004). Some studies have, 355 

however, subsequently assessed group behaviours following the individual assessment of 356 

lateralisation (Bibost and Brown, 2013; Lopes et al., 2016; Middlemiss et al., 2018). Most 357 

studies have used swimming direction past a static individual in a detour assay or a reflection 358 

of the individual mimicking shoaling, as in Chapters Two and Three, to determine an 359 

individual’s level of lateralisation. While this previous research provides a fundamental basis 360 

to our understanding of lateralisation, the ecological relevance of such a test can be 361 

questioned as to whether this is reflective of schooling with another individual.  362 

 363 

In the research presented in Chapter Five, I assessed visual lateralisation of over 600 364 

individuals across nineteen sites in the Northern Range of Trinidad along a gradient of 365 

predation risk. I aimed to assess visual lateralisation and sociability in a more ecologically 366 

relevant way. This involved a visual lateralisation assay consisting of an individual 367 

swimming around a stimulus shoal, to allow the stimulus to be viewed with only one eye at a 368 

time, and a free-swimming sociability assay. Sociability was found to be high across all sites 369 

and was not a direct predictor of visual lateralisation. It is important to note, that following 370 

assessment of the video-recordings of predator communities, the majority of sites assessed 371 

were deemed to be “high predation” (16 of 19 sites), hosting numerous piscivorous species of 372 

fish. Therefore, it may be difficult to establish a gradient of sociability, as sociability may be 373 

heavily selected for at the majority of these sites. However, a left eye preference for viewing 374 

the stimulus shoal was found under heightened predator species richness, similar to the left 375 

eye preference for viewing the predator identified in Chapter Four. Further to this, the 376 

presence of specific highly-piscivorous guppy predators at sites, including wolffish (Hoplias 377 

malabaricus), pike cichlids (Crenicichla frenata), and blue acaras (A. pulcher), were linked 378 

to a trend in left eye-use for viewing the stimulus shoal. Across Chapters Two, Three, Four, 379 

and Five, low levels of visual lateralisation were identified with only slight deviations from 380 

equal eye-use. However, in Chapters Four and Five, slight leftward biases were found when 381 
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viewing the stimulus in trials under predation risk. I propose that predation risk may foster 382 

the slight preferential use of, but not reliance on, the left eye in viewing stimuli to reduce 383 

potential latency in response time, with established links between the right hemisphere and 384 

social behaviours across a variety of taxa (Bradshaw and Rogers, 1993; Casperd and Dunbar, 385 

1996; De Santi et al., 2001; Hamilton and Vermeire, 1988; Kendrick, 2006; Rogers et al., 386 

2013; Versace et al., 2007). While there are many associated benefits to being visually 387 

lateralised, prey species are prone to attacks from all directions, therefore complete reliance 388 

on only one eye may actually be detrimental under predation threat (Rogers, 2000; Rogers et 389 

al., 2013, 2004). However, even just a slight directional bias may give these lateralised 390 

individuals an edge over shoal mates, with even small differences between individual 391 

responses often being the difference between life and death when under predation threat 392 

(Kelley and Magurran, 2003; Lima and Dill, 1990). It is also important to note that despite 393 

only predation threat and social behaviours being investigated throughout this thesis, 394 

potential lateralisation of other behaviours and combinations of behaviours (i.e. multi-395 

tasking) may also be beneficial in these environments such as in foraging (Beauchamp, 2013; 396 

Dadda and Bisazza, 2006b, 2006a) or social contests, e.g. aggressive behaviours (Camerlink 397 

et al., 2018; Chivers et al., 2017; Dadda and Bisazza, 2006b).  398 

 399 

  400 



211 
 

6.4 Further research and limitations 401 

 402 

6.4.1  Cognitive lateralisation 403 

 404 

While this research has been fundamental to filling some gaps in the literature, there are still 405 

further issues to be addressed and areas for investigation. A major assumption of behavioural 406 

lateralisation is that a directional preference relates directly back to cognitive partitioning, 407 

with processing taking place in one hemisphere of the brain. However, while there is a 408 

predominant contralateral link between eye and brain hemisphere, and this has been relatively 409 

well studied in humans (Tzourio-Mazoyer et al., 2017; Zickert et al., 2021), this link between 410 

behavioural lateralisation and cerebral partitioning has not been explicitly tested in fish. 411 

