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Summary (page i) 

In behavioural ecology, interest in the study of animal personality (i.e. consistent 

individual differences in behaviour across time and/or context) has increased in 

the last two decades as it is believed to have important ecological and evolutionary 

consequences. These consequences are especially pronounced when a behaviour 

that is consistent covaries with other consistent behaviours (i.e. behavioural 

syndrome) or with life-history traits (i.e. pace-of-life syndrome). So far, studies of 

behavioural and pace-of-life-syndromes have produced ambiguous outcomes (e.g. 

hypotheses are sometimes verified and others not), and the prominence of studies 

on captive animals (i.e. as opposed to wild animals) in the literature may be a 

reason for inconclusive results as trait covariation has been hypothesized to be 

environmentally driven.  

To address this knowledge gap, I investigated the emergence of behavioural and 

pace-of-life-syndromes in a wild population of juvenile sharks subject to relevant 

ecological pressures (e.g. predation risk, inter-individual competition). I explored 

(1) whether a behavioural syndrome existed between two consistent traits 

(exploration and sociability) and whether the appearance of the syndrome was 

context dependent, (2) whether a growth-mortality trade-off was mediated by 

exploration personality and (3) whether personality could predict the foraging 

habitat of sharks and whether this link was context-dependent.  

First, I observed a behavioural syndrome between sociability and exploration 

personality which was inconsistent across years and locations and was dependent 

on inter-individual competition. Then, I found the association between exploration 

personality and a growth-mortality trade-off to only be observable in low predation 

risk. Similarly, I found that exploration personality only predicted wild foraging 

habitat when predation risk was low.  

Overall, these results suggest that ecological conditions play a crucial role in the 

emergence and the shaping of personality and trait association. This thesis offers 

a possible explanation for the ambiguous results of previous studies and highlights 

the importance of increasing the focus on wild study systems that are subject to 

relevant ecological pressures in future animal personality research.  
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Zusammenfassung (Page ii) 

In der Verhaltensökologie hat das Interesse an der Persönlichkeit von Tieren (d.h. 

individuelle Verhaltensunterschiede, die über Zeit und/oder Kontext konstant 

sind) in den letzten zwei Jahrzehnten zugenommen und man geht davon aus, dass 

verschiedene Verhaltenstypen wichtige ökologische und evolutionäre 

Konsequenzen haben. Diese Konsequenzen sind besonders ausgeprägt, wenn eine 

konstante Verhaltensweise mit anderen Verhaltensweisen (sog. 

Verhaltenssyndrome) oder mit Life-History-Merkmalen (sog. Pace-of-life-

Syndrome) korreliert. Bisher haben Studien zu Verhaltens- und Pace-of-life-

Syndromen zu keinen schlüssigen Ergebnissen geführt – manche Hypothesen 

wurden bestätigt, andere jedoch nicht. Man nimmt an, dass Kovariation zwischen 

Merkmalen von der Umwelt geprägt ist. Da jedoch Tiere in Gefangenschaft in 

diesen Studien überrepräsentiert sind, kann dies ein möglicher Grund für die 

recht uneindeutigen Ergebnisse sein.  

Um diese Wissenslücke zu schließen, erforschte ich die Entstehung von 

Verhaltens- und Pace-of-life-Syndromen in einer Wildpopulation juveniler Haie, 

die relevanten ökologischen Bedingungen (z.B. Prädationsrisiko, inter-

individuelle Konkurrenz) ausgesetzt waren. Ich untersuchte (1) ob ein Syndrom 

zwischen zwei konstanten Verhaltensweisen (Explorations- und Sozialverhalten) 

besteht und ob das Auftreten des Syndroms kontextabhängig ist, (2) ob ein Trade-

off zwischen Wachstum und Mortalität durch Explorationsverhalten vermittelt 

wird, und (3) ob Persönlichkeit das Nahrungshabitat der Haie vorhersagen kann 

und ob dieser Zusammenhang kontextabhängig ist.  

Ich dokumentierte ein Verhaltenssyndrom zwischen Explorations- und 

Sozialverhalten, das über Jahre und Standorte hinweg inkonsistent war und von 

inter-individueller Konkurrenz abhing. Ein Zusammenhang zwischen 

Explorationsverhalten und einem Wachstums-Mortalitäts-Trade-off war nur bei 

geringem Prädationsrisiko zu beobachten. Zudem sagte das 

Explorationsverhalten Nahrungshabitate nur bei geringem Prädationsrisiko 

vorher.  

Zusammengenommen deuten diese Ergebnisse darauf hin, dass die ökologischen 

Bedingungen eine entscheidende Rolle bei der Entstehung und Ausprägung von 

Persönlichkeits- und Pace-of-life-Syndromen spielen. Diese Doktorarbeit bietet 

eine mögliche Erklärung für die uneindeutigen Ergebnisse früherer Studien und 

unterstreicht damit die Bedeutung von Wildpopulationen und die 

Berücksichtigung relevanter ökologischer Bedingungen für die zukünftigen 

Erforschung von Tierpersönlichkeit. 
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Chapter 1 

General introduction (Page 1) 

 

 

A field of research dedicated to individual differences in behaviour: 

animal personality 

The description in the nineteenth century of “natural selection”, through which 

ecological processes lead to evolution (Darwin & Wallace, 1858) has provided the 

foundation to the modern study of behavioural and evolutionary ecology. During 

the century that followed, researchers increasingly accepted that differences 

between related species could be adaptive. One famous example, in which different 

phenotypes in closely related species were explained via natural selection is the 

Darwin’s finches (sub-family: Geospinizae). These birds, first collected in the 

Galapagos by Darwin (Sulloway, 1982) form 15 species often cited to illustrate 

adaptive radiation. Through natural selection, they have diversified from one 

ancestral species, and present different beak morphologies in adaptation to their 

ecological conditions (i.e. food availability) (Grant & Grant, 2008; Lack, 1961).  

The realisation that species could evolve locally adaptive phenotypes initiated 

interest for within-species geographical variations, their causes and their 

implications. Besides physical adaptations, locally adaptive behaviours were 

scrutinized. For instance, in Trinidadian guppy (Poecilia reticulata), populations 

experiencing different predator densities were found to differ in their schooling 

tendencies (Seghers, 1974). Under heavy predation, fish had well developed 

schooling behaviours and high cohesion whereas in populations experiencing low 

predation, schooling behaviour was absent, and cohesion was low. Studies of the 

adaptive significance of behaviour to selection pressures from ecology (e.g. 

predation in the Trinidadian guppy) are encompassed in the field of “behavioural 

ecology” (J. R. Krebs & Davies, 1993). 
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The concept of between-population differences was logically followed by the study 

of individual difference within populations (D. S. Wilson, 1998) which is the focus 

of this thesis. Evolutionary game-theory, a concept borrowed from economics, 

provides an early theoretical explanation for adaptive and consistent individual 

differences in behaviour within populations (Berg & Weissing, 2015). The famous 

hawk-dove game where pairs of individuals compete for a resource and can decide 

whether to do so peacefully (dove) or aggressively (hawk) describes how selection 

can lead to populations where individuals consistently employ different 

behavioural strategies (Maynard Smith, 1982). This approach provides valuable 

insights to polymorphism between individuals of the same population but presents 

several limitations. For instance, game-theory has the advantage of presenting 

behavioural strategies that are not only dependent on an individual’s own 

behaviour but also on the behaviours of the rest of the population: these are 

important considerations, but they fail to encompass any more ecological 

complexity (e.g. ecological and life-history context, McNamara, 2013). In addition, 

traditional game theory describes distinct behavioural strategies, when in reality, 

individuals often vary in behaviour along continuums (Réale, Reader, Sol, 

McDougall, & Dingemanse, 2007). In the example of the hawk-dove game, “hawk” 

and “dove” are unlikely to be two discrete phenotypes but rather two extreme 

behaviours in between which individuals may display a diversity of phenotypes. 

The field of animal personality provides a more complete framework to study 

individual differences in behaviour. The term “animal personality” describes the 

fact that individuals within a population differ consistently in their behaviour over 

time and across situations (Réale et al., 2007). In the literature, studies of 

consistent individual differences in behaviour can be found under different 

terminologies, such as “coping styles” (e.g. Koolhaas et al., 1999), “temperament” 

(e.g. Réale et al., 2007), “behavioural types” (e.g. Watters & Sih, 2005) and others. 

I will use the most commonly used term, “animal personality”, in this thesis. 

“Consistency” in the context of animal personality does not necessarily mean that 

behaviours are constant but rather that differences between individuals are 

largely stable (Bell, Hankison, & Laskowski, 2009). The most widely used statistic 

to detect personality is the intra-class correlation coefficient which measures 
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repeatability (Nakagawa & Schielzeth, 2010). Repeatability represents the 

fraction of the variance that is attributable to individuals. This means that 

repeatability will be high when population variance is high but individual variance 

is low (Bell et al., 2009). 

In contrast with game theory, the field of animal personality describes behavioural 

continuums along which individuals can vary: such continuums will be referred to 

in this thesis as “axes” or “traits”. For example, the boldness-shyness axis 

represents a one-dimensional space with two extremes (i.e. shyest and boldest) 

along which individuals can behave. The animal personality field has lacked 

consistent terminology, and I will use Réale et al., (2007)’s unifying vocabulary in 

this thesis as it is the most widely used. Réale et al., (2007) described five 

behavioural axes: 1) “Activity” describes the activity level of an individual in a non-

risky, familiar environment. 2) “Boldness-shyness” (later referred to as “boldness”) 

characterizes the reaction of individuals to a risky situation. 3) “Exploration-

avoidance” (later referred to as “exploration”) represents individuals’ reaction to a 

new situation. This trait is often difficult to tease apart from boldness-shyness as 

a new situation is often perceived as risky (Carter, Feeney, Marshall, Cowlishaw, 

& Heinsohn, 2013). 4) “Sociability” represents the reaction of an individual to the 

presence or absence of conspecifics (excluding agonistic behaviours). An individual 

seeking the company of conspecifics is considered sociable and an individual 

avoiding conspecifics unsociable. And finally, 5) “Aggressiveness” describes 

individuals’ agonistic behaviour towards conspecifics or heterospecifics.  

 

Animal personality in ecology and evolution 

The concept of animal personality challenges the traditional notion in behavioural 

ecology that behaviour is highly plastic and fluctuates in response to 

environmental conditions (i.e. unlimited plasticity (Sih, Bell, Johnson, & Ziemba, 

2004)). It is important to note, however, that animal personality does not represent 

the total absence of behavioural plasticity, but rather the fact that individuals do 

not display the full range of behavioural variation observable in their population 

(Dingemanse, Kazem, Réale, & Wright, 2010; Réale & Dingemanse, 2010). This 
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concept of limited plasticity implies that individuals will not always behave in an 

optimal way across all situations (Sih, Bell, & Johnson, 2004; Sih, Bell, Johnson, 

et al., 2004). For instance, if an individual is consistently more explorative than its 

conspecifics (e.g. across different levels of predator densities) it will benefit from 

its phenotype when predators are scarce but not when predators are abundant. 

From an adaptive perspective, the evolution of animal personality may seem 

maladaptive, as unlimited plasticity would seem more advantageous in terms of 

fitness (Dall, Houston, & McNamara, 2004; Wolf, van Doorn, Leimar, & Weissing, 

2007). This notion has led to a vast body of research aiming to understand the 

ultimate causes of animal personality (Wolf & Weissing, 2010). In parallel, a 

growing body of literature focused on the potential for consistent inter individual 

differences in behaviour to affect the structure and dynamics of ecological networks 

and the outcome of natural selection (i.e. ecological consequences of personality, 

Wolf & Weissing, 2012).  

 

Personality and the evolution of behavioural syndromes 

One case where animal personality is believed to provide an important framework 

to understand the evolution of behaviours is when traits are involved in 

behavioural syndromes. Behavioural syndromes describe behavioural correlations 

across contexts and/or situations (Sih, Bell, & Johnson, 2004). In fact, when a 

behavioural syndrome describes behavioural responses to the same context that 

correlate across situations (e.g. response to a novel object in different predator 

densities) it is synonymous with animal personality (Sih, Bell, Johnson, et al., 

2004). In this thesis, we will use the term “behavioural syndrome” to describe 

behavioural correlations across context (i.e. personality axis). For example, if in a 

population, a positive correlation exists between boldness and sociability of the 

individuals, we will be talking about a boldness-sociability syndrome. 

Two hypothesis have been put forward to explain the occurrence of behavioural 

syndromes (Bergmüller & Taborsky, 2007). The first one, the “constraint 

hypothesis”, proposes that the behaviours involved in a syndrome have co-evolved 

and are not free to adjust independently to varying ecological conditions 
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(Dochtermann & Dingemanse, 2013). In this case, behavioural syndromes are 

expected to be stable across situations, as is for example the case in hermit crabs 

(Pagurus bernhardus) where boldness-exploration and boldness-aggression 

syndromes were consistent across levels of perceived predator risk (Mowles, 

Cotton, & Briffa, 2012). When syndromes appear to be rigid against selection, they 

provide potential explanations for behaviours that appear maladaptive (Bell, 2006; 

Sih, Bell, & Johnson, 2004). For instance, in a context of resource competition, 

more sociable individuals could benefit from being more aggressive, forming a 

positive sociability-aggression syndrome. This syndrome would be detrimental in 

courtship situations if there are constraints on the independent adjustment of 

behaviours. In this case, the behaviours involved in a syndrome could be 

constrained by pleiotropic genes or physiological mechanisms (Price & Langen, 

1992), and/or be favoured by selection (Bell, 2004; Wolf et al., 2007). 

The second hypothesis, named “adaptive hypothesis”, proposes that behavioural 

syndromes are plastic and arise as a result of certain ecological conditions (Bell, 

2004; D. S. Wilson, 1998). In this case, the behavioural traits fluctuate 

independently in response to the ecological context, sometimes forming an 

observable behavioural syndrome. For example, behavioural syndromes between 

aggressiveness, activity and exploration were observed in three-spined 

sticklebacks (Gasterosteus acculeatus) in the presence of predators but not (or only 

weakly) in their absence (Dingemanse et al., 2007). Male Trinidadian guppies (P. 

reticulata) from low predation populations showed a syndrome between boldness 

and exploration (Archard & Braithwaite, 2010) but a separate study on female 

Trinidadian guppies from high predation populations found no behavioural 

syndromes (Kniel & Godin, 2019) suggesting intra-specific and inter-sex 

differences in the emergence of behavioural correlations. In the case of adaptive 

syndromes, behavioural correlations arise when they are favoured by ecological 

conditions, and the main challenge is to understand what conditions drive the 

emergence of syndromes. 

Support to both “adaptive” (e.g. Daffodil cichlids, Neolamprologus pulcher: 

Bergmüller & Taborsky, 2007; Three-spined sticklebacks: Bell, 2004; Dingemanse 

et al., 2007) and “constraint” hypothesis (e.g. Hermit crabs, Mowles et al., 2012) 
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suggest that not all behavioural syndromes can be explained through the same 

mechanism (Garamszegi, Markó, & Herczeg, 2012). In black tailed gulls (Larus 

crassirostris), one behavioural syndrome was found stable across situations and 

another unstable, giving support to both hypothesis in one single population of the 

same species (Kazama, Niizuma, & Watanuki, 2012). This is not particularly 

surprising as these two hypotheses are not necessarily mutually exclusive. Recent 

work, however, suggests that the interpretations of studies investigating the 

“adaptive” and “constraint” hypothesis may have been obscured if the populations 

scrutinized could have evolved in isolation or could share ecological conditions 

driving behaviour (Garamszegi et al., 2015). For instance, when populations 

experiencing different ecological conditions differed in behavioural syndromes (i.e. 

seemingly supporting the adaptive hypothesis), these differences could have been 

generated due to the populations having evolved separately on a phylogeographic 

scale. Similarly, when populations displayed the same syndromes across situations 

(i.e. seemingly supporting the constraint hypothesis), it could be due to an 

ecological condition shared by all populations at the time of testing. In this context, 

the study of behavioural syndromes would thus benefit from approaches that allow 

the examination of syndrome stability across environmental conditions 

independently of processes due to genetic adaptation. 

 

Personality and the pace-of-life syndrome hypothesis 

Limits to behavioural plasticity can not only be explained if multiple behavioural 

traits are obligated to co-vary (i.e. constrained behavioural syndromes) but also if 

behaviours are involved in trade-offs. Maintenance of inter individual differences 

in behaviour has been conjectured to be the result of a potential link with life-

history trade-offs (Mangel & Stamps, 2011; Réale, Garant, et al., 2010; Stamps, 

2007). Life-history trade-offs occur when investing in one trait comes at the cost of 

investment in another trait (Stearns, 1989). Such trade-offs can explain the 

presence of multiple life-history phenotypes within populations of the same species 

having similar fitness outcomes (Mangel & Stamps, 2011). The pace-of-life 

syndrome (POLS) hypothesis suggests that life-history trade-offs have co-evolved 
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with metabolic and behavioural traits in response to environmental conditions and 

that personality may play a functional role in mediating these trade-offs 

(Dammhahn, Dingemanse, Niemelä, & Réale, 2018).  

The interplay of resource availability and predation risk might, for example, 

generate different behavioural strategies that are linked to a growth-mortality 

trade-off (Mangel & Stamps, 2011; Stamps, 2007). One main benefit of fast growth 

is earlier sexual maturity, which increases fitness by accelerating the animal’s 

reproductive output (Stearns, 1989). Costs of high growth can include the higher 

likelihood of predator encounters due to increased foraging activities (Fischer, 

Zeilstra, Hetz, & Fiedler, 2005). Such balance between the rewards of resource 

acquisition and the costs of predator pressure is likely to be governed by the level 

of risk-taking of individuals (Biro & Stamps, 2008). In a context where resources 

are not available ad libitum, bold and explorative individuals may benefit from 

their behavioural phenotype as they will have more opportunities to encounter and 

consume food, leading to higher growth (Ward, Webster, & Hart, 2006). But such 

behaviour may come at the costs of increased predator encounters and decreased 

vigilance, leading to increased mortality (Houston, McNamara, & Hutchinson, 

1993). For instance, in goldfish (Carrasius auratus), bolder individuals are more 

likely to forage outside of a refuge and have higher growth rates, but they are also 

more vulnerable to avian predation (Balaban-Feld et al., 2019). 

The link between personality and life-history outlined in the POLS hypothesis has 

so far received equivocal empirical support (Moirón, Laskowski, & Niemelä, 2020; 

Royauté, Berdal, Garrison, & Dochtermann, 2018). For instance, Moirón et al., 

(2020), explored whether risk taking behaviour was positively associated with 

mortality by synthesizing the existing empirical research on this topic. Using 27 

studies, they found no directional effect of risk-taking behaviour on mortality. 

However, the hypothesis (i.e. risk-taking behaviour leads to higher mortality) was 

partially supported because as small portion of the variance in survival was 

explained by behaviour. Surprisingly, Moirón et al., (2020) had a counter-intuitive 

finding: risk-taking individuals in the wild lived significantly longer than their shy 

counterpart, a result that was lost in laboratory experiments. Such discrepancies 

from the POLS hypothesis can potentially be explained if the testing environment 
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does not support the correlation of certain relevant behaviours with life-history 

(Montiglio, Dammhahn, Dubuc Messier, & Réale, 2018) or if the natural and 

evolutionary history of study models are not favouring the trait association 

(Royauté et al., 2018). For instance, Moirón et al., (2020) suggest that the lack of 

resource restriction and predator pressure might explain the lack of relationship 

observed between risk taking behaviour and mortality in laboratory conditions.  

 

Captive personality and wild behaviour 

Alternatively, the above-mentioned inconsistencies might arise if personality 

measured in captive tests is not representative of wild behaviours. Past research 

has acknowledged the need for behavioural ecologists to understand what they are 

measuring during captive personality tests (Carter et al., 2013; Perals, Griffin, 

Bartomeus, & Sol, 2017). In the case of growth mortality trade-offs they are 

probably mediated through resource acquisition behaviours (Biro & Stamps, 2008). 

Interestingly, consistent differences in foraging strategies (i.e. Individual foraging 

specialization) have been a focus in behavioural ecology for decades (Toscano, 

Gownaris, Heerhartz, & Monaco, 2016). These occur when, in a population, 

multiple specialists can coexist using different foraging strategies (Powell & 

Taylor, 2017). One classical example of individual foraging specialization is the 

Eurasian oystercatchers (Haematopus ostralegus ostralegus) where some 

individuals specialize on eating worms, others on eating soft shell clams and others 

on eating bivalves (van de Pol, Brouwer, Ens, Oosterbeek, & Tinbergen, 2010). 

These specializations were showed to be linked to short-term payoffs (e.g. time 

needed to reach daily energy requirements) as well as long-term fitness payoffs 

(e.g. reproductive output(van de Pol et al., 2010). In thin-toed frogs (Leptodactylus 

chaquensis and Leptodactylus podicipinus), individual foraging specialization was 

found to be linked to three measures of fitness (reproductive investment, body 

condition and parasite load), and the authors suggest that behavioural traits such 

as the propensity to take risks play an important role in mediating these 

specializations (Costa‐Pereira, Toscano, Souza, Ingram, & Araújo, 2019).  
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The link between personality and life-history has been conjectured to be difficult 

to observe because its apparition may only be favoured under certain ecological 

conditions (Royauté et al., 2018). Correspondingly, individual foraging 

specialization was found to emerge within populations in certain ecological 

contexts. For example, an increase in intra-specific competition was documented 

to lead to the appearance of individual foraging specializations in banded 

mongoose (Mungos mungos, (Sheppard et al., 2018)) and gentoo penguins 

(Pygoscelis papua, (Ratcliffe, Adlard, Stowasser, & McGill, 2018)). In this case, it 

is reasonable to expect individual foraging specialization to be at the interface 

between animal personality and life-history trade-offs. Linking animal personality 

and individual foraging specialization would therefore likely provide an important 

piece to the personality-life-history puzzle while improving our understanding of 

individual level variation on food-web dynamics  (Kalinkat, 2014; Toscano et al., 

2016).  

 

Limitations of animal personality studies  

The study of animal personality has been booming for the past two decades, and 

some research has focused on explaining this phenomenon from an adaptive 

perspective and in an ecological context (Wolf & Weissing, 2010, 2012). But most 

studies are of a descriptive nature (i.e. documenting inter-individual differences in 

behaviour in particular taxa), and the hypotheses that address the ecological and 

evolutionary relevance of personality have so far received contrasting support (see 

examples above; Garamszegi et al., 2015; Royauté et al., 2018; Sih et al., 2015). 

The accumulation of descriptive studies and the difficulty of unravelling well 

established theoretical predictions may be due to methodological limitations. 

First, while long-term experiments have obvious benefits (Stamps & Groothuis, 

2010), most studies have been conducted on the short term (but see A. D. M. Wilson 

& Krause, 2012; Wuerz & Krüger, 2015 for examples of personality studies through 

ontogeny). This is due to the necessity for experimental projects to be ecologically 

relevant, replicable (Ihle, Winney, Krystalli, & Croucher, 2017), statistically 

credible and cost-effective (Hinds, 1984). But the ambiguity of results in recent 
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literature suggests that short-term studies might be giving incomplete answers. 

For instance, in behavioural syndrome research, one main objective is to 

disentangle the “adaptive” and “constraint” hypotheses, and one popular approach 

is to test multiple populations of the same species experiencing different ecological 

conditions (i.e. horizontal approach). But recent research suggests that horizontal 

approaches might not lead to the appropriate interpretations, and that vertical 

approaches (i.e. tests through time) might allow to address these question with 

more certainty (Garamszegi et al., 2015). Indeed, the testing of a single population 

through time with varying ecological conditions alleviates the concern that 

seemingly adaptive syndromes are due to evolutionary isolation. Similarly, 

investigating the POLS hypothesis requires long-term studies, and short follow-up 

time after experiments is still considered one of the main obstacles to such research 

(V. Wilson, Guenther, Øverli, Seltmann, & Altschul, 2019). Notable investigations 

of parts of the POLS hypothesis over longer periods of time include great tits 

(Parus major, Dingemanse, Both, Drent, & Tinbergen, 2004), bighorn sheeps (Ovis 

canadensis, Réale & Festa-Bianchet, 2003) and grey mouse lemur (Microcebus 

murinus, Dammhahn, 2012). 

Interestingly, each study cited in the above sentence was conducted on wild 

animals, which brings us to our second point. The study of animal personality 

relies on the calculation of repeatability which requires estimating variance within 

individuals (Nakagawa & Schielzeth, 2010) and as such requires replicated 

measures within individuals. Therefore, individuals need to be identifiable and 

they need to be tested on multiple occasions (usually in captive settings), which 

poses ethical and logistical constraints when using large, elusive, and/or 

threatened wildlife (Hertel et al., 2019). Consequently, the animal personality 

literature has been biased towards captive (and often small) animals (Finger et al., 

2016). Studies of personality in captivity provide essential information as they 

allow for an extensive control over external variables, allowing for the effect of 

interwoven factors to be effectively teased apart (Campbell, Weiner, Starks, & 

Hauber, 2009), but have limitations. In a context where the tested animals are 

captive bred, they could be unintentionally subjected to artificial selection, leading 

to potential changes in phenotypes (Archard & Braithwaite, 2010). For instance, 
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in brown trout (Salmo trutta), hatchery selected fish are on average more willing 

to take risks than fish of wild origin (Sundström, Petersson, Höjesjö, Johnsson, & 

Järvi, 2004). The influence of artificial selection is likely to cause changes in 

morphology, life-history, behaviour as well as to disrupt the link between traits 

(i.e. Behavioural syndromes, and POLS) (Archard & Braithwaite, 2010). For 

instance, the POLS hypothesis predicts a connection between personality and life-

history that is generated thought trade-offs (Dammhahn et al., 2018). But in the 

absence of pressure from resource limitations or predators, such trade-offs are 

absent and the theoretically predicted expression of correlations in a suite of 

behavioural and morphological traits might be compromised (Royauté et al., 2018).  

To avoid unintentional artificial selection, work on wild animals can be done in 

captivity if they can be captured and kept captive on the short term. Such approach 

has its own set of limitations. The shyness and exploration personality axes predict 

that some animals are consistently more likely to take risks and more attracted to 

novelty, respectively. Certain trapping methods may be unintentionally targeting 

specific personality types, for instance if they involve a novel or risky situations 

(e.g. enter an unknown cage to acquire food) (Biro & Dingemanse, 2009). For 

instance, bolder Namibian rock agama (Agama planiceps), were faster than shyer 

conspecifics to enter a trap and thus more likely to be captured (Carter, Heinsohn, 

Goldizen, & Biro, 2012). Guillette, Bailey, Reddon, Hurd, & Sturdy, (2010) reported 

that male chickadees (Black-capped chickadees, Poecile atricapillus and mountain 

chickadees, Poecile gambeli) showed consistency in their capture order, while 

females did not. Once captured, the handling and transport of animals to the 

testing site might generate stress, which may affect individuals differently, 

compromising the personality experiments. For instance, handling by 

experimenters influenced the body temperature and breathing rate (both proxies 

for stress) of shy great tits (P. major) more than of bold great tits (Carere & van 

Oers, 2004). Next to generating stress, the captive environment might also reduce 

the natural pressures that help generate behavioural traits and/or their 

association (Niemelä & Dingemanse, 2014). If behavioural syndromes are adaptive 

and appear as a result of particular ecological pressures, captive testing might 

hinder our ability to test for the presence of these syndromes (Adriaenssens & 
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Johnsson, 2013). Similarly, if the costs and benefits of resource acquisition are 

reduced, life-history trade-offs might not be expressed (Montiglio et al., 2018; 

Royauté et al., 2018).  

These concerns have led to a body of literature questioning whether captive 

personality tests accurately document ecologically relevant behaviours (Carter et 

al., 2013; Niemelä & Dingemanse, 2014; Perals et al., 2017). To address these 

concerns, researchers have advocated a “two-step” approach, first quantifying 

captive traits and then linking them to behaviour in the wild (Hertel, Niemelä, 

Dingemanse, & Mueller, 2020). For instance, Herborn et al., (2010) tested blue tits 

(Cyanistes caeruleus) for exploration and boldness in captivity and observed their 

behaviours around feeding stations in the wild after release, validating the 

relevance of their captive experiments. Two-step approaches seem particularly 

important as researchers have not always found their captive tests to be linked to 

wild behaviours. For instance, exploration of a novel-open field in house mice (Mus 

musculus domesticus) was concluded to reflect exploration behaviour in semi-

natural environments (R. Krebs, Linnenbrink, & Guenther, 2019). But a similar 

test in great tits (P. major) did not reflect exploration in semi-natural conditions 

(Arvidsson, Adriaensen, van Dongen, De Stobbeleere, & Matthysen, 2017), 

meaning that one test might be appropriately used as a proxy for natural 

behaviours in some but not other species. As stated above, one reason why such 

approaches are not more widespread is their cost-ineffectiveness. In recent years, 

however, rapid technological advancements have resulted in a suite of affordable 

electronic tracking devices allowing for the remote monitoring of animals (Hussey 

et al., 2015). Besides being more affordable, these devices are also miniaturizing 

allowing for the monitoring of a greater range of taxa (Hussey et al., 2015). These 

technological advancements, allowing accurate, long-term, indirect monitoring of 

animal behaviour in the wild, mark the beginning of a new era in the study of 

behavioural ecology and animal personality, alleviating some of the concerns 

presented above (Barkley et al., 2020). 

In this thesis, my aim is to alleviate some of the limitations of the animal 

personality field by using a combination of captive behavioural tests and long term 

wild observations to 1) examine the development behavioural syndrome across 
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time and ecological context, 2) investigate the link between personality, wild 

behaviour and life-history and 3) incorporate individual foraging specialization 

and the field of animal personality. 

 

Study system 

This work was conducted on two wild sub-populations of juvenile lemon sharks 

(Negaprion brevirostris). This study system, located in Bimini, Bahamas (N 25.72, 

W -79.27, Figure 1.), is a good candidate to mitigate some of the limitations of the 

animal personality field and to provide general directions for future research 

combining wild and captive tests.  

 

Figure 1. Map of the Bimini Islands. The inset on the top left shows the position of 

Bimini in relation to Florida (U.S.A.). North Sound and Sharkland, the nurseries 

of interest in this thesis, are shown. 
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The lemon shark is a large (up to 340cm total length), viviparous predatory fish 

widely distributed in the coastal waters of the western Atlantic, eastern Atlantic 

and eastern Pacific Oceans (Compagno, Dando, & Fowler, 2005). They are one of 

the most extensively studied shark species and, our study host, the Bimini 

Biological Field Station (BBFS), has conducted research on Bimini’s lemon sharks 

for over 25 years making this study system one of the most extensively studied of 

shark research worldwide (Wetherbee, Gruber, & Rosa, 2007) with over 60 peer-

reviewed publication on the behaviour, ecology, sensory biology, physiology and 

genetics of these sharks.  

Bimini is situated approximately 80km East of Miami (Florida, U.S.A., Figure 1.) 

and comprises mangrove fringed islands, known to be an important nursery area 

for juvenile lemon sharks (Feldheim, Gruber, & Ashley, 2002). Juveniles are born 

in May and June, and inhabit several mangrove areas (so called nurseries) around 

the islands (Chapman et al., 2009). Nursery habitat use has been particularly well 

documented in two of these areas: North Sound and Sharkland (Figure 1.). North 

Sound and Sharkland have been documented to differ in their predator abundance 

with Sharkland having the greatest abundance of predators (Guttridge et al., 

2012). Since 1993, juvenile lemon sharks inhabiting these two nurseries have been 

subjected to a mark-recapture program, using uniquely-coded passive integrated 

transponder (PIT) tags injected below the skin as individual identifiers (Gruber, 

de Marignac, & Hoenig, 2001). Each year, the number of sharks captured in each 

area varies between 70 and 200 individuals (Mean = 111 ± 31 s. d., between 2009 

and 2019). Juvenile lemon sharks in North Sound and Sharkland remain in their 

natal nursery during their first 2-3 years of life (Morrissey & Gruber, 1993a), and 

have relatively small home ranges (~500m²) (Morrissey & Gruber, 1993b). The 

home range size, coupled with the efficiency of the mark-recapture program results 

in rare failures to capture and recapture individuals below 3 years of age if they 

have remained alive (survival probabilities in the first two years: 50-59%; 

DiBattista, Feldheim, Gruber, & Hendry, 2007).  



Chapter 1 – General Introduction 

15 
 

 

Figure 2. Aerial view of a semi-captive set-up used for shark personality testing in 

Bimini. From left to right: novel open field (6x12m), sociability arena (10m 

diameter), six holding arenas where sharks are kept between tests. Three of them 

are connected to the sociability arena via a channel, to move sharks without 

handling them. Towers (~4m height) are placed on the side of the novel open field 

and the sociability arena to allow for behavioural observations. One pulley system 

can be seen over the sociability arena, allowing for a camera to be placed directly 

over the arena (~5m height) and record each trial. Source: Finger, Dhellemmes, & 

Guttridge, (2017). 

 

The juvenile lemon shark has been extensively studied in captive settings since 

the 1960s. Pioneering experiments include work on acoustic orientation (Nelson, 

1967), classical conditioning (Gruber & Schneiderman, 1975) and “Y-maze” 

training (Gruber & Myrberg, 1977). Since the 2000s, the BBFS has developed semi-

captive testing set-ups consisting of large arenas built directly in the sharks’ 

nursery areas. These arenas are made of orange construction mesh (Figure 2.) and 

allow for the sharks to be maintained in their natural environmental conditions 

(i.e. temperature, dissolved oxygen, tidal cycle etc.) while allowing for the control 



Chapter 1 – General Introduction 

16 
 

of other important factors (i.e. hunger, group density etc.). At the BBFS, lemon 

sharks are routinely kept in such enclosures which provide a relatively controlled 

environment to conduct experiments (e.g. Bullock, Guttridge, Cowx, Elliott, & 

Gruber, 2015; Guttridge et al., 2009; O’Connell et al., 2014). Two experiments are 

of particular importance for the work in this thesis as they successfully 

documented personality in juvenile lemon sharks using these semi-captive 

enclosures. In a first experiment, Finger et al., (2016) recorded the rate of 

movement of juvenile lemon sharks in a novel open field (Figure 2.). Novel open 

field tests, where individuals’ movements in an unknown enclosure are recorded, 

are common in the personality literature and are thought to measure boldness 

and/or exploration and/or activity (Carter et al., 2013). Sharks’ rate of movements 

was found to be repeatable, and to represent exploration personality, as sharks 

were found to habituate with repeated exposures to the test (Finger et al., 2016). 

Finger, Guttridge, Wilson, Gruber, & Krause, (2018) further developed a 

sociability test, where six sharks were observed for 20minutes in a 10m diameter 

arena (Figure 2.) and their social interactions recorded. Each shark was given a 

score representing its willingness to follow a conspecific (i.e. sociability score), and 

this score was found to be repeatable (Finger et al., 2018). In both studies, the 

authors were able to avoid handling the sharks using t-bar anchor tags (Floy Tag 

& Manufacturing Inc, WA, U.S.A., Figure 3.) attached to the dorsal fins in unique 

colour combinations to identify individual sharks (making the scanning of PIT 

tags, and the associated capture unnecessary) and channels to usher sharks 

between the housing arenas and testing arenas (see (Finger et al., 2016)  and figure 

2. for details). 
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Figure 3. Photograph of a juvenile lemon shark in a transport container, showing 

green colour coded T-bar anchor tags on the first and second dorsal fins. Credits: 

Charlotte Sams. 

 

Besides captive experiments, juvenile lemon sharks in Bimini have been monitored 

in the wild using acoustic telemetry (e.g. Edrén & Gruber, 2005; Guttridge et al., 

2012). Lemon sharks have been documented to heal and recover quickly after 

implantation. This, combined with the possibility to test sharks in captivity, makes 

the Bimini lemon shark system a good candidate for the advantageous “two-step” 

approach allowing for captive traits to be linked to wild behaviours. In addition the 

BBFS has been using acoustic telemetry on various species for many years, and 

has an established acoustic receiver array (see Guttridge et al., 2017) allowing for 

data on relevant ecological pressures such as predator abundance to be recorded. 

Past work in North Sound and Sharkland has established that smaller and slower 

growing juvenile lemon sharks enjoy higher survival than larger, faster growing 

conspecifics, suggesting that life-history trade-offs are important in this system 
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(DiBattista et al., 2007). More recently, using stable isotope analysis to infer 

sharks’ foraging behaviour, Hussey et al., (2017) found that sharks consistently 

used different foraging habitats on a continuum between seagrass and mangrove. 

Foraging habitat  was found to be a predictor of growth, with sharks foraging on 

seagrass growing faster than those foraging close to mangroves (Hussey et al., 

2017). The authors suggested that maintenance of these foraging strategies was 

linked to the growth mortality trade-off as mangrove is used as a refuge from 

predators and seagrass is considered comparatively more dangerous. It is not clear, 

however, how foraging specialization is linked to the growth mortality trade-off 

and if personality is involved in the relationship. 

 

Outline of the thesis 

In this thesis, I take advantage of the well-understood juvenile lemon shark 

populations of Bimini to test hypotheses of animal personality. In Chapter 1, I 

combine a horizontal approach and a vertical approach to disentangle the 

“adaptive” and “constraint” hypotheses of behavioural syndromes. To do so, I 

subject lemon sharks from North Sound and Sharkland to the sociability and novel 

open field tests developed by Finger and colleagues over five years. Among 

ecological conditions believed to generate behavioural syndromes, predator 

pressure is one of the most documented (e.g. (Bell, 2004; Dingemanse et al., 2007)), 

along with intraspecific competition (Bergmüller & Taborsky, 2007). In my study, 

I measured several proxies of intraspecific competition yearly in each area and 

monitored predator abundance using acoustic telemetry and tested whether a 

behavioural syndrome between sociability and exploration was stable and what 

factors favoured its apparition. In Chapter 2, I combine the long-term mark-

recapture dataset gathered by the BBFS with captive exploration tests and 

acoustic telemetry monitoring of juvenile lemon sharks to test parts of the POLS 

hypothesis. Specifically, I tested whether sharks that explore more in captivity 

take more risks in the wild, in a two-step approach. I then tested whether fast 

explorers in captivity grew faster than slow explorers and if there was significant 

selection on fast growth, indicating a growth-mortality trade-off. In Chapter 3, I 
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use stable isotope analysis to bridge the gap between exploration personality and 

foraging specialization. I tested whether exploration personality predicts the 

sharks’ foraging habitat on a continuum from mangrove foraging and 

comparatively more dangerous sea-grass foraging. Additionally, I explore under 

which ecological circumstances (i.e. intra-specific competition and predator 

abundance) personality in captivity predicts foraging specialization in the wild. In 

a final chapter, I present a synthesis of my main findings and discuss them in 

the broader context.  
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Abstract 

Personality traits (i.e. consistent individual differences in behaviour) often covary, 

forming behavioural syndromes. Such associations, if driven by an underlying 

proximate mechanism, could limit the independent evolution of each behaviour. 

In contrast, a behavioural syndrome may be the result of selection favouring the 

behavioural correlation under certain ecological circumstances. In this context, 

investigating the stability and the potential drivers of behavioural syndromes is a 

fundamental step towards understanding how they might shape the evolution of 

behaviours.  We assessed syndrome stability across time in two subpopulations of 

free-ranging juvenile lemon sharks, Negaprion brevirostris. We measured two 

behaviours, exploration in an open field and sociability in a group, over 5 years. 

We tested whether these behaviours were associated in a behavioural syndrome, 

how stable this syndrome was and whether its strength was predicted by ecological 

conditions in this system: predator abundance, juvenile survival, newborn 

recruitment and total subpopulation size. We found that a behavioural syndrome 

was only observed in the subpopulation where predatory shark abundance was 

higher. Across years, newborn recruitment was the main driver for the strength 

of the syndrome. During years of low recruitment, the subpopulations probably 

experienced lower competition due to fewer newborns joining the population. In 

these years, sharks that were more explorative were also less social. These results 

indicate that the behaviours we tested were plastic and responsive to ecological 

conditions. Since this could signify that they are only favoured under certain 

ecological conditions, we argue in this case that the correlation of two behavioural 

traits is adaptive. 