Brains are extraordinarily complex, and there is much more going on than a simple “right” or 412 

“left” preference. Concurrently with the processing of visual information, the forebrain 413 

dorsal, ventral, and default networks undertake high-level processing, allowing individuals to 414 

think, retain memories, and process emotion in ways unrelated to responding to immediate 415 

visual inputs (Rogers et al., 2013). Anatomical studies demonstrate an almost complete visual 416 

cross-over, but how the visual information is processed and potentially partitioned is less well 417 

understood. While decision making may occur in the contralateral hemisphere, there is the 418 

potential for matches and mismatches between sensory information bias in the optic tecta and 419 

higher order processing in the telencephalon or cerebellum (Deng and Rogers, 1998; 420 

Ebbesson and Braithwaite, 2012; Ingle, 1965; Rodríguez et al., 2005; Wagner, 2002). Further 421 

to this, how competing sensory information is processed by the contrasting hemispheres and 422 

the decision making process, particularly in multi-tasking, must be studied to further 423 

understand the processes behind lateralisation (Rogers et al., 2013). While previous research 424 

has discussed the links between hemispheric processing and behavioural lateralisation, the 425 

majority of this research appears to be based on other vertebrate groups (Bisazza et al., 426 

1998b; Roche et al., 2020; Rogers et al., 2013). I propose that further studies need to 427 

explicitly investigate and validate this link between structural and processing differences 428 

between brain hemispheres and their associated lateralised behaviours in fish. The presence 429 

of such links is a major assumption of all behavioural lateralisation investigations, and so 430 

determining the nature of this interaction is fundamental to enabling the reliable interpretation 431 

of research presented in this thesis and the lateralisation literature more widely.  432 

 433 
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6.4.2  Group behaviour 434 

 435 

Despite key benefits to lateralised visual behaviours hinging on enhancing the benefits gained 436 

from group living, assessments of lateralisation of individuals in groups are uncommon in the 437 

published literature. Other than Chapter Four of my thesis, only one other study has used 438 

groups of individuals to determine an individual’s level of lateralisation with instead previous 439 

studies generally testing individuals in isolation (Brown et al., 2004). By contrast, several 440 

studies have shown how an individual’s level of lateralisation influences schooling or the 441 

location an individual adopts within the group (Bibost and Brown, 2013; Lopes et al., 2016; 442 

Middlemiss et al., 2018). The predominant findings presented in Chapter Four identify 443 

repeatability at a group level, but not at the individual level. This demonstrates the need for 444 

studies to incorporate the testing of groups of individuals. It would be particularly useful to 445 

further investigate free-swimming behaviours in groups of fish to assess the interaction 446 

between lateralisation and shoal positioning to see whether directional biases in eye-use 447 

persist when shoaling (Bibost and Brown, 2013; Middlemiss et al., 2018). This would 448 

provide further insight into the benefits of lateralisation in shoaling species, particularly in 449 

terms of group formation and vigilance. If behavioural lateralisation is favoured by natural 450 

selection, and maintained when associating in groups, then we would expect lateralised 451 

individuals to maintain their positioning within the group to view their shoal with 452 

predominantly one eye (Bibost and Brown, 2013). We would also expect those individuals, 453 

and groups consisting of lateralised individuals, to outperform non-lateralised individuals, 454 

particularly in their reaction to predatory threat (Bisazza et al., 1999; De Santi et al., 2000). It 455 

would also be beneficial to assess the impact group size has on lateralisation. In the chapters 456 

of this thesis where groups have been used, these have been fairly small, consisting of up to 457 

four individuals due to logistical constraints in maintaining individual’s identities or 458 

feasibility in testing. However, large shoals are commonly observed in the wild rivers of 459 