Keywords 

animal personality, behavioural syndromes, behaviour types, ecological drivers, 

intraspecific competition, predation 

 

 



Chapter 2 - Comparing behavioural syndromes across time and ecological conditions in a 

free-ranging predator 

 

23 
 

Introduction 

 Individual animals differ predictably in their behaviour over time, a 

phenomenon commonly referred to as animal personality(Réale, Dingemanse, 

Kazem, & Wright, 2010). Animal personality is well described and has been 

studied across many taxa (Bell et al., 2009). Interest in such behavioural variation 

has grown as individual personality can influence individual survival and fitness 

(Moirón et al., 2020; Smith & Blumstein, 2008) generating consequences for the 

ecology and evolution of species (Mittelbach, Ballew, Kjelvik, & Fraser, 2014; Wolf 

& Weissing, 2012). Personality traits are generally measured within a single 

context (e.g. sociability, exploration/neophilia, boldness, aggression and activity as 

proposed by Réale et al., 2007) and when these personality traits correlate across 

contexts, it is called a behavioural syndrome (Sih, Bell, & Johnson, 2004). If such 

syndromes are governed by common underlying mechanisms to the expression of 

behaviours (e.g. pleiotropic gene, hormone, etc.) there may be constraints on the 

independent evolution of these behaviours (‘constraint hypothesis’, Dochtermann 

& Dingemanse, 2013). In other words, alterations to a behaviour that is part of a 

syndrome in response to fluctuating ecological conditions could be limited over 

short timescales. In this case, syndromes are predicted to be stable and 

populations of a species separated geographically and/or temporally should 

present similar syndrome structures. For example, in 18 social spider, Anelosimus 

studiosus, populations, separated by as much as 36° latitude, there was a 

significant negative correlation between social tendency and latency to respond to 

prey (Pruitt et al., 2010). These results support the constraint hypothesis of 

behavioural syndromes, where behaviours are unable to take separate 

evolutionary pathways.  

 An alternative hypothesis (the ‘adaptive hypothesis’, Bell, 2004; D. S. 

Wilson, 1998) states that behavioural syndromes are plastic and appear as a result 

of certain ecological conditions. Previous work has implicated a number of 

ecological conditions in shaping syndromes, most notably predation and social 

environment, including intraspecific competition. For instance, exposure to 

predators generates behavioural syndromes (particularly a boldness–



Chapter 2 - Comparing behavioural syndromes across time and ecological conditions in a 

free-ranging predator 

 

24 
 

aggressiveness syndrome) in three-spined sticklebacks, Gasterosteus aculeatus 

(Bell, 2004; Bell & Sih, 2007; Dingemanse, Barber, & Dochtermann, 2019; 

Dingemanse et al., 2007). Intraspecific competition can also play a role in shaping 

behavioural variation (Laskowski & Bell, 2014; Michelangeli, Smith, Wong, & 

Chapple, 2017). Less is known about how the social environment may shape the 

relationships among personality traits, but it seems likely that its effect will be 

similar to that of predation. For example, in cichlids, Neolamprologus pulcher, a 

syndrome appeared in the presence of competitive breeders, with males engaging 

more in territory defence and exploration and less in territory maintenance 

(Bergmüller & Taborsky, 2007). In cases supporting the adaptive hypothesis, the 

behavioural syndromes are unstable, which means that the behavioural traits 

fluctuate independently in response to ecological conditions. The adaptive and 

constraint hypotheses are not mutually exclusive but rather probably represent 

ends of a spectrum in terms of the underlying factors shaping behavioural (co-

)variation. The last decade of research suggests that not all behavioural 

syndromes can be explained through the same mechanism (Garamszegi, Markó, 

& Herczeg, 2013). In this context, it is important to understand when phenotypic 

plasticity and/or coevolution of traits is responsible for behavioural correlations 

and how different ecological conditions shape the structure of such correlations 

(Garamszegi et al., 2015). 

  In the absence of long-term monitoring of behavioural syndromes, it is often 

difficult to determine which hypothesis is best supported (Garamszegi et al., 2015). 

For instance, in cases where a syndrome is similar in different populations, 

behaviours might have coevolved and their independent adjustment might be 

limited (i.e. constraint hypothesis). However, this apparent stability could also be 

due to the syndrome being favoured by an ecological condition shared by each 

population at the time of testing (i.e. adaptive hypothesis). Alternatively, when 

syndrome structure differs between populations, seemingly supporting the 

adaptive hypothesis, it could also mean that stable syndromes have evolved in 

each population separately.  If behaviours are not able to evolve independently, 

then behavioural syndromes should be stable over time and across related 

populations. Alternatively, if behaviours are independent but syndromes are 
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favoured only under some ecological conditions, then their appearance should 

fluctuate with dynamic ecological conditions. Long-term repeated measurements 

on wild populations are therefore critical for disentangling the mechanisms 

generating correlated traits. 

Here, we investigated the appearance and stability of behavioural syndromes in 

free-ranging juvenile lemon sharks, Negaprion brevirostris, from two adjacent 

subpopulations across 5 years. Lemon sharks are a common open water predatory 

fish in the Caribbean. In our study site, the Bimini islands (Bahamas, 25°43.70′N, 

79°18.00′W; Fig. 1), sharks are born in April and May of each year and use the 

mangrove surrounding the islands as a nursery for the first 3–5 years of their lives 

(Morrissey & Gruber, 1993a). During that time, they have limited home ranges 

and can be found in a few specific areas (‘nurseries’) around the island (Morrissey 

& Gruber, 1993b). This study focused on the subpopulations inhabiting two of 

these areas: North Sound and Sharkland (Fig. 1). Despite being spatially 

connected, the two subpopulations are almost totally separated with respect to 

emigration and immigration (Gruber et al., 2001) due to strong site fidelity by 

juvenile sharks(Edrén & Gruber, 2005; Morrissey & Gruber, 1993b). These two 

areas differ in their predatory shark abundance, with Sharkland having more 

predators than North Sound (Guttridge et al., 2012), which provides an 

opportunity to test for differences in behavioural syndromes due to predation 

pressure. Additionally, juvenile lemon sharks from these subpopulations have 

been subject to a yearly mark–recapture programme providing us with long-term 

subpopulation demographic estimates that can be used as proxies for intraspecific 

competition (Gruber et al., 2001). Finally, juvenile lemon sharks in our study site 

have been studied for personality since 2012, and their behaviour is repeatable in 

two separate behavioural assays (novel open-field assay (Finger et al., 2016) and 

sociability assay (Finger et al., 2018)). Here, we took advantage of this long-term 

personality data set to test (1) how stable behavioural syndromes (measured as 

phenotypic correlations) are across time and subpopulation. If the two traits we 

measured (hereafter referred to as ‘sociability’ and ‘exploration’) had not evolved 

independently on short evolutionary timescales (i.e. ‘constraint hypothesis’, D. S. 

Wilson, 1998), we predicted that the behavioural syndrome would be stable over 
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time and across the two subpopulations. If the behavioural syndrome was unstable 

over time, we then tested (2) whether syndrome strength and direction were 

predicted by two important ecological conditions: predation and intraspecific 

competition. We tested this at two levels: across years and between the two 

subpopulations.  We hypothesized that lower sociability and increased exploration 

could enhance individual resource acquisition by reducing competition among 

individuals but may incur costs by exposing the animal to higher predation risk. 

Alternatively, an animal can reduce predation risk by reducing exploration and 

increasing sociability, but this could come at the cost of diminished resource 

acquisition. Therefore, we predicted the relationship between sociability and 

exploration to be negative and the syndrome stronger (i.e. more negative) in 

predator-abundant years and in years when intraspecific competition was higher. 

We then also predicted that in the subpopulation showing higher predator 

abundance (Sharkland) and higher competition overall, the syndrome should be 

stronger and more negative.  
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Figure 1. Map of the Bimini Islands (25°43.70‘N, 79°18.00‘W). The two areas of 

interest (North Sound and Sharkland) are shown, as well as the capture locations 

of the sharks and the position of the acoustic receivers used for predatory shark 

abundance estimations. 
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Methods 

Overview 

Briefly, each year, we captured juvenile sharks from both North Sound and 

Sharkland (Fig. 1). We measured the behaviour of a subset of these sharks in two 

behavioural assays (novel open-field and sociability, see ‘Sociability assay’ and 

‘Novel open-field assay’ below for details). This was repeated across 5 years in both 

subpopulations (2012, 2014, 2015, 2016, 2017). We additionally measured several 

important ecological conditions (see ‘Ecological conditions’ below for details) each 

year: predation pressure (as measured by predator abundance), intraspecific 

competition (as measured by subpopulation size and newborn recruitment) and 

juvenile survival, which represented the overall pressure (from predation, 

competition and others). We tested whether syndrome strength and direction 

differed between the two sites based on predator abundance, which is much higher 

in Sharkland. We then tested whether syndrome strength and direction differed 

across years based on the measured ecological conditions. 

 

Shark Capture and Handling 

Sharks from North Sound and Sharkland were captured using gillnets between 15 

May and 15 June from 2012 to 2017. Each subpopulation was sampled at three 

capture locations simultaneously over 6 consecutive nights of 12 h each (see Fig. 1 

for the capture locations).  

Upon capture, the sharks were checked for the presence of a passive integrated 

transmitter (PIT, Destron Fearing Corp., Dallas, TX, U.S.A), tagged, sex 

determined, measured to the nearest millimetre (precaudal length) and 

transferred to a housing pen (see below for details on pen construction). This 

approach ensured that 99% of the sharks in each subpopulation were sampled 

every year (as estimated by Gruber et al., 2001).  

 A random subset of the sharks captured each year was fitted temporarily with 

coloured T-bar anchor tags (Floy Tag Inc., Seattle, WA, U.S.A) on the first and/or 
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second dorsal fin to allow individual recognition. They were then transferred to 

the experimental arena to be tested in sociability and novel open-field assays.  

 

Figure 2. The experimental arena and the housing pen. (a) Bird’s-eye view. (b) 

Schematic representation. 

 

Experimental Arena 

 The arena was built in the shallow waters off North Bimini, on a sandy 

bottom, less than 1 km from the sharks’ capture location (water depth range 40–

170 cm). It was built using steel rebars, orange construction mesh (Sentry HD, 

Tenax Inc., Baltimore, MD, U.S.A), cable ties and concrete blocks.  

The experimental arena was composed of three main pens: the housing pen, in 

which sharks were kept in between the assays; the sociability pen, in which sharks 

were assayed in groups of six; and the novel open field in which sharks were 

assayed individually (Fig. 2). The pens were interconnected by channels to 

facilitate the transfer of sharks from pen to pen (Fig. 2). The housing pen was a 

large oval (15 m x 5 m) divided into three sections, to keep the sharks in size-

matched groups. This was important for the sociability assay because juvenile 

lemon sharks are known to prefer following larger conspecifics (Guttridge et al., 

2011). The sociability pen was circular (10 m diameter) and placed 4 m from the 

housing pen, whereas the novel open field was rectangular (6 m x 12 m). The novel 

open field was divided into 18 sections (2 m x 2 m) by markers on the sea floor. 
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These sections allowed observers to quantify movements within the pen during 

the novel open-field assay. 

To avoid handling stress, we transferred the sharks from one pen to the next by 

ushering them through a series of manually operated gates, a channel (4 m x 1 m) 

and a start box (3 m x 2 m; Fig. 2). The opening and closing of the gate that 

provided access to the novel open field could be controlled from the outside of the 

enclosure via a pulley mechanism made of marine grade ropes. 

 We built wooden observation towers (height ca. 3 m) on the north side of the 

sociability pen and the novel open field to facilitate behavioural recordings by 

observers and reduce shadows. In addition, a camera (GoPro HD Hero Naked, 

GoPro Inc, San Mateo, CA, U.S.A) was positioned over the sociability pen to record 

the assay (height ca. 5 m).  

 

Sociability Assay 

A day prior to testing, six sharks were randomly selected from a size-matched 

group (4.39 ± 2.72 cm, mean ± SD, differences in precaudal length; mean precaudal 

length: 54.1 cm) and transferred from the housing pen to the sociability pen. They 

were fed to satiation (to reduce dissimilarity in hunger level between the 

individuals; Biro & Dingemanse, 2009) using locally caught barracuda fillets, 

Sphyraena barracuda, and left overnight to habituate to the pen.  

We performed all sociability assays within 1–3 h of low tide (NOAA tide 

predictions at TEC4617, North Bimini) to avoid large differences in depth. We 

observed the sharks in shallow depth (<1 m) to prevent them from swimming over 

one another and avoided the slack tide as sharks tended to rest on the sea floor 

during that time (Finger et al., 2018). The trial began 15 min after observers had 

settled on the observation tower and lasted for 20 min. 

From the video recordings of each assay, we measured the behaviour of the sharks 

using ImageJ (Schneider, Rasband, & Eliceiri, 2012), with the MTrackJ plugin 

(Meijering, Dzyubachyk, & Smal, 2012). Every 30 s, the location of each shark (the 
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tip of the snout) was recorded three times over 3 s resulting in 120 total data 

points, grouped together in 40 3 s intervals for each shark in each video. The tracks 

were later processed through an algorithm developed by Finger et al., (2018) for 

the same assay in the same study system. Briefly, the algorithm used the position 

and the orientation of each shark for each of the 40 observations to calculate the 

distance between the sharks and their orientation relative to one another (e.g. in 

front, behind, side by side). The score obtained through this algorithm reflected 

the proportion of time a shark spent actively socializing with a conspecific (i.e. 

swimming parallel to or behind, but not leading) and was previously found to be 

repeatable in our system (Finger et al., 2018). Here it is referred to as ‘sociability 

score’. 

 

Novel Open-field Assay 

 Immediately after the sociability assay, each shark was tested in the novel 

open-field assay individually. A shark was ushered to the start box where it stayed 

for 5 min to recover from any stress generated during the transfer. We then opened 

the gate, allowing the shark to access the novel open field. The assay started once 

the shark had entered the open field, after which we closed the gate to prevent the 

shark from re-entering the start box. We observed the behaviour of each shark for 

10 min. The floor of the arena was delineated into 18 sectors (see Fig. 2), and we 

recorded the total number of sectors visited during the trial (including revisits). 

The rate of movements (i.e. average number of sectors visited per min, referred to 

as ‘exploration’) of the shark in the novel open field was previously shown to be 

repeatable in the same system, and was shown to be a proxy for the sharks’ 

reaction to novelty rather than their activity levels (see Finger et al., 2016).  

As the sociability pen was very large we tested sharks in an opportunistic order 

based on how close they were to the start box. We confirmed that the order of 

testing did not influence our results by testing for the effects of water depth on 

exploration. Observations began at low tide, so increasing water depth correlated 
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with the order of the observations. We found no effect of water depth on the 

exploration scores (χ21, 309 = 0.05, P > 0.7).  

 After the assay, each shark was transported back into the housing pen 

individually using a 100-litre plastic container filled with sea water. In 2015, 2016 

and 2017 we tested sharks twice in both assays with a minimum of 4 days between 

the assays to mitigate the effect of habituation (Finger et al., 2016). For the 

sociability test, we changed the group composition between test and retest to 

control for potential effects of social preferences (Keller, Finger, Gruber, Abel, & 

Guttridge, 2017). Retests were not possible if the sharks had already spent too 

long in captivity or the weather prevented the observations. In 2012 and 2014 no 

retests were conducted. 

 

Ethical Note 

A total of 217 juvenile lemon sharks were used for this study (age 1–3 years, sex 

ratio 1:1). They were caught in the wild using gillnets that were checked every 15 

min. They were then transferred to holding enclosures built directly into their 

habitat. No sharks died in captivity during the experiment. We limited captivity 

time to a maximum of 5 weeks. While in captivity, sharks were fed every other day 

on frozen and fresh locally caught fishes (mostly S. barracuda and Sardinella v.). 

The daily ration was 2% of the sharks’ body weight to match their estimated daily 

ration in the field (Cortés & Gruber, 1990). Handling was kept under 5 min to 

limit stress (i.e. for tagging, measurement, etc.). Internal tags (12 mm) were 

inserted in the muscle near the dorsal fin, and external tags were placed in the fin 

tissue, both without anaesthesia. On completion, we removed external tags and 

fed the sharks to satiation before releasing them at their site of capture. All 

procedures were approved by the Department of Marine Resources, Bahamas 

(Permit no: MAF/LIA/22). 

 

Ecological Conditions 
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We were interested in how changes in predation pressure and intraspecific 

competition might influence the emergence and strength of behavioural 

syndromes. We used several measures as proxies for these ecological conditions. 

Predatory shark abundance in each subpopulation was used as a proxy for 

predation pressure, and total subpopulation size and newborn recruitment were 

used as proxies for intraspecific competition. Finally, juvenile survival 

encompassed the pressure from predator abundance, intraspecific competition and 

other potential factors. Juvenile lemon sharks in Bimini are known to be preyed 

upon by larger conspecifics and by sharks of other species (Guttridge et al., 2012). 

North Sound and Sharkland have different predatory shark abundances with 

Sharkland having more predators (Dibattista, Feldheim, Garant, Gruber, & 

Hendry, 2011; Guttridge et al., 2012; Hussey et al., 2017). To get updated 

information on the presence of predators in each area, we used telemetry data 

collected as part of a separate study quantifying mature shark movements around 

the Bimini Islands. Between 2012 and 2018, large sharks were captured monthly 

using long lines and fitted with acoustic transmitters (V16, Vemco, Bedford, 

Canada; for more information on capture methods see Hansell et al., 2018). An 

array of 75 acoustic receivers (VR2W, Vemco) was deployed around the Bimini 

Islands to monitor the sharks’ movements. Each time a large shark fitted with a 

transmitter swam within the range of a receiver, the time, date and identity of the 

shark were recorded (for detection range estimates see Guttridge et al., 2017). We 

only considered the data collected from 2015 to 2018 for this study, as receivers 

were placed in North Sound at the end of 2014. For each year, we determined the 

predator abundance in each area by dividing the number of large sharks detected 

in that area by the number detected on all other receivers around Bimini (see Fig. 

1 for location of the receivers in North Sound and Sharkland). We considered three 

large shark species (blacktip shark, Carcharhinus limbatus, bull shark, 

Carcharhinus leucas, and large lemon shark) as potential predators as they are 

known to feed on lemon sharks and other chondrichthyans (Hoffmayer & Parsons, 

2006; Morrissey & Gruber, 1993b; Tuma, 1976; Vorenberg, 1962; Wetherbee, 

Gruber, & Cortés, 1990). Note that these data were not originally collected to 

estimate predatory shark abundance and so we only used them to estimate overall 
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differences between the two subpopulations, but not between years. Consistent 

with previous studies (Guttridge et al., 2012), we were able to confirm here that 

the Sharkland area had significantly higher predatory shark abundance than 

North Sound (paired t test: t3 = -4.26, P = 0.02; Fig. 3a) in 2015, 2016 and 2017. 

We used two measures of each subpopulation’s demographics as proxies for 

intraspecific competition: total subpopulation size and newborn recruitment. The 

birth of sharks in April represents a large increase in intraspecific competition if 

it is not accompanied by an increase in resource availability. While we did not 

measure resource availability for this study, previous work in Bimini shows that 

the prey assemblages available to the lemon sharks do not fluctuate between 

seasons (Newman, Handy, & Gruber, 2007). As a result, newborn recruitment 

could be a meaningful proxy for intraspecific competition on a shorter timescale, 

whereas total subpopulation size represents longer term trends in each area. We 

recorded total subpopulation size of newborns and older juveniles in each 

subpopulation every year in June during the previously described yearly mark–

recapture study (Gruber et al., 2001). From this survey we were also able to 

estimate newborn recruitment as the number of newborn sharks caught in each 

area in each year.  
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Figure 3. Bar plot of the ecological conditions as a function of year for each 

subpopulation. (a) Predatory shark abundance, (b) subpopulation size, (c) yearly 

survival (proportion of sharks captured at year n-1 that were also captured the 

subsequent year and that were under 3 years old) and (d) newborn recruitment 

(number of newborn sharks caught in each area in each year). 