Trinidad consisting of tens to perhaps hundreds of individuals (Croft et al., 2006a, 2003; 460 

Magurran, 2005). Therefore, testing of larger and varying group sizes would increase 461 

ecological realism, and may lead to further understanding of the circumstances under which 462 

lateralised tendencies are selected in the wild. 463 

  464 
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6.4.3  Repeatability, personality variation, and stress 465 

 466 

Assessing repeatability of lateralisation in terms of personality variation across contexts and 467 

timescales is vital if we are to extrapolate findings and infer reliable conclusions from 468 

research. Incorporating repeatability is often difficult, however, due to logistical issues 469 

surrounding the housing and marking of individuals (i.e. elastomer tagging in the case of 470 

guppies, which requires special licenses). This was the case in Chapters Three and Five, in 471 

which it was not possible to assess repeatability of individuals due to time constraints, large 472 

sample sizes, limited housing tanks, and the conditions of collection permits. However, given 473 

recent speculation surrounding the repeatability of lateralisation indexes (Roche et al., 2020), 474 

assessment of repeatability in terms of personality variation is an important avenue for further 475 

lateralisation research. Repeatability, or the lack thereof, across multiple contexts will be 476 

important for understanding the conditions under which lateralisation is selected and the 477 

potential plasticity in this trait. Further to this, incorporation of stimuli varying in their 478 

salience (arousal or emotional intensity) and valence (positively or negatively perceived) will 479 

be important for disentangling the contexts and situations where lateralisation may develop or 480 

be exhibited.  481 

 482 

Vinogradov et al (2021) identified that repeatability was higher when an individual was 483 

chased with a handheld net, compared to those where the individual was allowed to freely 484 

roam the tank. This demonstrates the impact of stress and an individual’s internal state or 485 

motivation in such trials. While it is assumed that the predominant cause of stress throughout 486 

my trials would be the result of predation pressure, there may have been other competing 487 

sources. Stress is likely to have been a key factor impacting the trials in my thesis, with a 488 

consistent trend in alterations to lateralisation based on the order of testing. Trials later in the 489 

order of testing generally had higher absolute lateralisation indexes (Chapter Two), as well as 490 

a leftward trend in eye-use later in the testing order (Chapters Three and Four). Bell et al. 491 

(2009) suggests that behaviours which are more sensitive to environmental or motivational 492 

influences, which we believe lateralisation to be, may be less repeatable. These include 493 

behaviours influenced by energetic needs (MacGregor et al., 2021), social interactions 494 

(Bevan et al., 2018), or ecological variables (Castellano et al., 2002; Smith and Hunter, 495 

2005). In contrast, Toscano et al. (2014) proposes that if a behaviour is important for 496 

survival, then the presence of the threat should reduce the variability in this trait to maximise 497 
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survival. Lateralisation has been identified to be context-dependent across multiple studies 498 

(Brown et al., 2004; De Boyer Des Roches et al., 2008), with stimuli which are more salient 499 

or have a stronger valence more likely to illicit lateralised tendencies. An important avenue 500 

for further research would be to investigate the repeatability of lateralisation indexes when 501 

viewing varying stimuli differing in perceived valence. However, if laterality is a plastic trait 502 

dependent on the perceived valence of the stimulus, then assessing repeatability of this trait 503 

while preventing habituation to the stimulus will be difficult.  504 

 505 

In order to tease apart the evolutionary drives of laterality, further investigations in differing 506 

contexts are required. While the focus of research presented in this thesis has been in the 507 

impact of predation pressure and group living on laterality, there are still further avenues to 508 

assess which may have important impacts on the development of lateralisation. Stress has a 509 

major influence on cognitive performance (Koolhaas et al., 1999) and behaviour, including 510 

behavioural lateralisation (Berlinghieri et al., 2021; Byrnes et al., 2016b; Ferrari et al., 2017; 511 

Halpern, 2005; Ocklenburg et al., 2016). Predation pressure is a major contributor to 512 

environmental stress. Potential stress may not be homogenously distributed to individuals 513 

even within the same site, with some individuals experiencing a disproportionately higher 514 

amount of stress or risk compared to other individuals, e.g. larger guppies are more heavily 515 

preyed upon than smaller guppies (Dugatkin, 1992; Johansson et al., 2004), and therefore, 516 

may experience a higher level of perceived stress. While smaller guppies are exposed to more 517 

species of predators than larger guppies, which could also represent a higher level of 518 

perceived stress (Seghers, 1974). Here, the predator species richness was found to be a 519 

significant predictor of visual lateralisation (Chapter Five), with the presence of more 520 

piscivorous predator species also strongly predicting a left bias in lateralisation. These 521 

species potentially incite more stress due to their perceived risk and may represent a greater 522 

source of threat to guppies in their ecosystem. Identifying how variable and consistent levels 523 

of stress impact lateralisation may uncover the potential plasticity and further context 524 

dependency of this trait. Assessment of acute, chronic, and variable stress regimes on 525 

lateralisation on short- and long-term time scales would give us a better idea of the potential 526 

plasticity of this trait, and the conditions under which lateralisation develops.  527 

 528 

If a link between stress and lateralisation can be further investigated and established, then this 529 

may have potential uses for assessing fish welfare in aquaculture and aquaria (Berlinghieri et 530 

al., 2021; Rogers, 2011). There is a growing public attitude towards the importance of animal 531 
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welfare, particularly in human food sources, scientific experimentation, and companion 532 

animals. Changes in behaviour are often the first indicators of alterations to external or 533 

internal conditions in animals. Consequently, behavioural changes and responses represent 534 

key indicators of fish welfare (Martins et al., 2012), and can include swimming behaviour, 535 

aggression and ventilatory activity (Martins et al., 2011). Behavioural assays of lateralisation 536 

could be used as non-invasive welfare indicators, if the behaviour is altered by environmental 537 

conditions, which may be predicted given close apparent links between laterality, personality, 538 

and stress reactivity (Berlinghieri et al., 2021; Rogers, 2011). We may infer, for example, that 539 

a dominance in left eye-use may be indicative of more stress-inducing housing or 540 

environmental conditions due to the right hemisphere dominance in fear, aggression, and 541 

stress (Rogers, 2011). Such assays may prove particularly useful as current methods of 542 

assessing fish welfare in aquaculture, such as quantification of catecholamines and 543 

corticosteroids in the blood, can be imprecise under chronic stress, which is commonplace for 544 

animals reared in captivity (Barton, 2002; Barton and Iwama, 1991; Øverli et al., 2007). 545 

Therefore, the use of multiple welfare indicators incorporating both physiological and 546 

behavioural parameters, such as behavioural lateralisation, could be better for ensuring fish 547 

welfare (Noble et al., 2018). Improvements to fish welfare through ensuring optimal 548 

environmental conditions to reduce stress in fish and assessing levels of stress regularly can 549 

optimise growth rates, lower mortality, and improve fillet quality (Daskalova, 2019; Ellis et 550 

al., 2012; Lorenzen et al., 2012; Maria Poli, 2009; van de Vis et al., 2012). Consideration of 551 

fish welfare can provide a win-win scenario, improving the lives of fishes in captivity while 552 

providing benefits to both farmers and consumers. 553 

 554 

6.4.4  Novel environments and environmental change 555 

 556 

Predation is not the only environmental factor potentially impacting lateralisation. Assessing 557 

the impact of variable abiotic conditions on behavioural lateralisation would be particularly 558 

valuable, especially those representing suboptimal and stressful environments or climate 559 

change parameters. Previous investigation has already identified changes to behavioural 560 

lateralisation in relation to environment stressors which we can build on, including increases 561 

in dissolved carbon dioxide, ocean acidification, and temperature (Domenici et al., 2012; 562 