 

Finally, the proportion of sharks captured at year n-1 that were also captured the 

subsequent year and that were under 3 years old (the age at which they are likely 

to disperse; Chapman et al., 2009) was used as an estimate of juvenile survival. 

This measure represents under how much pressure (from predation, competition 

or other) the sharks living in each area were during the year that preceded the 

personality assays. These estimates were available from 2012 to 2018. Total 
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subpopulation size and juvenile survival varied across years but there were no 

significant overall differences between the areas (total subpopulation size: paired 

t test: t6 = -0.28, P = 0.8; Fig. 3b; juvenile survival: paired t test: t6 = 0.55, P = 0.6; 

Fig. 3c). Newborn recruitment also varied across years, and Sharkland had 

significantly less recruitment than North Sound (paired t test: t6 = 4.23, P = 0.005; 

Fig. 3d).  

 

Statistical Analysis 

 We used the first observation of each behavioural assay for each shark as 

sharks have been observed to habituate to the novel open-field assay on a short 

timescale (Finger et al., 2016) and repeats were not available for every individual. 

We included sharks between 1 and 3 years of age (i.e. juveniles), since newborns 

(< 1 year) were only sampled in 2 of the 5 years and sharks over 3 years old were 

rarely assayed (only five individuals). No data were available from 2013 as we 

were forced to release the sharks and cancel the assays due to tropical storm 

Andrea. An overview of the resulting sample size is shown in Table 1 (sharks’ 

mean precaudal length = 54.1 ± 3.76 cm SD, N = 217, sex ratio 1:1).  

Statistical analyses were performed in the R environment, version 3.5.2 (R Core 

Team, 2017). We first confirmed that the behaviours we measured were repeatable 

in the sharks used for this study, as had been found in previous work (see Finger 

et al., 2016, 2018). For both traits, we created a separate data set including every 

shark for which repeated measures of behaviour were available (novel open-field 

assay: N = 95; sociability assay: N = 55; all in 2015, 2016 and 2017). We modelled 

exploration as a function of body size (i.e. precaudal length) and year and 

sociability as a function of year with individual included as a random term in the 

‘lme4’ package (Bates, Maechler, Bolker, & Walker, 2015). We then calculated 

adjusted repeatability for each behaviour using the rptR package (Stoffel, 

Nakagawa, & Schielzeth, 2017) with 10 000 iterations. Sociability was cubed to 

meet the assumptions of normality.  
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Table 1. Number of sharks assayed per year, per subpopulation  

 North Sound Sharkland 

2012 17 22 

2014 17 18 

2015 22 16 

2016 19 40 

2017 22 24 

Total 97 120 

Assays were cancelled in 2013 due to tropical storm Andrea. 

 

 To test whether the behavioural syndrome changed across years in each 

subpopulation, we modelled the effect of one behavioural variable (sociability) on 

the other (exploration). As we were interested in the effect of year on the slope 

between the exploration score and sociability score in each subpopulation, we 

modelled exploration as a function of a three-way interaction between sociability 

(continuous), year (five-level factor) and subpopulation (two-level factor). The 

model was then backwards simplified using F tests until the best predictors for 

exploration were found. Then, to investigate how patterns of variation differed 

between the two subpopulations we investigated each subpopulation separately 

and tested for a two-way interaction between sociability and year on exploration. 

Picking which behavioural variable (exploration versus sociability) to model as the 

response was arbitrary; however, exploration exhibited greater variance and did 

not require transformation to meet assumptions of normality, so we present 

results here with exploration as the response variable. We confirmed, however, 

that the results were similar if we instead fitted sociability as the response 

variable (results not shown). All the models mentioned above were conducted 

using the lme4 package (Bates et al., 2015).  

 Finally, we used a meta-analytical framework to test whether differences 

in the strength of the behavioural syndrome between years and subpopulations 

was predicted by variation in ecological conditions (Garamszegi et al., 2012). For 



Chapter 2 - Comparing behavioural syndromes across time and ecological conditions in a 

free-ranging predator 

 

38 
 

each year and each subpopulation, we generated a Fisher Z-transformed 

correlation coefficient between sociability and exploration. We then calculated the 

effect sizes and the associated sampling variances for each coefficient. Because we 

did not have predator abundance estimates for each year, we created two separate 

models. The first model contained only data from the years when predatory shark 

abundance and behavioural data were measured (2015 - 2017). It aimed to test all 

the ecological conditions together. The second contained all the years of data 

(2012–2017) and aimed to test only the effect of total subpopulation size, newborn 

recruitment and juvenile survival. For each model, we included year as a random 

effect to account for yearly observation biases. In both cases, we first created a null 

model with no moderators to test whether there was significant heterogeneity of 

the behavioural correlations in the model (i.e. ‘test of heterogeneity’). Then, if this 

was the case, we added our moderators of interest (i.e. subpopulation size, 

newborn recruitment, juvenile survival and predatory shark abundance) to see 

whether they explained a significant portion of the variation among the 

behavioural correlations (Nakagawa & Santos, 2012).  For each model, we 

inspected  the likelihood profile plots of the variance components to ensure that 

the variance was correctly identified and that the models were not 

overparametrized (Konstantopoulos, 2011). We used the metafor package for this 

analysis (Viechtbauer, 2010).   

 

Results 

Repeatability Estimates 

Repeatability of the sociability score, adjusted for year, was 0.33 (95% confidence 

interval (CI) [0.13, 0.52], between-individual variance (s²) = 0.017, total s² = 0.051, 

N = 55, P < 0.01). For the exploration score, repeatability, adjusted for year and 

body size, was 0.37 (95% CI [0.23, 0.51], between-individual s² = 0.00069, total s² 

= 0.00179, N = 95, P < 0.0005).   
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Table 2. Results of the final linear model testing the fixed effects on exploration in 

the novel open field  

Effect Estimate (SE) Fdf P 

Intercept 

Sociability 

Subpopulation (Sharkland) 

Year (2014) 

Year (2015) 

Year (2016) 

Year (2017) 

Sociability*Subpopulation (Sharkland) 

Sociability*Year (2014) 

Sociability*Year (2015) 

Sociability*Year (2016) 

Sociability*Year (2017) 

0.31 (0.06) 

-0.05 (0.07) 

0.21 (0.06) 

-0.26 (0.09) 

-0.14 (0.08) 

-0.23 (0.07) 

-0.18 (0.08) 

-0.26 (0.07) 

0.31 (0.11) 

0.19 (0.09) 

0.24 (0.09) 

0.22 (0.10) 

 

5.66 1,211 

3.14 1,211 

6.38 4,214 

 

 

 

7.41 2,207 

4.74 8,213 

 

 

 

0.02 

0.07 

< 0.0001 

 

 

 

0.0007 

< 0.0001 

 

Multiple R2 0.19 4.51 11,205 < 0.0001 

The intercept is taken as North Sound subpopulation in 2012. Significance of fixed 

effects was tested with an F test comparing the fit of two models with and without 

the effect of interest. 
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Stability of the Behavioural Syndrome  

We found evidence that behavioural syndromes were unstable both across years 

and between our subpopulations of juvenile lemon sharks. Our final model 

indicated a significant interaction between sociability and subpopulation and also 

between sociability and year (Table 2, Fig. 4). Individuals tested in Sharkland in 

2012 showed the most negative relationship between exploration and sociability 

Figure 4. Behavioural syndromes 

for each year and in total in 

Sharkland and in North Sound. 

Exploration was measured as the 

rate of movements (i.e. average 

number of sectors visited per min) 

and sociability was the proportion 

of time a shark spent actively 

socializing with a conspecific (i.e. 

swimming parallel to or behind, 

but not leading). Significant 

regression lines are extracted from 

the model output (see Tables 2–4).  
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(Fig. 4). To test whether this particular year was driving our results, we removed 

2012 and reran the model; here we found that the sociability*year interaction was 

nonsignificant (F3,168= 0.8, P = 0.47), but the sociability*subpopulation interaction 

remained (F1,166= 4.91, P = 0.03) providing evidence that across all years, the 

subpopulations differed in their syndrome structure. 

We then investigated the structure of the behavioural syndrome within each 

subpopulation separately. Within Sharkland, there was a significant interaction 

between sociability and year (Table 3). The significance of the sociability*year 

interaction was lost when the data from 2012 were removed from the model (F3, 

93= 0.649, P = 0.585) but sociability remained a significant negative predictor of 

exploration (F1, 94 = 5.875, P = 0.017) and there were significant differences 

between years in exploration (F3, 96 = 7.337, P = 0.0001). In contrast, we found no 

evidence that the relationship between sociability and exploration differed across 

years in North Sound (Table 4). In fact, sociability was not found to be a predictor 

of exploration in North Sound at all (Table 4). 
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Table 3. Results of linear models testing the effects of sociability and year on 

exploration in the novel open field in Sharkland  

Effect Estimate (SE) Fdf P 

Intercept    

Sociability         

Year (2014)          

Year (2015)           

Year (2016)        

Year (2017)        

Sociability*Year (2014)   

Sociability*Year (2015)   

Sociability*Year (2016)   

Sociability*Year (2017)  

0.67 (0.09) 

-0.47 (0.11) 

-0.41 (0.12) 

-0.31 (0.10) 

-0.38 (0.10) 

-0.30 (0.11) 

0.49 (0.14) 

0.39 (0.13) 

0.41 (0.11) 

0.33 (0.14) 

 

9.99 1,115 

5.06 4,118 

 

 

 

3.5 1,114 

 

0.002 

0.0008 

 

 

 

0.009 

Multiple R2 0.27 4.65 9,110 < 0.0001 

The intercept is taken as 2012. Significance of fixed effects was tested with an F test 

comparing the fit of two models with and without the effect of interest. 
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Table 4. Results of linear models testing the effects of sociability and year on 

exploration in the novel open field in North Sound  

Effect  Estimate (SE) Fdf P 

Intercept    

Sociability         

Year (2014)          

Year (2015)           

Year (2016)        

Year (2017)        

Sociability*Year (2014)   

Sociability*Year (2015)   

Sociability*Year (2016)   

Sociability*Year (2017) 

0.25 (0.06) 

0.009 (0.07) 

-0.23 (0.19) 

-0.06 (0.13) 

0.02 (0.15) 

-0.03 (0.12) 

0.29 (0.22) 

0.11 (0.15) 

-0.03 (0.18) 

0.06 (0.14) 

 

1.08 1,91 

2.95 4,95 

 

 

 

0.55 4,91 

 

> 0.05 

0.024 

 

 

 

> 0.05 

Multiple R2 0.15 1.8 9,87 0.07 

The intercept is taken as 2012. Significance of fixed effects was tested with an F test 

comparing the fit of two models with and without the effect of interest. 

 

Ecological Drivers of the Syndrome 

Looking across the years for which we had predatory shark abundance estimates 

(2015–2017), the test of heterogeneity for the null model was nonsignificant (Q5 = 

8.03, P = 0.15). We were therefore unable to test for the effects of moderators on 

this subset of the data.  

Looking across all years and subpopulations, the test for heterogeneity of the null 

meta-analytical model was significant (Q9 = 19.52, P = 0.02). This confirmed that 

the correlation coefficients were significantly different between years and 

subpopulations, validating the possibility of testing moderators. Prior to analysis, 

we found that total subpopulation size was nearly significantly correlated with 

newborn recruitment (Pearson correlation: r = 0.57, N = 10, P = 0.08) and 

significantly correlated with juvenile survival (Pearson correlation: r = 0.65, N = 

10, P = 0.03). We therefore excluded total subpopulation size from the model and 
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included only newborn recruitment and juvenile survival (Pearson correlation: r = 

0.19, N = 10, P = 0.5). Newborn recruitment was a significant predictor of the 

strength and direction of the behavioural syndrome (QM1 = 6.42, P = 0.01; Fig. 5) 

whereas juvenile survival was not (QM1 = 0.44, P = 0.5). When newborn 

recruitment was low, the relationship between sociability and exploration was 

stronger and more negative (i.e. a more explorative shark in the novel open-field 

test had lower sociability; Fig. 5). Interestingly, in years when newborn 

recruitment was high, the behavioral syndrome disappeared (i.e. was close to zero; 

Fig. 5).  
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Figure 5. Effect sizes as a function of newborn recruitment. Each data point is 

weighted by the sample size that was used to calculate the effect size: larger bubbles 

represent larger sample sizes. The trend line represents the linear relationship 

between effect sizes and newborn recruitment.  

 

Discussion 

 We investigated the presence and stability of a behavioural syndrome 

between two repeatable behavioural traits (sociability and exploration in a novel 

open field), in free-ranging juvenile lemon sharks from two subpopulations. 

Importantly, the behavioural syndrome appeared only in the subpopulation with 

higher predator abundance, Sharkland. In the other population, North Sound, 

which experienced lower predator abundance, we did not observe the behavioural 

syndrome. Additionally, we found that the strength of the behavioural syndrome 

was predicted by the recruitment of newborn sharks: in years when there was 

lower newborn recruitment, sharks were more likely to exhibit a stronger and 

more negative relationship between exploration and sociability. Our results 

suggest that associations between behavioural traits are plastic and that they can 
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be predicted by specific ecological conditions, for example by the birth of 

conspecifics. 

By comparing behavioural syndrome structure between populations of the same 

species living in different environments over time, we attempted to test the two 

main hypotheses that explain behavioural trait associations (‘adaptive hypothesis’ 

and ‘constraint hypothesis’, Bell, 2004). If the behavioural traits measured during 

our study were not free to evolve independently (e.g. ‘constraint hypothesis’), we 

would have expected to observe a stable behavioural syndrome that was shared 

among both subpopulations (as is the case in the social spider A. studiosus, Pruitt 

et al., 2010 and the delicate skink, Lampropholis delicata, Michelangeli, Chapple, 

Goulet, Bertram, & Wong, 2019). Here, we observed that our subpopulations 

differed in behavioural syndromes. In one subpopulation, North Sound, the two 

behavioural traits were never correlated in 5 years of measurement, while in the 

other, covariance between the traits differed between years, forming an unstable 

behavioural syndrome. While our sample compared only two subpopulations, our 

results suggest that the coupling of the behavioural traits is plastic and is favoured 

by variation in the ecological conditions.  

Predation has often been documented as a main factor driving the emergence of 

behavioural syndromes (Bell, 2004; Smith & Blumstein, 2012). In our study, we 

investigated behavioural syndromes on a rarely studied cartilaginous fish in free-

ranging conditions. Accordingly, behaviour could only be monitored in two 

subpopulations making it difficult to control for confounding effects in a systematic 

way. Our results are nevertheless consistent with previous studies in that in the 

subpopulation experiencing higher risk (Sharkland), a behavioural syndrome 

emerged in some years, whereas in the subpopulation experiencing lower risk 

these correlations did not appear (similar to Bell & Sih, 2007). This difference 

between the subpopulations was maintained when we removed from the data the 

year that had the most significant correlation between the behavioural traits 

(2012). This could happen because the presence of predators as a stressor is 

expected to generate a trade-off causing the traits to correlate more tightly and/or 

because each end of the behavioural spectrum represents an alternative strategy 
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to cope with predator pressure (Bell & Sih, 2007). For instance, in Bimini, it is 

likely that an increased presence of predators creates a tighter trade-off between 

resource acquisition and safety (i.e. refuge use along with conspecifics). In this 

case, we would expect individuals to specialize in resource acquisition despite the 

predation risk and others to specialize in refuge use despite the risk of not 

acquiring enough resources. The relationship between sociability and exploration 

would then be more negative under higher predator pressure (i.e. more explorative 

sharks would be less social). Our observations concur with these expectations; 

however, we were unable to quantify more nuanced differences in predation 

between years and so while it seems likely that predatory shark abundance 

influenced the differences between subpopulations, it is still unclear to what 

extent year-to-year changes in predation influenced the temporal stability of 

behavioural syndromes in our study system.  

Because we collected data over multiple years, we were able to investigate whether 

the strength and direction of the behavioural correlations differed under certain 

ecological conditions. Namely, we were able to look at the effect of total 

subpopulation size, newborn recruitment and juvenile survival on the association 

between exploration and sociability. In the absence of data on resource 

availability, we argue that total subpopulation size probably represents the total 

amount of intraspecific competition in a subpopulation, whereas newborn 

recruitment represents a sudden increase in competition. Juvenile survival gives 

an overview of the overall selection pressure that the subpopulation experienced 

(from competition, predation or other). Increases in intraspecific competition have 

been hypothesized to be important in generating syndromes (Figuerdo, Gladden, 

Vasquez, Wolf, & Jones, 2005; Toscano et al., 2016). In our study, it could drive 

the appearance of a syndrome between sociability and exploration. More 

explorative animals may benefit from their behavioural phenotype in the context 

of foraging when resources are limited (Toscano et al., 2016). This is because they 

may find new food patches more readily and avoid intraspecific competition 

(Spiegel, Leu, Bull, & Sih, 2017). In Bimini, where mangrove and sea-grass fish 

communities do not vary significantly between seasons (Newman et al., 2007), an 

increase or decrease in the size of the shark subpopulation could dramatically 
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change resource availability. As intraspecific competition increases, more 

explorative individuals may benefit from actively avoiding conspecifics to reduce 

competition and exploit patchy and ephemeral food resources.  In contrast, in 

years when the subpopulation size is small, and resources are less limited, more 

explorative individuals may benefit more from associating with conspecifics in the 

mangrove inlets that offer protection from predators (Guttridge et al., 2011). As 

such, we expected that an increase in intraspecific competition would lead to more 

explorative sharks being less social.  

 Interestingly, we found newborn recruitment to be a significant predictor of 

the appearance of the behavioural syndrome but in the opposite direction from 

what we predicted.  In years when recruitment was low (i.e. apparent low 

intraspecific competition), the sharks that were more explorative were the least 

social. In contrast, in years where recruitment was higher, sharks that were more 

explorative were as social as the others (i.e. the syndrome disappeared). This could 

be explained if high recruitment additionally represents an increase in predator 

abundance, along with the expected increase in competitor abundance.  This seems 

a plausible explanation since high recruitment is likely to be associated with an 

increased presence of adult female lemon sharks coming to the nursery for 

parturition (Feldheim et al., 2002). Additionally, newborn recruitment is 

significantly lower in Sharkland than in North Sound across the years. We capture 

the sharks every year in May but sharks may have been giving birth since April 

(see Feldheim, Gruber, & Ashley, 2006). In this case, the lower observed 

recruitment in Sharkland in May may be the direct result of newborns being under 

a stronger predation pressure in this area. Thus, newborn recruitment, which we 

expected to be a proxy for intraspecific competition, might in fact represent a 

short-term increase in predator abundance. In this case, when recruitment is high, 

we could expect less explorative behaviours to be favoured in the juvenile lemon 

sharks. The benefits of high exploration (i.e. high resource acquisition) could then 

be outweigh by the increased predator presence. More explorative individuals 

would therefore prefer associating with conspecifics in safer environments even if 

competition for resources is higher. This interpretation of the data should be taken 

with caution, however, as the effect of newborn recruitment on the syndrome is 
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probably driven by the data we collected in 2012. Nevertheless, we see no reason 

to consider this particular year as an outlier and to exclude it from our study. We 

acknowledge, however, that more replicates are necessary to validate our results 

regarding the ecological drivers of behavioural syndromes in the juvenile lemon 

shark system. 

The literature on behavioural syndromes has, in recent years, focused on 

separating within-individual and between-individual correlations in behaviour 

(Brommer, 2013; Dingemanse & Dochtermann, 2013). This approach usually 

requires the use of multivariate models, which allow for the decomposition of 

phenotypic correlations. We investigated behavioural syndromes on a nonmodel 

elusive species, in the wild, which addresses an important gap in our field of study 

(Archard & Braithwaite, 2010; Finger et al., 2017). However, this system does not 

offer the same possibilities as more common model species in terms of sample size 

or replication. These limitations mean that we were unable to conduct 

multivariate models and instead used linear mixed models and correlations to 

quantify phenotypic correlations. Thus, while we were required to take the 

‘phenotypic gambit’ and assume a similar structure in the within- and between-

individual behavioural correlations (Brommer, 2013; van Oers & Sinn, 2011), our 

study adds a rigorous investigation of long-term behavioural patterns in a free-

ranging predator to the literature. The long-term nature of our data set allowed 

for the use of the meta-analytical framework developed by Garamszegi et al., 

(2015)for the identification of potential spatiotemporal drivers of correlations, a 

question that has also received very little empirical attention.  