Jutfelt et al., 2013; Lopes et al., 2016; Lucon-Xiccato et al., 2014; Maulvault et al., 2018; 563 

Nilsson et al., 2012; Sundin and Jutfelt, 2018). Further to this, assessment of lateralisation in 564 
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invasive species may offer new insights into the selection and development of lateralisation 565 

(Irving and Brown, 2013). Alterations to ecosystems due to climate change-induced range 566 

shifts and species introductions, from the pet trade or as a biological control, could offer an 567 

interesting model system to assess the development and maintenance of lateralisation. In 568 

entering a novel environment, invasive species may not recognise potential predators, will not 569 

have developed morphological adaptations to defend against them, and the presence of novel 570 

stimuli may be more cognitively demanding to process. Therefore, we may expect that 571 

beneficial behaviours, such as lateralisation, would be more heavily selected for in these new 572 

environments. Previous investigation using an invasive “feral” population of guppies in 573 

Australia (freshwater drainage ditch at Fannie Bay, Darwin) demonstrates a rightward trend 574 

at a population-level when viewing both neutral and social stimuli (Irving and Brown, 2013). 575 

If trends in the lateralisation of invasive species can be identified, then this would further our 576 

understanding of how species persist and survive in new environments, the selection of anti-577 

predator behaviours, and potentially inform the development of species-focussed 578 

conservation practises (Buchholz, 2007; Tobias and Pigot, 2019).   579 

 580 

6.5 Concluding remarks 581 

 582 

Research for this thesis has contributed to answering longstanding questions in lateralisation 583 

research yet raises new questions and identifies a need for further research. I addressed the 584 

potential for spurious and exaggerated results when using detour tests, as well as developing 585 

a novel methodology for assessing the impact that random chance may have on findings. 586 

Further to this, I proposed the use of a new assay, using lateralisation as a function of time 587 

across the trial rather than discrete measurements in the context of visual lateralisation, and 588 

demonstrated its use in both experimental and wild populations of guppies. This research 589 

provided new insights into the interaction between predation, sociability, and lateralisation by 590 

identifying repeatability and social conformity when assessed in groups but not in solitary 591 

individuals. I emphasised the testing of laterality in appropriate ecological settings e.g. in 592 

social groups and in the presence and absence of various predators. Further to this, the 593 

research stressed the low levels of lateralisation identified throughout contexts in the focal 594 

species, with only slight deviations from equal eye-use identified throughout the chapters of 595 

my thesis. However, as discussed, the slight left eye preference identified in Chapters Three 596 

and Four under predation threat may be indicative of providing a slight advantage over non-597 
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lateralised individuals. Importantly, my research emphasised examination of laterality in a 598 

group context which theory predicts is an important evolutionary driver of lateralisation.  599 

 600 

In conclusion, laterality appears to be a complicated behavioural trait. Clear examples of 601 

directional alignment of certain behaviours are commonplace, such as hand-use in humans. 602 

However, in the context of fish behaviour, directional differences are not so obvious. 603 

Relatively low levels of lateralisation were identified across both contexts and populations 604 

throughout the chapters of this thesis. However, subtle trends in the lateralisation of eye-use 605 

appear to exist in relation to predation risk, with an apparent social conformity in 606 

lateralisation within groups. My thesis adds to a growing evidence base investigating the 607 

significance of lateralisation and the ecological contexts in which lateralisation may arise. 608 