 

Conclusion 

To conclude, we found that behavioural syndromes differed between two 

subpopulations of juvenile lemon sharks despite their geographical proximity. 

Variation in newborn recruitment was a main predictor for the strength of the 

associations between behaviours.  As such, we argue that, in our system, the two 

personality traits are probably not constrained by an underlying proximate 
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mechanism and so are free to fluctuate independently. While correlative, our 

results support the ‘adaptive hypothesis’ for behavioural syndromes, especially 

since the only moderator explaining the strength and direction of the syndrome, 

newborn recruitment, also showed high temporal variation across years. Our 

results are also consistent with previous studies showing that populations under 

greater predatory shark abundance exhibit stronger behavioural syndromes. 

Further, in years when more juvenile sharks were born and potentially more 

female lemon sharks gave birth in Bimini, the syndrome was stronger, reinforcing 

the potential role of predator abundance on the syndrome structure. Our results 

highlight the usefulness of a multiyear approach to the study of behavioural 

syndromes to unravel the adaptive and constraint hypotheses in addition to the 

more traditional horizontal approach that compares multiple populations. 
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Abstract 

 

1) Consistent individual differences in behaviour (i.e. personality) can be 

explained in an evolutionary context if they are favoured by life-history 

trade-offs as conceptualized in the pace-of-life syndrome (POLS) hypothesis. 

Theory predicts that faster growing individuals suffer higher mortality and 

that this trade-off is mediated through exploration/risk-taking personality, 

but empirical support for this remains limited and ambiguous. Equivocal 

support to the POLS hypothesis suggests that the link between life-history 

and personality may only emerge under certain circumstances. 

Understanding personality driven trade-offs would be facilitated by long-

term studies in wild populations experiencing different ecological 

conditions.  

2) Here, we tested whether personality measured in semi-captivity was 

associated with a growth-mortality trade-off via risk-taking in the wild in 

two subpopulations of juvenile lemon sharks (Negaprion brevirostris) 

known to differ in their predator abundance. We expected stronger 

personality driven trade-offs in the predator-rich environment as compared 

to the predator-poor environment. 

3) Sharks were captured yearly from 1995 onwards allowing us to obtain long-

term data on growth and apparent survival in each subpopulation. We then 

used a novel open-field assay to test sharks for exploration personality 

yearly from 2012 to 2017. A subset of the tested sharks was monitored in 

the field using telemetry to document risk-taking behaviours. We tested (i) 

if fast explorers in captivity took more risks and grew faster in the wild and 

(ii) if natural selection acted against more explorative, faster growing 

sharks.  

4) In the subpopulation with fewer predators, more explorative sharks in 

captivity took more risks in the wild and grew faster. In turn, larger, fast-

growing sharks had lower apparent survival. In the predator-rich 

subpopulation, despite finding selection on fast growth, we found no link 

between exploration personality and the growth-mortality trade-off.  
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5) Our study demonstrates that the association between personality and life-

history is favoured in some ecological contexts but not in others. We identify 

predator and resource abundance as two main potential drivers of the 

personality mediated trade-off and emphasize that future work on the 

POLS hypothesis would benefit from an approach integrating behaviour 

and life-history across ecological conditions. 

 

Keywords 

growth-mortality, life-history, natural selection, pace-of-life syndrome, 

personality, sharks, trade-offs  
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Introduction 

 

Within a population, individuals often exhibit consistent individual 

differences in behaviour, a phenomenon described as “animal personality” (Réale 

et al., 2007). Maintenance of such within-population variation can be explained 

when behaviour mediates trade-offs between important life-history traits (Réale, 

Garant, et al., 2010; Wolf et al., 2007).  Life-history trade-offs occur when the 

optimal response for one trait is reached at the expense of another (Stearns, 1989). 

Such trade-offs can maintain multiple phenotypes in a population by allowing 

individuals with different behavioural strategies to achieve comparable fitness 

(Mangel & Stamps, 2011). For example, individuals that explore more and take 

more risks may discover more new food patches than their less explorative 

conspecifics (Spiegel et al., 2017). Consequently, they would grow faster and 

reproduce at a younger age but experience higher mortality via predation. In turn, 

less explorative, risk-averse individuals would likely conduct less extensive 

searches for resources, leading to lower growth and delayed reproduction but 

higher survival due to lower predator encounter probabilities (Lapiedra, Schoener, 

Leal, Losos, & Kolbe, 2018). In goldfish (Carassius auratus), individuals that make 

more outings from a refuge acquire more food than their risk-averse conspecifics 

but suffer higher risks from avian predation (Balaban-Feld et al., 2019). In this 

way, individual behaviour is expected to play a critical role in mediating trade-offs 

between important life-history traits such as growth and mortality (Stamps, 

2007). This concept is most comprehensively conceptualized by the pace-of-life 

syndrome (POLS) hypothesis which integrates co-variations in life-history, 

behaviour and physiology within populations (Dammhahn et al., 2018). 

 

Despite a large literature on life-history trade-offs and on animal 

personality, testing the link between these two phenomena has led to equivocal 

evidence (Montiglio et al., 2018; Royauté et al., 2018). For instance, female wild 

cavies (Cavia aperea) that explored more in a known captive environment grew 

faster, in accordance with theoretical predictions. But unexpectedly, exploration 

in a novel open-field correlated negatively with growth and no behaviour 
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correlated with the reproductive output of the animals (Guenther, 2018).  In 

crickets (Gryllus integer), bolder animals were found to have stronger cellular 

immune functions, challenging predictions of the POLS hypothesis (Niemelä, 

Dingemanse, Alioravainen, Vainikka, & Kortet, 2013). More recently, a meta-

analysis revealed that personality only explained a small portion of variance in 

survival (Moirón et al., 2020). Such conflicting results could be due to the 

inadequacy of the testing environment to elicit trade-offs.  Indeed, the need for 

controlled and repeated testing inherent to studies on personality has led to a 

predominance of captive study systems in the literature (Archard & Braithwaite, 

2010). However, local ecological conditions (e.g. predator abundance, resource 

abundance etc.) may be necessary to drive the emergence of life-history trade-offs 

(Moirón et al., 2020; Montiglio et al., 2018). For instance, stronger selection on 

risk-taking behaviours was observed in the presence of predators than in their 

absence in Anole sagrei lizards (Lapiedra et al., 2018). Furthermore, the 

relationship between personality, survival and reproduction was found to be 

habitat dependent in Eurasian red squirrels, Sciurus vulgaris (Santicchia et al., 

2018). Therefore, the link between life-history and personality might be most 

effectively investigated in long-term studies of free-ranging animals experiencing 

strong and variable ecological pressures (Jablonszky et al., 2018; Montiglio et al., 

2018).  

 

The ambiguity of evidence supporting the link between personality and life-

history trade-offs may also arise from the difficulty of establishing the ecological 

relevance of captive behavioural tests (Carter, Feeney, Marshall, Cowlishaw, & 

Heinsohn, 2013). Exploration of a standardized novel open-field in house mice 

(Mus musculus domesticus) reflected exploratory behaviour in semi-natural 

environments (Krebs, Linnenbrink, & Guenther, 2019) and a similar test in great 

tits (Parus major) did not (Arvidsson, Adriaensen, van Dongen, De Stobbeleere, & 

Matthysen, 2017). One test might be appropriately used as a proxy for natural 

behaviours in some species but not in others. Researchers in that case would 

benefit from working in systems in which behaviours measured in captivity can be 

compared to similar behaviours in the field to ensure that the captive tests’ results 
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can be expected to regulate trade-offs in the wild (as previously suggested by Réale 

et al., 2007).  

 

 Here we tested whether personality measured in a novel open-field 

mediates a growth-mortality trade-off via wild risk-taking behaviour, in juvenile 

lemon sharks (Negaprion brevirostris). At our study site, Bimini, Bahamas (Fig.1), 

juvenile lemon sharks exhibit high site-fidelity and small home-ranges, which 

allow for regular monitoring until they die or disperse (Chapman et al., 2009; 

Morrissey & Gruber, 1993b). Previous work suggests that life-history trade-offs 

are important in this system, with slower growing and smaller bodied individuals 

enjoying higher apparent survival (DiBattista et al., 2007) whereas individuals 

that exhibit riskier foraging strategies experience higher growth rate but 

potentially higher predation (Hussey et al., 2017). It is unclear, however, whether 

individual behaviour mediates the growth-mortality trade-off in this system. Wild-

caught juvenile lemon sharks from Bimini were tested yearly in a captive novel 

open-field assay from 2012 to 2017 (n = 286 individuals tested), with a subset of 

the tested sharks (n = 46) monitored in the field for up to a year using acoustic 

telemetry to record their distance from the shore, which is a known refuge from 

predators (Hussey et al., 2017). Then, using 23 years of mark-recapture data (n = 

2,627 individuals), the personality measures and the telemetry data, we tested the 

predictions (i) that faster explorers in the novel open-field were found further from 

shore (i.e. exhibited risk-prone behaviours) and had higher growth rates and (ii) 

that natural selection acted against explorative, fast growing individuals in two 

adjacent subpopulations of juvenile lemon sharks (North Sound and Sharkland, 

see Fig.1). Because these subpopulations were described to differ in their predator 

abundance, with Sharkland having more predators (Dhellemmes, Finger, 

Laskowski, Guttridge, & Krause, 2020; Guttridge et al., 2012), we expected 

selection on exploration behaviour and fast growth to be stronger there than in 

North Sound. 
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Figure 1. Map of the Bimini Islands (N 25.717, W -79.283), displaying the two 

juvenile lemon shark nursery areas (North Sound and Sharkland), the six capture 

locations and the two testing sites.  
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Material and methods 

 

Shark capture and handling 

In Bimini, Bahamas (Fig.1), lemon sharks are born in April and May of each 

year (Gruber, de Marignac, & Hoenig, 2001). They exhibit high site-fidelity and 

can be found for the first two to five years of their lives in specific areas (so-called 

nurseries) around the islands (Morrissey & Gruber, 1993b). In this study we focus 

on the subpopulations inhabiting two nursery areas that are adjacent but almost 

totally separated with respect to emigration and immigration of sharks under 2 

years of age: North Sound and Sharkland (Fig.1) (Gruber et al., 2001). Sharks from 

both subpopulations were sampled in May and June of every year since 1995. 

Sampling was conducted using gillnets (180m, length) deployed perpendicularly 

to the shore at three standard locations (see Fig.1) for six consecutive nights (12 

hours) in each nursery. Nurseries were sampled consecutively resulting in 12 

nights of sampling per year. We checked the nets every 15 minutes to minimise 

stress of sharks and bycatch. Upon capture, sharks were checked for the presence 

of a uniquely coded PIT (Passive Integrated Transponder, Destron Fearing, 

Dallas, Texas, U.S.A.), they were tagged, sexed, measured (Pre-caudal length 

(PCL), nearest mm) and the condition of their umbilical wound was assessed to 

estimate age (see below “age estimations”). Sharks were then transferred to a 

nearby housing pen (details on pen construction: Guttridge et al. (2009)) which 

prevented them from being captured on multiple occasions within the sampling 

period. Consequently, a rapid decrease of the capture rate was observed over the 

six nights of sampling, providing evidence for the very high efficiency of these 

methods (96% of a subpopulation captured by the fourth night of fishing as 

estimated by Gruber et al. (2001)). Since the inception of this mark-recapture 

program in 1995, we recorded a total of 3,419 captures of sharks under two years 

old (0 year old, n = 2,204; 1 year old, n = 1,215) which accounted for the majority 

of sharks captured (n = 1,075 captures of sharks between 2 and 5 years old). 
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Age estimations 

Lemon sharks are placental viviparous and juveniles are born with an 

umbilical wound which closes slowly over a few months (DiBattista et al., 2007).  

As a result, new-born sharks were identified by checking the status of their 

umbilical wound (open to any extent: 0-year-old, fully closed: imprecise age, up to 

5-year-old). Umbilical wound status was not recorded for n = 1,227 sharks. To 

estimate their age, we used a linear regression of age on PCL for sharks that had 

been precisely aged (i.e. via umbilical status) and that were under 2-years-old, as 

we were mostly interested in 0 and 1-year-old sharks for this study (Adjusted R²: 

0.66, F1,3312=6627, P < 0.0001). We predicted the age of the sharks based on the 

linear model, rounding the estimated age to the closest integer. We considered this 

linear estimation relevant as the relationship between body length and age 

(estimated via growth-band counts on vertebral centrum) shows a strong linear 

relationship in sexually immature lemon sharks (< 180cm PCL; mean PCL of 

sharks included in this study: 50.2cm ± 3.34 SD) (Gruber & Stout, 1983). Eight 

unaged sharks did not have a measure of PCL, we therefore used a similar model 

with the total length of the sharks instead. This method proved to be 90.1% 

accurate when used to predict the age of sharks for which umbilical opening data 

was available.  

 

Growth and apparent survival estimations 

Juvenile lemon sharks are likely to disperse from their natal nursery 

between age 3 and age 5 (Chapman et al., 2009; DiBattista et al., 2007). In 

addition, most sharks captured via the mark-recapture program described above 

were 0 or 1 year old, therefore, we only considered in this study animals that were 

under 2 years old (n = 2,627). We calculated growth as the body length (PCL) 

gained from one year to the next (in cm). The sharks’ small home ranges (< 400 m² 

for sharks under 54cm PCL, Morrissey & Gruber (1993)), coupled with the 

efficiency of the capture methods and the negligible emigration at age 0 and 1 

(DiBattista et al., 2007), enabled us to estimate apparent survival based on 

whether sharks were recaptured (apparent survival = 1) or not (shark assumed to 

have died: apparent survival = 0). To avoid under estimating survival, we assumed 
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every shark that was never recaptured but was over 2 years old to have dispersed 

and survived.   

 

Personality assay 

From 2012 to 2017, a subset of the sharks captured (n = 286 individuals, 

mean = 54 tests per year, see table 1.) was subjected to a novel open-field test in 

June of each year. A behavioural testing arena, in which sharks were transferred 

between 4 and 7 days after capture, was built less than 1 km away from the 

mangrove shore. It consisted of three interconnected pens constructed of mesh: a 

housing pen divided in three compartments (10 x 5m), a circular pen for a 

sociability assay (10m diameter) (Finger et al., 2018) and the novel open-field (6 x 

12m) (Fig.2.A). We used two different testing sites: one in North Sound from 2012 

to 2015 and the other in south Sharkland in 2016 and 2017 (see Fig.1). This was 

due to concerns regarding a dredging project on the west side of North Sound, 

which could have compromised visibility and made the tests impossible. In every 

model presented in this study, we account for the potential effect of the testing 

location by adding the year as a random effect. 

Between 12 and 18 hours prior to the assays, sharks were fed to satiation with 

locally caught Sphyraena barracuda filets to avoid hunger biases in behaviour 

(Biro & Booth, 2009). Each trial day, six sharks were observed in a sociability 

assay with a 25-minute duration. Sharks were then individually subjected to the 

novel open-field assay. Data on sociability is not presented here as the sample size 

was significantly lower than on the novel open-field assay due to difficulties with 

the observations (but see Finger et al. (2018) for repeatability of Sociability). The 

sociability and exploration tests could not be conducted on separate days without 

reducing our sample size. This compelled us to consider the potential impact of the 

social interactions experienced during the sociability test on the novel open field’s 

results. We performed pilot tests to study the influence of the size of the group 

with which tested sharks are kept in captivity on the novel open field score and 

found no significant effect (Chi square = 0.07, p = 0.77). In addition, we always 

mixed the groups for the sociability test, so sharks would not be tested twice with 
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the same group (see Finger et al. 2018). For these reasons we are confident that 

the novel open field’s results are not biased by the previous sociability assay. 

 

 

 

Figure 2.A. Aerial view of the behavioural testing arena. B. Schematic 

representation of the novel open field. 

 

For the novel open-field assay, sharks were ushered individually into the 

start-box which separated the sociability pen from the novel open-field. Once a 

shark was in the start-box, it was left to acclimate for 5 minutes. An observer 

standing outside the pen then opened a sliding door to the novel open field. Once 

the shark entered the novel open-field, the start-box was closed, and 10 minutes 

of behavioural observations initiated. We recorded the shark’s position in the pen 
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using small markers on the seafloor that divided the pen into a grid of eighteen 2 

x 2 m areas (Fig.2.B). The number of areas visited per second (including revisits; 

“exploration score”) was previously found to represent juvenile lemon sharks’ 

reaction to novelty and to be repeatable (repeatability adjusted for body size and 

year: 0.37, (Dhellemmes, Finger, Laskowski, et al., 2020)). Further, the order at 

which the sharks were tested in the open field was shown to not influence the 

exploration score (Dhellemmes, Finger, Laskowski, et al., 2020).  

We included in this study only the first exploration score per year per 

individual, as lemon sharks are known to show short term-habituation to the novel 

open-field test (Finger et al., 2016). As a result, some sharks have two measures 

of explorations (see table 1.), but never in the same year (mean number of 

measurements per individual = 1.13, min = 1, max = 2). 

 

Risk taking measurement in the wild 

The novel open-field assay offered a quick, standardized way to obtain 

behavioural measurements on many individuals, but it is unclear whether it is 

relevant to natural behaviours. We measured individual risk-taking behaviour in 

the wild using acoustic telemetry on a subset of the sharks tested in the novel open 

field.  For juvenile lemon sharks, the mangrove shore in Bimini constitutes an 

important protection from predators (Guttridge et al., 2012; Hussey et al., 2017). 

However, the main prey of lemon sharks (e.g. mojarras Gerreidae, grunts 

Haemulidae, Newman, Handy, & Gruber (2009)) also benefit from the refuge 

within the complex structure of this habitat. As a result, sharks have higher 

foraging success in open habitats such as seagrass patches as opposed to mangrove 

edges (R. Bullock 2013, unpublished data) and consequently have higher growth 

rates (Hussey et al., 2017). The decreased potential for sharks foraging away from 

the shore to escape predators within mangrove roots suggests the existence of a 

trade-off between efficient foraging and refuging (Hussey et al., 2017). In this 

context, we assume the distance juvenile sharks swim away from the shore to be 

a good proxy for their willingness to take risks, which is likely to be associated 

with a growth-mortality trade-off.  
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We randomly chose sharks within a size matched group of individuals that 

had received the novel open-field assay to minimize size differences (PCL: mean = 

53.3cm ± 1.8 SD). We surgically implanted acoustic transmitters (CT-82-2-I, 

battery life 14 months, Sonotronics, Tucson, Arizona, U.S.A.) into the body cavity 

of sharks via a 2-3 cm incision made a few centimetres anteriorly to the pelvic fins 

using sterilized instruments. We closed the incision with two or three sterile 

monofilament resorbable sutures (75cm x 24mm; CP Medical ® Portland, Oregon, 

U.S.A.) (See Kessel et al. (2014) for detailed methodology). Sharks were placed into 

a state of tonic immobility (a state of lethargy, comparable to hypnosis, Watsky & 

Gruber (1990)) for the entire procedure. This was preferred to the use of 

anaesthetic since sharks are still able to strongly ventilate their gills under tonic 

immobility and recovery is immediate after the surgical procedure (Kessel & 

Hussey, 2015). The implanted electronic transmitters weighted 9.5g which did not 

exceed 2% of the sharks’ body weight (as recommended by Kilfoyle & Baggeroer, 

2000). After the procedure, sharks were kept in captivity for 7 days and were 

monitored for their healing daily. We then released them at their site of capture.  

We tracked sharks in the North Sound during two consecutive summers 

(2014, n = 17; 2015, n = 12), and sharks from Sharkland the two following summers 

(2016, n = 14; 2017, n = 19). Logistical constraints of equipment and personnel 

limited our monitoring to one subpopulation at a time. Despite needing to spread 

the study over two consecutive years for each subpopulation, we expect conditions 

to be similar within sites and across years. In two separate studies looking at 

faunal communities of Bimini, no seasonal changes in abundance of teleost fishes 

were observed suggesting that within an habitat, resource abundance is stable 

(Grimmel, Bullock, Dedman, Guttridge, & Bond, 2020; Newman et al., 2007). In 

terms of predator abundance, no significant yearly fluctuations in capture rates 

were documented for tiger shark (Galeocerdo cuvier), lemon sharks and blacktip 

sharks (Carcharhinus limbatus) which are potential predators for juvenile lemon 

sharks (Hansell et al., 2018). 