However, questions surrounding lateralisation still remain if we are to fully understand the 609 

development, maintenance, and significance of this trait. Lateralisation research continues to 610 

be an exciting avenue for future investigations.  611 

 612 
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7 Appendix 1 

 2 

Appendix 3.1: Species manually removed from operational taxonomic unit (OTU) table. 3 

Species were generally removed due to them being species outside of the scope of this study 4 

(e.g. terrestrial species) or due to potential contamination (e.g. non-native). The final column 5 

shows the type of sample that the species was found in (“Sample” = sample collected at the 6 

site and included in analysis (n = 54), “Field control” = control sample collected at the site 7 

(filtered bottled drinking water) (n = 6), “Extract control” = control blank sample taken 8 

alongside eDNA extraction from samples (n = 8), and “PCR control” = control blank sample 9 

run alongside each PCR (n = 7)) and the number of these samples which the species was 10 

identified in. It is also important to note that many of these sites are exposed to high levels of 11 

human activity and is likely responsible for the high levels of human DNA identified across 12 

samples (see Deacon et al., 2015).   13 

 14 

Blast ID % Match 
Common 

name 

Reason for 

exclusion 
Species presence 

Anas platyrhynchos  100.00 Mallard Terrestrial 

species 

(bird) 

 

Sample (3) 

Bahaba taipingensis 93.50 Giant yellow 

croaker 

 

Marine 

species / 

Non-native 

Sample (5) 

Bos taurus 100.00 Domestic 

cattle 

Terrestrial 

species 

(mammal) 

 

Sample (9)   

Field control (3) 

Bufo gargarizans 94.74 Asiatic toad Outside of 

group of 

interest 

(amphibian) 

 

Sample (11) 

Caiman crocodilus 99.44 Spectacled 

caiman 

Terrestrial 

species 

(reptile) 

 

Sample (4) 

Cairina moschata 100.00 Muscovy duck Terrestrial 

species 

(bird) 

 

Sample (5)  

Field control (1) 
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Canis lupus 99.41 Domestic dog 

/ Wolf 

Terrestrial 

species 

(mammal) 

 

Sample (3)   

Field control (1) 

Capra hircus 100.00 Domestic goat Terrestrial 

species 

(mammal) 

 

Sample (3) 

Emmelichthys struhsakeri 94.08 Golden redbait Marine 

species 

 

Field control (1) 

Enteromius paludinosus 96.02 Straightfin 

bard 

 

Non-native Sample (1)  

Field control (1) 

Gadus morhua 100.00 Pacific cod Marine 

species / 

Non-native 

 

PCR control (1) 

Gorilla gorilla 82.91 Western 

gorilla (likely 

human) 

 

Terrestrial 

species 

(mammal) 

Sample (5)  

Field control (1) 

Henicorhina leucosticta 97.25 White-

breasted wood 

wren 

 

Terrestrial 

species 

(bird) 

Sample (1) 

Homo sapiens 99.42 Human Terrestrial 

species 

(mammal) 

Sample (44)  

Field control (5) 

Extract control (5)  

PCR control (6) 

 

Oreomystis bairdi 98.35 ‘Akikiki Terrestrial 

species 

(bird) 

 

Sample (1) 

Prochilodus sp. 100.00 Fannel mouth 

characiforms 

Only in 

control 

sample 

 

Field control (1) 

Salmo salar 100.00 Atlantic 

salmon 

Marine 

species / 

Non-native 

 

Sample (1) 

Sciaenops ocellatus 92.64 Red drum Marine 

species 

Sample (3) 

Serranochromis robustus 100.00 Yellow-belly 

bream 

 

Non-native  Sample (1) 
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Serrasalmus brandtii 100.00 Green piranha Non-native / 

Only in 

control 

sample 

 

Field control (1) 

Sus scrofa 100.00 Domestic pig / 

Wild boar 

Terrestrial 

species 

(mammal) 

 

Sample (15)  

Extract control (1) 

Syngnathus rostellatus 100.00 Lesser 

pipefish 

 