From September to the end of April, we proceeded to the area where the 

tagged sharks lived using a 16ft flat bottomed skiff powered by a 40-horsepower 

outboard engine. This was done twice a week, as long as the weather allowed it. 
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To avoid observer biases in the search procedure, we followed a standardized 

transect to locate the sharks (See Appendix 1, page 145, for transect and exact 

methodology) with speed maintained below 2.5m.s-1 and usually completed the 

transect in 7 hours. 

Once a shark was found, we recorded its identity, the GPS (Global 

Positioning System) coordinates of the boat (decimal degrees), the water depth 

(cm), the bearing to the shark (degrees) and estimated distance (m) from the boat 

to the shark. The position of the shark was then extrapolated from the position of 

the boat using the Haversine formula (Sinott, 1984). We then calculated the 

distance from the shark to the nearest shore using the “gDistance” function 

provided in the rgeos package in R (version 3.5.2) (Bivand & Rundel, 2017; R Core 

Team, 2017). Only sharks that had been encountered on more than five tracking 

events were included in the dataset. Therefore, if a tag was malfunctioning or a 

shark died or was predated upon early in the study, it was removed from the 

dataset. Consequently, following data filtering, the number of individuals for 

which distance from shore data was available in North sound was n = 19 (2014: n 

= 10, 2015: n = 9) and in Sharkland was n = 27 (2016: n = 12, 2017: n = 15) (see 

table 1.). On average each shark was measured 22 times for distance from shore 

(min = 5, max = 65). 

 

Statistical analysis 

All statistical analyses were performed in the R environment (R Core Team, 

2017) version 3.5.2. When relevant, we visually checked normality of the data. 

We acknowledge that multivariate analysis and structural equation 

modelling are becoming increasingly prominent to investigate questions related to 

POLS hypothesis (see for example Moiron, Araya-ajoy, Mathot, & Mouchet, 2019; 

Polverino, Santostefano, Díaz-Gil, & Mehner, 2018; Santostefano, Wilson, 

Niemelä, & Dingemanse, 2017). However, these methods call for a high amount of 

repeated measures within individuals and our dataset was not sufficient to employ 

them (see Table 1.). We therefore present below univariate methods that are more 

suitable to the data used for this study. 
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We used two sample t-tests to compare growth, distance from shore and 

exploration score in the two subpopulations. To verify whether both 

subpopulations presented the same diversity of phenotypes, we compared the 

variance of growth, distance from shore and exploration using F-tests. The 

difference in apparent survival between the subpopulations was tested using a chi-

square test.  

All generalized linear mixed models described below were performed in the 

MCMCglmm package (Hadfield, 2010b). For all models, we set the number of 

iterations to 330,000 with a thinning interval of 100 and discarded the first 30,000 

iterations. We obtained Monte Carlo Markov Chains with a sample size of 3,000 

and with low autocorrelation. Each model was fit using a weakly informative 

inverse gamma prior. We used a gaussian error distribution for every model, 

except for the logistic regressions which were fit using the “categorical” family. 

Growth, exploration and PCL were mean centred and standardized to units of one 

standard deviation within each year and subpopulation to set them on a similar 

scale and meet normality assumptions. Distance from shore was square root 

transformed to meet normality assumptions. 

To test whether each individual’s exploration score obtained in the novel 

open-field assay was a relevant indicator of the distance travelled from the shore 

(i.e. assumed to represent risk taking) we modelled distance from shore (square 

root transformed) as a function of exploration score (standardized) with an 

interaction with subpopulation (factor). We included the interaction to allow for 

the detection of differences in the relationship between distance from shore and 

exploration between the subpopulations. Because we had on average 22 measures 

of distance from shore and 1.13 measures of exploration per individual, we used 

the value of exploration measured before acoustic tracking for each individual and 

their mean distance from shore throughout the study.  

To test whether the exploration score predicted growth in both 

subpopulation we modelled growth (standardized) as a function of exploration 

(standardized) with an interaction with subpopulation (factor). We accounted for 

yearly differences and repeated measures within individuals by including year 

(factor) and PIT Tag number (factor) as random effects. We tested whether 
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distance from shore predicted growth using a similar model but without random 

effects: the mean distance from shore of each individual that received an acoustic 

transmitter was used as a fixed effect, with an interaction with subpopulation.  

We then determined natural selection on the traits of interest according to 

the method developed by Lande & Arnold (1983). Because only sharks that had 

survived a year had a growth estimate, we also used PCL (which has a much larger 

sample size, see table 1.) in the selection analysis, as DiBattista et al., (2007) 

previously found by selection on growth and on body length (i.e. PCL) to act in the 

same direction in our system. This is likely because sharks’ growth at the end of 

an interval is correlated to their pre-caudal length at the beginning of the interval 

(Pearson’s ρ = 0.16, P < 0.0001). In addition, obtaining fast growth and 

maintaining a large body likely requires high resource acquisition (Blanckenhorn, 

2000), resulting in both of those traits being selected against through risk-taking 

and exploration. We contend in this case that selection on PCL can be expected to 

be informative of a growth-mortality trade-off when sample size on growth does 

not allow for its detection. 

To determine selection on growth, body size and exploration score we 

calculated standardized linear selection gradients (β’) and standardized linear 

selection differentials (S’i) in each subpopulation. Gradients estimate selection on 

a trait of interest while holding the effects of all other traits constant, while 

differentials estimate the total selection on a trait, including indirect selection via 

other correlated traits (Lande & Arnold, 1983; Réale & Festa-Bianchet, 2003). 

Accordingly, selection differentials are calculated by regressing fitness on the 

standardized value of each trait independently while selection gradients are 

calculated with every trait included in the model. Here, we regressed relative 

fitness (apparent survival divided by the mean apparent survival of the cohort 

(year and subpopulation)) on the standardized values of growth, PCL and 

exploration. In our case, the available sample size for PCL was much higher than 

for growth, which was much higher than for exploration (see table 1.). Therefore, 

we calculated selection for multiple sub-samples of the data: (i) selection 

differentials on PCL, (ii) selection gradients on PCL and growth, (iii) selection 

gradients on PCL and exploration, and (iv) selection gradients on all traits. 
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Because data on growth was only available if the shark had survived from one 

year to the next, apparent survival would always be “1” for sharks that had an 

available growth measurement. Therefore, any model including growth was made 

using apparent survival to year n+2 rather than to year n+1. To control for 

potential survival and growth benefits of elongated stay in captivity due to testing 

in the open field we also ran selection models on subsets of the data containing 

only sharks that were never tested in captivity.  

Because survival is binomially distributed,  we used logistic regressions for 

significance testing (Réale & Festa-Bianchet, 2003). All selection models were 

computed for each subpopulation separately given difficulties of model 

convergence. Therefore, we checked whether the selection gradients and 

differentials were different between populations using post-hoc t-tests on the 

posterior distributions of each model. We accounted for yearly differences and 

repeated measures within individuals by including year (factor) and PIT Tag 

number (factor) as random effects in all selection models.  

Selection gradients and differentials could not be computed on distance 

from shore due to low number of individuals (see table 1.). However, we computed 

a logistic regression of survival on distance from shore with an interaction with 

subpopulation to estimate the direction of selection on this trait and its 

significance. Similarly to the models including distance from shore above, we used 

the mean distance from shore of an individuals and its survival at the end of the 

tracking season. 

 

Table 1. Overview of sample sizes. A count of each data point is given, followed by 

the number of individuals for which multiple measurements are available. 

 PCL Growth Exploration Distance 

North Sound 1629 (343) 702 (125) 173 (15) 624 (22) 

Sharkland 1789 (313) 702 (148) 151 (10) 407 (24) 

 

 The data used for this analysis is available on the Dryad Digital Repository: 

https://doi.org/10.5061/dryad.ksn02v71r (Dhellemmes et al., 2020) and a R 

markdown file is available as supplementary material (Appendix 2, page 147).  
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Ethical note 

All procedures were approved by the Department of Marine Resources of 

the Bahamas (permit no: MAF/LIA/22). When in captivity, sharks were fed on a 

diet of locally caught fish (S. barracuda and Sardinella spp.) to keep the daily 

ration to 2% of the sharks’ body weight (estimated ration in the field (Cortés & 

Gruber, 1990)). Handling was kept under 5 minutes to limit stress. Surgical 

procedures all lasted less than 8 minutes (mean = 351secs ± 99 SD), with no 

mortality. On completion of the experiments, we removed all external tags and fed 

the sharks to satiation prior to release at their site of capture. 

 

Results 

 

Do fast explorers in captivity swim further from shore in the wild? 

Sharks from both subpopulations did not score differently in the novel open-

field test (mean North Sound = 0.26 ± 0.05 SD, mean Sharkland = 0.26 ± 0.04 SD, 

t321.6 = 1.15, P > 0.05), but there was a difference in variance between the 

subpopulations, with North Sound having a higher variance than Sharkland 

(F26,174 = 1.48, P = 0.01, Fig.3.A). Sharks from North Sound were found 

significantly further away from shore (mean square root distance = 8.74 ± 4.48 SD) 

than sharks from Sharkland (mean square root distance = 5.12 ± 3.13 SD), t1027.5 

= 15.26, P < 0.001 (Fig.3.B). Additionally, the variance in distance from shore of 

the two subpopulations was different with North Sound presenting the most 

variance (F163,596 = 2.05, P < 0.0001, Fig.3.B).  

 

 



Chapter 3 - Personality driven life-history trade-offs differ in two subpopulations of free 

ranging predators 

 

69 
 

 

Figure 3.A. Exploration scores and B. distance from shore of sharks from North 

Sound ● and Sharkland ●. The original datapoints are shown in grey. (. P = 0.05, 

* P < 0.05, ** P < 0.01, *** P < 0.001) 

 

Exploration score predicted distance from shore in North Sound sharks (posterior 

mean = 0.87 [95% confidence intervals: 0.35, 1.50] P < 0.005), but not Sharkland 

sharks (posterior mean = 0.16 [-1.30, 1.40], Fig.4).  
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Figure 4. Mean (+SD) distance from shore for juvenile lemon sharks in relation to 

exploration score for two subpopulations, North Sound ● and Sharkland ●. Each 

point represents an individual’s mean distance from shore. The linear relationship 

between standardized exploration and distance is represented by the solid lines. 

 

Do fast explorers grow faster? 

Growth rate was significantly different between subpopulations, sharks 

from Sharkland grew faster than North Sound sharks (t1403 = -5.00, P < 0.0001, 

mean North Sound = 5.04 ± 2.59 SD, mean Sharkland = 5.72 ± 2.56 SD). However, 

variance was not significantly different between the subpopulations (F 5,704 = 1.02, 

P = 0.8) meaning that both subpopulations maintained the same diversity in 

growth rates. Regarding exploration score in captivity, we found in North Sound 

that the exploration score in the novel open field was positively related to growth 

(posterior mean = 0.27 [0.05, 0.51], P = 0.01, Fig.5.A). In Sharkland, the effect of 

exploration in captivity on growth was not different from zero (posterior mean = 

0.09 [-0.45, 0.62], Fig.5.B).  Regarding risk-taking in the wild, we found no effect 

of distance from shore on growth in North Sound (posterior mean = -0.34 [-0.85, 

0.12], P = 0.09) or in Sharkland (posterior mean = -0.26 [ -1.43, 0.85]).  
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Figure 5. The relationship between standardized growth and standardized 

exploration scores of juvenile lemon sharks from A. North Sound ● and B. 

Sharkland ●. The dashed lines represent the regression lines fitted to the data (. P 

=0.05, * P <0.05, ** P < 0.01, *** P < 0.001).  
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Are fast explorers, fast growers, and larger sharks selected against? 

Apparent survival was significantly higher in North Sound (mean 

proportion of surviving sharks per year = 0.43 ± 0.09 SD) than in Sharkland (mean 

proportion of surviving sharks per year = 0.41 ± 0.11 SD, Chi-squared = 5.23, P = 

0.02). We found significant negative selection differentials and gradients on PCL 

and growth in North Sound for all sub-samples of the data apart from those 

containing only sharks tested for personality (table 2, Fig.6.A, B, C).  In 

Sharkland, we also found significant selection on growth and PCL in every sub-

sample apart from the ones containing only the sharks tested for personality (table 

2.). Additionally, selection on PCL was also significant in Sharkland when only 

sharks tested for personality that had a growth measurement were included in the 

model. This means that smaller sharks and slow growers survived better in both 

subpopulation (Fig.6.A, B.). The gradients and differentials were always 

significantly different in the subpopulations with selection differentials on PCL 

being stronger in North Sound than Sharkland and with selection gradients being 

generally stronger in Sharkland than North Sound (see table 2.). We found no 

selection on exploration in either of the subpopulations (table 2, Fig.6.C.). Since 

DiBattista et al., (2007) made their selection analysis on relative growth 

(Proportion of the body length gained from one year to the next) rather than 

absolute growth, we provide in appendix 3, page 163, table S1 the results of the 

models presented here using relative growth. Distance from shore negatively 

influenced apparent survival in North Sound (Posterior mean = -118.36 [-211.85, 

-40.05], P < 0.0001) and did not influence apparent survival in Sharkland 

(Posterior mean = -0.16 [-241.2, 206.14], Fig.6.D.).  
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Table 2. Linear (directional) selection differentials (S’i) and gradients (β’) on pre-

caudal length, growth and exploration of sharks from North Sound and 

Sharkland. a Sample only includes sharks that were never tested for personality. b 

Selection measured using survival at year n+2 due to the inclusion of the growth 

variable. Sample sizes are given in parenthesis. Significant results are shown in 

bold (. P =0.05, * P <0.05, ** P < 0.01, *** P < 0.001) 

  Subpopulation  

Variable Measure of 

selection 

North Sound Sharkland Post-hoc t 

PCL S’i -0.15*** (1618)  -0.07. (1800) -90.7*** 

PCL a S’i -0.15*** (1448) -0.08* (1646) -74.4*** 

PCL b β' -0.32*** (697) -0.49** (708) 44.01*** 

Growth b β' -0.25** (697) -0.31* (708) 15.44*** 

PCL a, b β' -0.44*** (621) -0.46* (629) -4.89*** 

Growth a, b β' -0.25** (621) -0.36* (629) 29.93*** 

PCL β' -0.19 (173) -0.008 (151)  

Exploration β' 0.10 (173) -0.03 (151)  

PCL b β' 0.39 (76) -0.52* (78) 67.40*** 

Growth b β' -0.32 (76) 0.22 (78)  

Exploration b β' 0.19 (76) -0.41 (78)  
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Figure 6. A. Pre-caudal length, B. Growth rate, C. Exploration and D. Mean 

distance from shore as a function of apparent survival in North Sound ● and 

Sharkland ●. The original data points are shown in light grey. For pre-caudal 

length and growth, we highlight in colour the data points of sharks tested for 

personality. Significance was determined by logistic regressions at the maximum 

sample size available (. P =0.05, * P <0.05, ** P < 0.01, *** P < 0.001, see table 2.). 
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Discussion 

 Here we used two wild subpopulations of juvenile lemon sharks to test 

predictions made under the POLS hypothesis: (1) that explorative sharks in a 

novel open-field would be greater risk-takers in the wild (i.e. swim further from a 

protected habitat) and consequently would have higher growth rates and (2) that 

fast growers, and more explorative sharks would be selected against as part of a 

growth-mortality trade-off. In both subpopulations, we found that selection acted 

against large body size and faster growth, confirming the presence of a trade-off 

between growth and mortality. But we found that sharks that were more active in 

the novel open-field assay, took higher risks in the wild and had higher subsequent 

growth rates only in North Sound (which has lower predator abundance). Neither 

subpopulation showed selection directly on personality. Therefore, our results 

provide strong support for trade-offs between growth and mortality but suggest 

that behaviour’s role in mediating this trade-off is less clear. 

 

In North Sound, our results are in accordance with predictions we made 

from the POLS hypothesis: faster explorers take more risks, grow faster and are 

more likely to die.  The maintenance of inter-individual differences in risk-taking 

behaviour and growth rates in this subpopulation can be explained via the 

presence of a growth-mortality trade-off. In goldfish (C. auratus) risk-prone 

individuals, grew faster and in cavies (C. aperea) exploration of a known 

environment predicted growth (Balaban-Feld et al., 2019; Guenther, 2018).  

Similarly, juvenile lemon sharks who explore more, take more risks and profit 

from higher growth rates. This has the potential to make them reach a size at 

which they are less susceptible to predation faster (size-selective mortality 

(Sogard, 1997)) and to make them reach sexual maturity earlier than slower 

growing conspecifics. These advantages are mitigated by higher exposition to 

predation before they reach a less dangerous size class. In our case, the trade-off 

is likely favoured because open habitat foraging areas such as seagrass patches 

are more productive but also more dangerous (DiBattista et al., 2007; Hussey et 

al., 2017) which is supported by our finding that sharks that swim further from 

shore have lower apparent survival. Bigger risk takers in the wild were not found 



Chapter 3 - Personality driven life-history trade-offs differ in two subpopulations of free 

ranging predators 

 

76 
 

to grow faster, but we contend that this could be due to a lot of risk-takers dying 

and therefore not having a growth measurement at the end of the tracking year. 

It is worth noting however that we observed a loss of significance of the selection 

on growth and PCL when only sharks tested for exploration were included in the 

model and that exploration was never selected against in our models. Previous 

work on selection has shown high probability of making type II errors (i.e. failure 

to reject the null hypothesis) when selection is weak and sample size is low. For 

instance, 700 data-points were necessary to have a 0.8 probability of detecting a 

selection of 0.12 (Hersch & Phillips, 2004). In this case, we contend that the 

absence of significance for selection in smaller sample sizes could be due to a lack 

of power. This seems especially reasonable for growth and PCL because inspection 

of survival rates (Fig.6.A and B) reveals that the sharks tested in the novel open 

field were not driving the significance found in the larger samples.  

 

In Sharkland, a growth-mortality trade-off was also detected but 

exploration in captivity did not predict growth or risk-taking and survival was not 

predicted by distance from shore. Failure to support the POLS hypothesis can be 

for several reasons. First, several different behaviours could co-vary with life-

history trade-offs (Montiglio et al., 2018). The constraints placed on predator 

avoidance and resource acquisition affect which behaviours co-vary with life-

history and which do not. In our study, we measured animals’ exploration in semi-

captivity and their distance from a refuge in the wild. Exploration and risk-taking 

behaviours can be expected to co-vary with life-history when an animal’s 

vulnerability to predators depends on its ability to avoid predator encounters 

and/or when resources are clumped or ephemeral (Montiglio et al., 2018). In North 

Sound, sharks that had higher captive exploration, were found further from shore 

and were less likely to survive, which is likely due to increased predator 

encounters. Fast explorers also grew faster, suggesting increased resource 

encounters, which points to potentially low resource abundance or clumped 

resources. But in Sharkland, distance from shore did not predict survival, and 

sharks were mostly found close to the shore, where they are less vulnerable to 

predators. Furthermore, their growth was not predicted by exploration, suggesting 
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that exploration does not impact resource acquisition. It seems possible in this 

case that in Sharkland, the life-history trade-off is mediated through different 

behaviours than the one we investigated.  

 

The association (or not) of traits could also be driven by feedbacks between 

behaviour and state (Dingemanse & Wolf, 2013). State-dependent feedbacks on 

behaviour predict that animals behave according to their state (e.g. energy 

reserves), and such feedback mechanisms also depend on environmental 

conditions such as predation risks and resource availability (see Luttbeg & Sih, 

2010). Here, the subpopulations did not differ in mean exploration scores in 

captivity, where resource availability and predation risk are the same for every 

individual. But exploration in the wild was different between the populations and 

we know them to differ in their predator abundance (with Sharkland having more 

predators) and in their growth rates (with sharks from Sharkland growing faster). 

Both high predator pressure and high resource availability can be hypothesized to 

promote cautious behaviour via negative feedbacks (Luttbeg & Sih, 2010). If 

resources are abundant and accessible, sharks may have higher energy reserves 

and be less likely to take risks while foraging (Biro & Booth, 2009). If predators 

are abundant and foraging is dangerous, sharks may take risks while foraging 

only when their energy reserves are low (Biro, Abrahams, Post, & Parkinson, 

2004). Even if sharks in Sharkland were rarely found far away from the mangrove 

edge, and thus displayed more risk-averse behaviours, their growth rates were 

still on average higher than in North Sound. This suggests that these individuals 

did not need to exhibit typically risky behaviours to gain the resources needed to 

maintain their faster growth rates. This seems especially likely as we occasionally 

observed juvenile lemon sharks foraging close the mangrove edge while tracking 

in Sharkland, but never made such an observation in North Sound. A recent 

description of the faunal community in Sharkland found that a larger abundance 

of fish is found within 50m of the mangrove edge than offshore, further supporting 

this (Grimmel et al., 2020). In this case, in Sharkland, low distance from shore 

could be maintained via a negative feedback due to their higher state (illustrated 

here by faster growth). In other words, sharks from Sharkland might not display 
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their full range of behaviour because the environment they live in negatively 

impacts risk-taking behaviours. This issue is especially interesting because 

Sharkland sharks did not exhibit lower exploration in captivity, despite being 

found closer to shore, which suggests that the diversity in exploration and in 

distance from shore in Sharkland is highly plastic (i.e. adjusted on the short term 

to the current conditions) or is promoted through different mechanisms. 

 

The fact that our exploration measure in captivity did not predict risk 

taking in the wild in one population is of further interest.  Previous studies have 

stressed that novel open-field assays are often hard to interpret, as an animal’s 

behaviour in a novel environment might represent its willingness to explore and/or 

its reaction to a stress and/or its general activity (Carter et al., 2013). Here, we 

expected it to predict risk taking in the field, and our prediction was confirmed in 

one subpopulation only. Our study emphasizes the need for researchers to 

carefully validate their personality assays, as the ecological relevance of the assay 

here was different between two geographically adjacent habitats. 

 

It is important to note that despite providing important new insights into 

the understanding of a topic that has recently received much research interest 

(Dammhahn et al., 2018), our study has several limitations. Our dataset was only 

collected in two subpopulations, making firm conclusions on differences between 

populations impossible. We studied the exploration personality of 28 juvenile 

lemon sharks in a third Bimini subpopulation with high predator abundance at 

the beginning of the project. Unfortunately, the main refuge for this nursery was 

damaged in 2014, leading to a depletion of the lemon shark population and the 

impossibility to conduct further testing. Continued work on lemon sharks could 

benefit from including more subpopulations from neighbouring areas. In addition, 

the lack of repeated measures within individuals in our dataset prevented the use 

of multivariate analysis and structural equation modelling which are highly 

suitable for studies on trait association and POLS hypothesis  (see Moiron et al., 

2019; Polverino et al., 2018; Santostefano et al., 2017). Therefore, we could not 

further investigate the causal relationship between traits. Finally, POLS 
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hypothesis is usually defined as phenotypic traits that are involved in a trade-off 

between current and future reproduction (Dammhahn et al., 2018). Lemon sharks 

reach sexual maturity at approximately 12 years of age (Chapman et al., 2009), 

and here, logistical constraints compelled us to use sharks of 0 and 1 year. It is 

important to keep in mind that our study only investigates a part of lemon sharks’ 

life-history and thus offers a partial test of the POLS hypothesis. 

 

In conclusion we tested a part of the POLS hypothesis using a novel open-

field assay, measuring risk-taking in the field, and testing a growth-mortality 

trade-off in wild juvenile sharks. We found that the prediction that personality 

mediated growth-mortality trade-off via wild risk-taking behaviour was present 

in one subpopulation but not the other, suggesting that the emergence of 

personality driven life-history trade-offs is context dependent. Importantly, the 

subpopulations of juvenile sharks are known to differ in their predator abundance. 

We discuss mechanisms driving the conditional association of behaviour and life-

history and suggest that they are driven by predator abundance but also likely by 

resource availability. Understanding the processes that promote personality 

driven life-history will require scrutinizing behaviour and life-history across 

ecological gradients. Long-term, multi-population, datasets from the wild and 

controlled captive experiments where conditions can be manipulated will be 

crucial to our future understanding of how behaviour can mediate life-history.
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Abstract 

In recent years, the field of animal ecology has seen increased use of individual 

based approaches, leading to the development of new research areas such as 

animal personality and individual foraging specialization. Despite these topics 

investigating comparable phenomena, i.e. individual consistency in behaviour and 

in food resource use respectively, they have rarely been investigated together. This 

is surprising as food resource use is believed to be at the interface between 

personality and life-history, a topic that has received an increasing amount of 

interest recently. For instance, more explorative individuals in a population are 

thought to encounter more food resources and consequently have faster growth 

than less explorative conspecifics. Such hypotheses have so far only received 

partial support, and the link between personality and life-history is increasingly 

speculated to be plastic and dependent on ecological drivers. Here, we investigate 

how exploration personality (measured in captivity) is linked to foraging habitat 

use (measured via stable isotope analysis) in varying ecological conditions in a 

marine meso-predator. Foraging specialization varies according to intra-specific 

competition and/or predation risk, therefore we investigated the number of 

conspecifics and the numbers of predators present in the area as potential 

ecological drivers of the personality-foraging relationship. We identified the 

abundance of predators as the main driver for the association between foraging 

habitat and exploration personality. When predators were less abundant, 

increased exploration was associated with offshore foraging habitat. When 

predator abundance increased, this relationship was reversed with less 

explorative individuals using the more dangerous offshore habitats. We conclude 

that the relationship between personality and resource use is plastic and context 

dependent, which could explain the inconclusive results of studies investigating 

the link between personality and life-history. 
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Introduction 

In recent decades, individual-based approaches have come to the forefront of the 

field of animal ecology (Araújo, Bolnick, & Layman, 2011; Bolnick et al., 2003). 

The recognition that natural selection can act at the individual level (Bolnick et 

al., 2011), that individuals are not always ecologically equivalent (Magurran, 

1993), and that ecological systems are more comprehensively described when 

incorporating individual variation (Toscano et al., 2016) have contributed to the 

departure from classical population-based approaches. In behavioural ecology, 

animal personality research has emerged as a means to investigate inter-

individual differences in behaviour that are consistent across time and context 

(Réale et al., 2007). Such consistency in individual behaviour has been 

hypothesized to have multiple ecological and evolutionary consequences(Wolf & 

Weissing, 2012), which include implications for life-history (Dammhahn et al., 

2018). For instance, in bluegill sunfish (Lepomis macrochirus), individuals that 

are consistently bolder (i.e. faster at emerging from a refuge) have greater 

maximum metabolic rates than shyer individuals (Binder et al., 2016). In female 

wild cavies (Cavia aperea), more explorative individuals grow faster than their 

less explorative conspecifics (Guenther, 2018). The evolution and maintenance of 

animal personalities are hypothesized to be favoured by trade-offs that promote a 

range of behavioural phenotypes with similar fitness (Mangel & Stamps, 2011). 

For instance, risk prone female American red squirrels (Tamiasciurus hudsonicus) 

are more likely to bequeath territories to their offspring, improving the brood’s 

overwinter survival probability. This comes at a cost, as these risk prone females 

are less likely to survive than risk averse conspecifics (Boon, Réale, & Boutin, 

2008).  

The field of food web ecology has concurrently intensified its focus on incorporating 

the concept of “individual resource specialization”, defined as consistent inter-

individual differences in food resource use within populations (Bolnick, Yang, 

Fordyce, Davis, & Svanbäck, 2002). Resource acquisition is governed by the need 

for animals to maximise their rate of energy intake while minimizing other costs 

such as energy expenditure, predation risk, and intra-specific competition (see 
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optimal foraging theory (Pyke, 1984)). Individual resource specialization arises 

when multiple specialists with different resource acquisition strategies coexist 

within a population (Powell & Taylor, 2017). These resource acquisition strategies 

can be observed on a geographical level, with individuals consistently foraging at 

different locations (Harris et al., 2020; Wakefield et al., 2015), at a prey level, with 

individuals specializing on particular prey-types (Ratcliffe et al., 2018) or a 

combination of both. Such specializations can be mediated through morphological 

traits (e.g. bill length in hummingbirds, Trochilidae, Tinoco et al., 2017), 

physiological state (e.g. hunger, reproductive state, developmental stage, as 

reviewed in Bedoya-Perez et al., 2013) and behaviour (e.g. boldness in black-legged 

kittiwakes, Rissa tridactyla, Harris et al. 2020). The emergence of individual 

foraging specialization is hypothesized to be dictated by factors that promote 

consistent variation in resource use between individuals (Carneiro, Bonnet-

Lebrun, Manica, Staniland, & Phillips, 2017). For instance, intra-specific 

competition may limit the abundance of available prey and can lead to the 

emergence of foraging specialization within populations (Araújo et al., 2011, 2008; 

Svanbäck & Bolnick, 2007). This is illustrated in gentoo penguins (Pygoscelis 

papua), where an increase in intra-specific competition led to the specialization of 

individuals for one resource (krill), or another (fish) (Ratcliffe et al., 2018). 

Similarly, in banded mongooses (Mungos mungo), an increase of intra-group 

competition led to a decline in individual foraging niche size, while the groups’ 

collective niche size stayed similar (Sheppard et al., 2018). Likewise, predation 

risk has been hypothesized to promote the emergence of individual foraging 

specialization within populations if perceived risk varies between individuals 

(Araújo et al., 2011). For instance, increased predation from ants and birds led to 

a reduction in individual diet breadth in caterpillars, Lepidoptera (Singer et al., 

2019).  

Despite parallel growth of the “animal personality” and the “individual foraging 

specialization” research areas, and an overlap in key features (e.g. individual 

consistency), these topics have developed in almost complete isolation (Kalinkat, 

2014, Toscano et al., 2016, but see Harris et al., 2020, for personality driven 

foraging specialization in black-legged kittiwakes, Rissa tridactyla). This is 
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surprising because studies suggest that resource acquisition is at the interface 

between personality and life-history (Spiegel et al., 2017). For instance, risk 

inclined behaviours are predicted to facilitate resource acquisition, leading to a 

subsequent increase in growth, but also to higher probabilities of mortality from 

predation (Réale et al., 2010; Stamps, 2007). Understanding how personality, 

foraging specialization and life-history are causally linked is likely crucial, as the 

association between personality and life-history is still not well understood and 

empirical studies that do exist are often have inconclusive results (Moirón et al., 

2020; Royauté et al., 2018). For instance, exploration personality was found to 

predict growth and mortality according to theoretical predictions only in one of 

two sub-populations of juvenile lemon sharks (Negaprion brevirostris) studied 

(Dhellemmes, Finger, Smukall, et al., 2020b). Such ambiguity may be due to 

environmental conditions (e.g. predator abundance, resource abundance) 

inconsistently favouring the covariance between observed personality and life-

history traits across time (Royauté et al., 2018). In this situation, we argue that it 

is necessary to investigate how personality covaries with foraging behaviour under 

varying ecological conditions as an important step to bridge the gap between 

personality, resource specialization and life-history. 

The paucity of studies investigating animal personality in parallel with individual 

foraging specialization may in part be due to a methodological divide.  Animal 

personality studies involve standardized designs that allow for repeated measures 

of behaviour (Dingemanse & Wright, 2020). For example, the novel open-field test, 

a popular personality test, assesses the willingness of individuals to explore a 

novel arena (Perals et al., 2017). The need for standardized, repeatable tests has 

led to an abundance of studies on captive bred animals and/or studies conducted 

in captivity (Archard & Braithwaite, 2010). The disparity between animal 

personality (i.e. measured in captivity) and wild behaviours has been recognized 

as one limitation of the field, in particular when investigating the link between 

personality and life-history (V. Wilson et al., 2019). Individual foraging 

specialization, on the other hand, typically relies on monitoring animals’ foraging 

in the wild (Toscano et al., 2016). Stable isotope analysis has become an 

increasingly popular tool to investigate animals’ foraging habitat and trophic level 
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(Carneiro et al., 2017). Carbon (13C/12C, measured as δ13C) and nitrogen (15N/14N, 

measured as δ15N) stable isotopes are integrated in consumers’ tissues (e.g. skin, 

blood) from assimilated resources, creating a record of their diet (Boucher, 

Derocher, & Richardson, 2020). Nitrogen stable isotopes are typically enriched in 

consumers relative to their food, and so, δ15N measurements can serve as 

indicators of trophic position (Cherel & Hobson, 2007). In contrast, carbon stable 

isotopes remain relatively stable across trophic levels, and are used to determine 

the foraging habitat of consumers as they reflect the primary carbon sources of a 

trophic network (Cherel & Hobson, 2007). For instance, δ13C was found to be 

representative of the distance of penguins’ (Eudyptes, Pygoscelis and Aptenodytes) 

foraging areas from the coast (Cherel & Hobson, 2007).  

At our study site, Bimini, Bahamas (Figure 1), juvenile lemon sharks inhabit 

coastal shallow water lagoon habitats characterized by a mangrove-fringed shore 

(Red mangrove: Rhizophora mangle) and shallow sea-grass beds (turtle grass: 

Thalassia testudinum and shoal grass: Halodule wrightii) interspersed by exposed 

sediment patches offshore. Previous stable isotope research for the Bimini lemon 

shark population has demonstrated that carbon isotope ratios of  individuals are 

consistent over time (i.e. individual foraging specialization) and are representative 

of sharks’ foraging habitats on a continuum between mangrove (low δ13C) and 

presumably riskier sea-grass (high δ13C) (Hussey et al., 2017). In addition, juvenile 

lemon sharks in Bimini have been successfully tested for personality using semi-

captive experimental arenas built directly into their habitats (Finger et al., 2016), 

and exploration personality (measured in a novel open field test) was found to 

predict distance from the mangrove shore (measured via acoustic telemetry), 

growth and mortality in one of two sub-populations (Dhellemmes, Finger, 

Smukall, et al., 2020b). Here we combine captive personality tests and stable 

isotope analysis to test whether foraging habitat can be predicted by exploration 

personality in the same two sub-populations of juvenile lemon sharks (North 

Sound and Sharkland, see figure 1.) and how the correlation between these traits 

varies across predation and intra-specific competition gradients.  Lemon sharks’ 

exploration personality was found to predict distance from the shore in the sub-

population with the lowest predator abundance (Dhellemmes, Finger, Smukall, et 
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al., 2020b), we therefore expect a stronger association between personality and 

foraging habitat when predator abundance is low, with fast explorers foraging 

mostly offshore. Because foraging specialization has been documented to be 

stronger in the context of high intra-specific competition (Ratcliffe et al., 2018; 

Sheppard et al., 2018), we also expect a stronger trait correlation when 

competition is high. 
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Figure 1. Map of the Bimini Islands (N 25.736232°, W -79.267353°) featuring the 

two habitats from which sharks were captured, the six capture locations and the 

position of acoustic telemetry receivers.  
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Methods 

Study site and sampling 

This study was conducted in Bimini, Bahamas (Figure 1), a mangrove-fringed 

chain of islands located approximately 80km off the coast of Florida (U.S.A). 

Lemon sharks are known to use mangrove habitats near shore and sea-grass beds 

offshore as nurseries from birth, until they disperse around 3 to 5 years of age 

(Chapman et al., 2009; DiBattista et al., 2007). Juvenile lemon sharks in Bimini 

have small home ranges (<600m² for sharks under 56cm pre-caudal length 

(Morrissey & Gruber, 1993b) and as such, their recapture probabilities from one 

year to the next are high (0.67–0.85, DiBattista et al. 2007). Here, we focus on 

juvenile lemon shark sub-populations inhabiting two adjacent areas (North Sound 

and Sharkland, see figure 1.) which are known to differ in their predator 

abundance (with Sharkland having more predators Dhellemmes, Finger, 

Laskowski, et al. 2020), and that are almost completely separated in regards to 

emigration and immigration of juvenile sharks below 2 years of age due to their 

small home ranges (Chapman et al., 2009).  

Every year, from 2014 to 2017, we captured juvenile lemon sharks in North Sound 

and Sharkland using gillnets (180m length, 10cm mesh size) deployed at 6 

standard locations (see Figure 1) and set perpendicular to the shore. Sampling was 

undertaken for six nights (12h each) in each area consecutively, resulting in a total 

of 12 nights of fishing effort, with a 3 to 4 days break between each areas. Upon 

capture, sharks were scanned for the presence of a uniquely coded passive 

integrated transponder (PIT, Destron Fearing) tag. Tag ID (if no PIT tag was 

found, one was implanted), measurements (Pre-caudal length, PCL, nearest mm), 

sex, and the state of their umbilical scar (for age determination; see below) were 

recorded. A small sample of the trailing edge of the first dorsal fin (<5mm-2) was 

taken, placed in a small individually labelled plastic bag and immediately placed 

on ice. The fin samples, used for subsequent stable isotope analysis, were stored 

at -18°C within 12 hours of their collection. Each shark was then housed in semi-

captive arena temporarily built within the nursery areas (see below “Assessment 
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of exploration personality” for details on arena construction) until the end of the 

sampling campaign, i.e. the 12 days of fishing, to avoid double captures.  

Lemon sharks, a placental viviparous species, are born with an umbilical wound 

which heals over the first few weeks of life (Feldheim et al., 2002). This allowed 

assignment of age to each shark according to their umbilical state (opened to any 

extent: 0 years of age; closed: unknown age from one to five years). When the 

umbilical state of an individual could not be recorded (e.g. the shark was difficult 

to handle), we determined their age using a linear regression of age on PCL 

(Accuracy: 91%, see (Dhellemmes, Finger, Smukall, et al., 2020b) for details). 

At the study site, 0 and 1 year old sharks are the most commonly captured age 

classes (Dhellemmes, Finger, Smukall, et al., 2020b; DiBattista et al., 2007).  

Stable isotope value of young-of-year sharks (i.e. <1 year) are initially confounded 

by the maternal isotopic signature, and therefore do not provide an accurate 

measure of foraging specialization (Olin et al., 2011). Therefore, we focused only 

on sharks of age-1 year, with 131 juvenile lemon sharks used in total (see table 1). 

 

Table 1.  Age-1-year individuals sampled for stable isotopes and tested for 

personality for each year and each nursery area. 

 2014 2015 2016 2017 Total 

North Sound 17 14 13 14 58 

Sharkland 15 11 31 16 73 

 

 

Assessment of exploration personality  

At the conclusion of the gillnet survey, a randomly selected subset of captured 

lemon sharks was transferred to a nearby behavioural testing arena (Figure 2.a.), 

where they were allowed to acclimate for 4-days before the start of our 

experiments. We placed t-bar anchor tags (Floy Tag Inc., Seattle, WA, U.S.A.) on 

the first and/or second dorsal fin of each shark in a unique colour combination to 
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allow individual recognition during the tests. While in captivity, we fed the sharks 

every second day with approx. 2% of their body weight of locally caught barracuda 

(Sphyraena barracuda) and Sardinella spp. to match their estimated ration in the 

wild (Cortés and Gruber, 1990).  

The behavioural testing arena consisted of an oblong enclosure (10x5m) divided 

into three compartments used to house sharks. A 10m diameter circular arena was 

built 4m away from the housing enclosure to host a sociability test. A 6x12m 

rectangular arena was built 2m away from the sociability arena to host the novel-

open field test, presented in this study. Each arena was connected to the adjoining 

one via a channel, allowing for sharks to be ushered from one arena to the next, 

preventing handling (Figure 2.a). Arenas, holding pens, and channels were built 

with orange construction mesh (6cm mesh size, Tenax Sentry HD, Tenax Fence, 

Streetsboro, Ohio, U.S.A.), steel rebars, cable ties and cinder blocks. We placed 

wooden towers (~4m height) on the North side of the sociability arena and the 

novel open field arena to allow for behavioural observations while limiting 

shadows from observers (Figure 2.a). 
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Figure 2. Behavioural testing arena: a) birds-eye view of the complete set-up, b) 

schematic representation of the novel open-field. The section markers are 

represented by green dots.  