Marine 

species 

Sample (1)  

Field control (1) 

Turdus kessleri 99.45 White-backed 

thrush 

 

Terrestrial 

species 

(bird) 

 

Sample (4) 

Turdus rufiventris 99.45 Rufous-bellied 

thrush 

 

Terrestrial 

species 

(bird) 

 

Sample (15) 

Zeugopterus regius 100.00 Bloch's 

topknot 

 

Marine 

species / 

Non-native 

 

Sample (1) 

  15 
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Appendix 5.1: Model comparisons for alternative measures of predation risk on guppy 16 

behaviour (Sociability, Absolute lateralisation, and Relative lateralisation) demonstrating the 17 

AIC values for the full model structure, including all explanatory variables (detailed in 18 

Section 5.2.8), and a model containing only the single predation risk variable stated. The 19 

table demonstrates the AIC values for models containing the proportion of time in a trial a 20 

predator was in the field of view of the top camera and the total number of attacks in a trial.  21 

 22 

Behaviour Model type Proportion Attacks Df 

Sociability Full model 459.21 462.10 11 

 Single variable 443.37 443.94 4 

     

Absolute 

lateralisation 

Full model 4331.56 4331.66 16 

Single variable 4359.22 4359.47 5 

    

Relative 

lateralisation 

Full model 4872.75 4871.78 15 

Single variable 4916.11 4915.65 4 

     

 23 

  24 
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Appendix 5.2: Model comparisons for alternative measures of predation risk on guppy 25 

behaviour (Sociability, Absolute lateralisation, and Relative lateralisation) demonstrating the 26 

AIC values for the full model structure, including all explanatory variables (detailed in 27 

Section 5.2.8), and a model containing only the single predation risk variable stated. The 28 

table demonstrates the AIC values for models containing the predator species richness and 29 

predator species community dissimilarity (first axis of nmds: Figure 5.3). 30 

 31 

Behaviour Model type Species Richness Nmds Df 

Sociability Full model 462.65 462.60 11 

Single variable 445.12 445.10 4 

    

Absolute 

lateralisation 

Full model 4331.60 4329.66 16 

Single variable 4359.60 4358.26 5 

     

Relative 

lateralisation 

Full model 4863.51 4868.95 15 

Single variable 4907.02 4911.53 4 

    

 32 

  33 
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Appendix 5.3: Repeatability model outputs including and excluding variables demonstrating 34 

a significant influence on guppy behaviour (Sociability, Absolute lateralisation, and Relative 35 

lateralisation) through general/generalised mixed-effects models (detailed Section 5.4).  36 

 37 

Behaviour Included 

predictors 

Random 

effect 

R SE 95 % CI P 

Sociability None Site 0.275 0.092 0.083 – 

0.399 

<0.001 

Temperature  

+ Shoal size  

Site 0.218 0.087 0.072 – 

0.401 

<0.001 

      

Absolute 

lateralisation 

None Site 0.046 0.026 0.001 – 

0.098 

0.003 

Time of day  

+ Visit  

+ Guppy activity 

Site 0.059 0.030 0.011 – 

0.124 

<0.001 

None Group 0.033 0.032 0.000 – 

0.109 

0.172 

Time of day  

+ Visit  

+ Guppy activity 

Group 0.007 0.024 0.000 – 

0.075 

0.420 

      

Relative 

lateralisation 

None Site 0.000 0.000 0.000 – 

0.001 

0.203 

Species richness  

+ Test order  

+ Guppy activity 

Site 0.000 0.001 0.000 – 

0.002 

1.000 

None Group 0.000 0.001 0.000 – 

0.002 

0.500 

Species richness  

+ Test order  

+ Guppy activity 

Group 0.000 0.001 0.000 – 

0.002 

1.000 

 38 
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“So long and thanks for all the fish.” 

 

Douglas Adams, A Hitchhikers Guide to the Galaxy (1984) 

 