 

One day before the tests, we transferred six size-matched sharks into the 

sociability arena via the channel. We fed them to satiation with locally caught 

barracuda filets and left them overnight to acclimate. On the following day we 

observed the sharks in the sociability arena for 20 minutes followed by immediate 

individual testing in the novel open field. The results of the sociability test are not 

presented here as the scope of the paper does not include the impact of sociability 

on foraging habitat (but see (Finger et al., 2018) for repeatability of sociability).  
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The novel open field test was conducted as follows. One shark was ushered from 

the sociability arena to the start-box (Figure 2.b.), connecting the sociability arena 

to the novel open field arena. Sharks were ushered opportunistically but the order 

in which the sharks were tested was shown not to influence the tests results 

(Dhellemmes, Finger, Laskowski, et al., 2020). After five minutes in the start-box, 

a sliding door was remotely opened allowing entrance to the novel open field 

(Figure 2.b.). Once the shark entered the novel open field, we closed the door and 

initiated 10 minutes of behavioural observations. The arena was divided in 

eighteen 2x2m sectors by markers placed on the substrate (Figure 2.b.). 

Exploration personality was derived as the mean number of sectors visited per 

minute of the test (including multiple visits to the same sectors). This exploration 

score was previously shown to measure the shark’s reaction to novelty rather than 

their general activity (Finger et al., 2016), to be repeatable (R = 0.33, 95% 

confidence interval (CI) [0.13, 0.52], in the same years and same sub-populations 

as presented here (Dhellemmes, Finger, Laskowski, et al., 2020)) and to predict 

sharks’ distance from the mangrove shore estimated using acoustic telemetry in 

North Sound but not in Sharkland (Dhellemmes, Finger, Smukall, et al., 2020b).  

 

Foraging habitat: seagrass vs mangrove  

In Bimini’s juvenile lemon shark populations, stable isotope ratios of carbon δ13C 

were found to be consistent within individuals and to represent individuals 

foraging habitat on a continuum between mangrove (lower δ13C) and seagrass 

(higher δ13C) (Hussey et al., 2017). Similarly, we inferred foraging habitat using 

the samples taken from the trailing edge of the dorsal fin to measure stable isotope 

ratios of carbon δ13C. Note that we do not have the possibility to test for 

consistency over time in δ13C for the samples presented in this study. We therefore 

define δ13C as a measure of “foraging habitat” rather than “foraging specialization” 

throughout this manuscript as a single unrepeated measure might not 

predominantly represent the repeatable portion of a trait (Dingemanse & Wright, 

2020).  It is important to note however, that consistency in δ13C was found in 

Bimini’s juvenile lemon shark over the long term (i.e. one year between 



Chapter 4 - Predator abundance drives the association between personality and foraging 

habitat in a free-ranging shark 

 

94 
 

measurements) which gives us confidence in the ability for δ13C to serve as a proxy 

for foraging specialization (Hussey et al., 2017).  

To avoid biases due to low 13C retention in lipids in comparison to protein and 

carbohydrates in animal tissues (Post et al., 2007), we lipid extracted every fin 

sample according to the methods described by (Kinney et al., 2011). Once lipid 

extracted, we washed the urea from the samples according to the protocol detailed 

in (Li, Zhang, Hussey, & Dai, 2016). Samples were then freeze dried, weighed (400 

to 600mg) and placed into small tin capsules. The carbon isotopic ratio and the 

total carbon percent were determined using a continuous flow isotope ratio mass 

spectrometer (Finnigan MAT Deltaplus) equipped with an elemental analyser 

(Costech). These analyses were conducted at the Great Lakes Institute for 

Environmental Research (Windsor, Ontario, Canada).  

 The stable isotope ratio is expressed in δ value and represent the parts per 

thousand (‰) deviation from a standard according to the following formula: 

δ13C =  [(
𝑅 𝑠𝑎𝑚𝑝𝑙𝑒

𝑅 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) −  1]  ×  1000 

where R is the ratio of 13C on 12C. An assessment of the standard deviation of 

replicate analyses of four standards (Standard bovine liver (NIST1577c), internal 

lab standard (tilapia muscle) , USGS 40 and Urea (N =45 for all)), revealed a 

precision ≤0.18‰ for all the standards. The accuracy showed a difference of -0.04‰ 

from the certified values of USGS 40 (N =45) analysed throughout runs and not 

used to normalise samples.  

 

 

Measuring intra-specific competition 

We used the size of the juvenile lemon shark population in each nursery area (i.e. 

North Sound and Sharkland) each year as a proxy for intra-specific competition. 

We fully acknowledge that intra-specific competition does not solely depend on 

population density but also on resource abundance and distribution. We were 
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unable to estimate resource abundance during this study, but previous work 

suggests that the mangrove fish communities are stable across seasons (Newman 

et al., 2007), and we therefore expect the population size of lemon sharks to be a 

good proxy for intra-specific competition. The shark population size was measured 

during the yearly gillnet survey described above and accounts for every shark 

captured regardless of their age.  Since sharks were held in an arena during the 

sampling campaign, we observed a sharp decline of the capture rate over the 

duration of the survey. We estimated that by the sixth night of sampling in a 

nursery area, the full juvenile lemon shark population in that area had been 

captured (96% of the population captured by the 4th night of fishing as estimated 

by (Gruber et al., 2001)).  

 

Measuring predator abundance  

We estimated predator abundance in each area using passive acoustic telemetry 

data collected for a concurrent research project quantifying sharks’ movement and 

habitat use around Bimini. Large sharks were captured monthly using longlines 

and acoustic transmitters (V16, 90-150s delay, 10 year life, Vemco, Bedford, 

Canada) were internally implanted (Nine species, for more information see 

Hansell et al. 2018). Sharks’ movements were monitored using an array of ~65 

acoustic receivers (VR2W, Vemco), deployed around the islands (including two in 

North Sound and two in Sharkland, see Figure 1). The receivers recorded the date, 

time and transmitter identity of each shark that swam within their range (see 

Guttridge et al. 2017, for detection range). We considered here the data collected 

in 2015, 2016 and 2017, as the receivers in North Sound and Sharkland were only 

deployed at the end of 2014. We estimated predator abundance in each area as the 

number of sharks detected in one area during a calendar year divided by the total 

number of sharks detected around Bimini that same year. We considered for this 

lemon sharks (N = 34, PCL= 152 mean ± 62 SD) , bull sharks (Carcharhinus leucas, 

N = 19, PCL= 183 mean ± 13 SD) and blacktip sharks (Carcharhinus limbatus, N 

= 13, PCL= 110 mean ± 9 SD) as they are known to feed on juvenile lemon sharks 
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and other chondrichthyans (Hoffmayer & Parsons, 2006; Morrissey & Gruber, 

1993b; Tuma, 1976; Vorenberg, 1962; Wetherbee et al., 1990). 

 

Ethical note 

The experimental procedures for this study were approved by the Department of 

Marine Resources, Bahamas (Permit no: MAF/LIA/22). Handling was kept under 

5min (e.g. for measuring and fin sampling) to limit stress. No sharks died in 

captivity and upon test completion, we fed the sharks to satiation, removed all 

external tags, and released the sharks at their site of capture. 

 

Statistical methods 

All analysis were performed in R, version 3.6.2 (R Core Team, 2017).  

Comparisons of mean between groups (i.e. sub-populations) were conducted using 

two-sample t-tests when sample size was equal between groups. In cases of 

unequal sample sizes, we conducted a test of variance and used a two-sample t-

test with equal variance accordingly. 

To test whether exploration predicted foraging habitat (inferred from δ13C) in each 

sub-population we created a linear mixed model in the MCMCglmm package 

(Hadfield, 2010a). We used a lowly informative inverse gamma prior, with 240.000 

iterations, a thinning interval of 200 and we discarded the first 40.000 iterations 

resulting in a Monte Carlo Markov Chain with a sample size of 1.000 and low 

autocorrelation. The model included δ13C value as the response, and exploration 

in an interaction with sub-population as fixed effects. We accounted for yearly 

differences by including “year” as a random effect. 

To test whether predator abundance and/or population density drove the 

correlation between exploration and δ13C, we used meta-analytic methods in the 

metafor package (Viechtbauer, 2010). Traditionally, meta-analysis are used to 

compare results from different studies (e.g. correlation coefficients) by converting 

them into a common currency called “effect size” which considers differences in 
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precision (e.g. sample size) between studies (Lajeunesse & Forbes, 2003). They 

also allow for the use of a “test of heterogeneity” which assesses whether the effect 

sizes are different across studies. If this is the case, moderators can be tested to 

assess whether the observed heterogeneity can be attributed to different variables 

(the moderators).  

Here we implemented these methods to investigate if the correlation between δ13C 

and exploration varied between years and sub-populations (i.e. significant test of 

heterogeneity) and if predator abundance (i.e. proportion of predator present) and 

intra-specific competition (i.e. total size of the juvenile lemon shark population) 

could explain the heterogeneity. Accordingly, we first created a null model, that 

included no moderators to run a test of heterogeneity. For each year and each sub-

population, we calculated the Spearman’s correlation coefficient and computed 

effect sizes using the “escalc” function of the metafor package (Viechtbauer, 2010), 

using the “ZCOR” argument to apply a fisher-Z transformation to the coefficients 

and meet assumptions of normality. The obtained effect sizes and their 

corresponding sampling variances were used in the model. 

If the test of heterogeneity was significant, we tested for the effect of predator 

abundance and intra-specific competition, mean centred at both the between 

population level (i.e. overall mean = 0) and the within-population level (i.e. North 

Sound mean  = 0 and Sharkland mean = 0). We did this to be able to tease apart 

effects that were due to the sub-populations being different (e.g. x is always higher 

in Sharkland than North Sound and so is y, causing a positive x~y relationship) 

to the effects due to fluctuations in ecological conditions within sub-population 

(e.g. when x goes up within Sharkland, y goes up as well, regardless of what 

happens in North Sound) (see van de Pol and Wright, 2009 for similar methods). 

In effect, the variables centred between sub-populations represented a 

combination of between and within sub-population effects, while the variables 

centred within population represented only the within-population effect. 

Because predator abundance was not available for 2014, we always ran the test of 

moderators in separate models (containing all years for intra-specific competition, 
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and missing 2014 for predator abundance) before testing them together in the 

same model (without intra-specific competition data from 2014).  

We first tested the variables centred between sub-populations. We then tested the 

moderators centred at the within population level while adding sub-population as 

an interaction to allow for each sub-population to have separate intercepts and 

slopes. We used log-likelihood ratio tests to compare models where the moderators 

were in an interaction with sub-population and where sub-population was added 

as an independent effect to determine whether each sub-population needed to be 

modelled with a different slope. 

 

Results 

Data on exploration personality and foraging habitat was obtained from 131 

individual lemon sharks age-1 year (female = 85, male = 91). The sharks were 

captured from two adjacent nurseries, North Sound and Sharkland. Sharkland 

had a higher predator abundance than North Sound (paired t test: t3 = -4.26, P = 

0.02; Sharkland mean = 28.9, North Sound mean= 6.6; Fig. 3a.) but the nurseries 

did not differ in their juvenile lemon shark population size, used here as a proxy 

for intra-specific competition (paired t test: t6 = -0.89803, P =  0.4; Fig. 3b.). Sharks 

from North Sound and Sharkland did not differ in their captive exploration score 

(t test: t170 = -0.40624, P = 0.7; Fig. 3c.) but sharks from Sharkland had higher δ13C 

than their North Sound conspecifics (t test: t174 = -7.4819, P < 0.0001; Sharkland 

mean = -11.09, North Sound mean = -12.39; Fig. 3d.). 
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Figure 3. Histograms representing a) the abundance of predators in each year 

(Predators detected in the nursery / predators detected in Bimini * 100) and each 

nursery and b) the population size (Number of juvenile lemon sharks in the area) 

as a proxy for intra-specific competition in each year and each nursery. Boxplots of 

c) the exploration score of sharks for each year in each nursery, d) the foraging 

habitat (δ13C) in each year and each nursery. Data is missing for predator 

abundance in 2014 due to the acoustic receivers being absent from the study area 

for most of that year. 

 

Do sub-populations differ in their exploration-foraging habitat relationship? 

When testing for a relationship between exploration personality and foraging 

habitat (seagrass vs mangrove, as described by δ13C), we found an effect of captive 

personality score on foraging habitat in North Sound (Posterior mean = 13.34 
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[6.79, 19.5], figure 4.a) but not in Sharkland (Posterior mean = -2.48 [-17.41, 

13.02], figure 4.b). 

 

Figure 4. Foraging habitat (δ13C) as a function of captive exploration personality 

in a) North Sound and b) Sharkland. Solid lines represent significant linear 

regressions. 

 

What is driving the association between foraging habitat and exploration? 

When no moderators were included in the meta analytic model, we found 

significant heterogeneity in the effect sizes (Q7 = 27.56, P = 0.0003), which means 

that the correlation coefficients between exploration score and foraging habitat 

are different between year and nursery, allowing for a subsequent test of 

moderators (figure 5).  
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Figure 5. Foraging habitat (δ13C) as a function of exploration score for each year 

and each sub-population. The Spearman’s rho for each sub-sample is given at the 

bottom right of the plots. Where correlations are significant, we present the linear 

regression of foraging habitat on exploration score as a solid line. (Significance: . P 

=0.05, * P <0.05, ** P <0.01) 

 

We found the tests of moderators to be significant when we individually tested 

predator abundance and intra-specific competition centred at the between sub-

population level (i.e. overall mean = 0) as moderators (Predator abundance: QM1 

= 19.35, P < 0.0001; Intra-specific competition: QM1 = 11.83, P = 0.0006), 
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suggesting that both moderators are important predictors of the correlation 

between exploration habitat and foraging habitat. In the final model including the 

moderators together, predator abundance had a negative effect on the relationship 

between foraging habitat and exploration score (estimate= -0.05 [-0.09, -0.02], 

figure 6.a), and intra-specific competition did not have an effect on the relationship 

between traits (estimate= 0.001 [ -0.01, 0.01], Figure 6.b).  

 

 

Figure 6. Effect sizes as a function of a) predator abundance (centred at the 

between sub-population level) and b) intra-specific competition (centred at the 

between sub-population level). Solid lines represent significant effects in the final 

model. The colours represent the different sub-populations and each point is a 

different year. The points are scaled with sample size (a larger point indicates a 

larger sample size). 

 

At the within sub-population level, the models were not improved by the addition 

of interactions between sub-population and the moderator of interest (Predator 

abundance: Log-likelihood ratio = 0.63, P =0.42; Intra-specific competition log-

likelihood ratio = 0, P = 1). In the absence of interactions, predator abundance was 

the only significant moderator (QM1 = 5.28, P = 0.02; Intra-specific competition 
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QM1 = 1.48, P = 0.22), its effect was negative on the relationship between foraging 

habitat and exploration score (estimate = -0.05 [-0.09, -0.007], figure 7). 

 

 

 

Figure 7. Effect sizes as a function of predator abundance (centred at the within 

sub-population level). Solid lines represent significant effects in the final model. 

The colours represent the different sub-populations and the points are scaled with 

sample size (a larger point indicates larger sample size). 
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Discussion 

In this study, we aimed to bridge the gap between animal personality and 

individual foraging specialization by investigating under which ecological 

circumstances personality (i.e. exploration of a novel open field) correlates with 

foraging habitat (represented by δ13C) in two sub-populations of wild juvenile 

lemons sharks known to differ in their predator abundance (North Sound: lower 

relative predator abundance, Sharkland: higher relative predator abundance, 

Dhellemmes, Finger, Laskowski, et al. 2020). δ13C provides insight to foraging 

habitat on a continuum from the relatively safe mangrove to the more dangerous 

offshore seagrass (Hussey et al., 2017). In North Sound, we found an overall 

positive relationship between exploration and δ13C, indicating that sharks which 

explored more in captivity also foraged predominantly in seagrass habitats. In 

Sharkland, no link between exploration and δ13C was observed. When we sub-

divided the data by year and sub-population, we found that the correlation 

coefficients between foraging habitat and exploration personality were 

significantly heterogeneous, indicating that the relationship between these traits 

fluctuated across years and sub-populations. In addition, predator abundance was 

a significant predictor of both the strength and direction of the correlations, with 

reduced predator abundance being associated with more positive coefficients (i.e. 

more explorative sharks in captivity predominantly forage in risky offshore 

habitats). This result was retained when predator abundance was centred within 

sub-populations, indicating that it was not exclusively driven by the known 

difference in predator abundance between the areas. Intraspecific competition was 

also a significant moderator of the relationship, but only at the between population 

level, and its effect on the coefficients was not different from zero when it was 

included in a model along with predator abundance. 

With all years pooled, the differences observed between North Sound and 

Sharkland are in line with our group’s previous findings (Dhellemmes, Finger, 

Smukall, et al., 2020b). Exploration of the novel open field was found to predict 

the distance sharks swam from shore and their growth rate, with fast growth 

selected against in North Sound. In Sharkland, fast growth was also found to be 
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associated to higher mortality probabilities, however in this nursery there was no 

association between exploration of the novel open-field, distance swam from shore, 

and growth rate. In that study, it was proposed that the personality driven growth 

mortality trade-off may arise because while foraging in open habitats (e.g. 

seagrass) can be more productive, it is also more dangerous. This suggestion is 

substantiated by our results here and further substantiated by Hussey et al., 

(2017)’s findings that high δ13C values (i.e. seagrass foraging) predicted high 

growth rate in Bimini’s juvenile lemon sharks. Dhellemmes, Finger, Smukall, et 

al. (2020) offered two potential explanations for the absence of a link between 

personality and life history in Sharkland: 1) The trade-off between growth and 

mortality was mediated via a different personality trait in this sub-population, or 

2) the environmental conditions did not always favour the association between 

personality and life-history. 

Here, we found that the link between personality and foraging behaviour was 

unstable between years and sub-populations. Predator abundance was a main 

driver of the trait association, which suggests that the observed lack of 

relationship between traits in Sharkland when all years were pooled together is 

in part due to yearly fluctuations in predator abundance. Predation has often been 

hypothesized as a driver of the association between personality traits (i.e. 

behavioural syndromes) with high predation leading to stronger associations (see 

for instance Bell 2004; Dingemanse et al. 2007). Here predation did not only 

influence the strength of the trait association, but also its direction. In low 

predator abundance, more explorative sharks had carbon isotope signatures 

representative of offshore seagrass foraging, according to our expectations. This 

indicates that lower predator abundance reduced the cost of offshore foraging, 

leading individuals to behave in accordance with their personality score measured 

in captivity.  

However, when predator abundance was high, the sharks did not forage according 

to expectations from their captive test (i.e. explorative individuals foraged more so 

in mangrove habitats, see Figure 5, Sharkland 2015). One explanation could be 

that a captive personality test such as the novel open-field assay provides a safe 
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environment where food is provided ad libitum (to avoid hunger biases, Biro and 

Booth 2009). In the absence of ecological pressure, animals might be able to behave 

in accordance to their personality phenotype, but behaviour is plastic and can be 

expected to fluctuate according to different factors (Rodríguez-Prieto, Martín, & 

Fernández-Juricic, 2011). For instance, high dispersal was shown to be linked to 

low sociability in mosquitofish (Gambusia affinis), but this trait correlation was 

negated under high predator abundance, where high dispersers had similar 

sociability personalities to low dispersers (Cote, Fogarty, Tymen, Sih, & Brodin, 

2013). Predator abundance in our case, can be expected to be a dampener to 

sharks’ foraging behaviour, as reduction of the foraging effort in response to 

perceived predation risk has been shown in numerous studies (Ferrari, Sih, & 

Chivers, 2009). Amount of food consumed was for example dramatically reduced 

in reef fishes presented with predator decoys (Catano et al., 2016). This is 

especially interesting because the behaviour of less explorative sharks was 

influenced by predator abundance in an unexpected way: when predator 

abundance was high, they foraged predominantly in the presumably more 

dangerous seagrass habitats.  This suggests that food resource acquisition in the 

mangrove shore does not allow all sharks to maximize their benefits. This could 

be due to the presence of predators creating increased intra-specific competition 

within this habitat as juvenile sharks consolidate foraging areas to avoid the more 

dangerous patches (i.e. seagrass). In turn, this forces individuals into a new 

foraging specialization (i.e. from mangrove to sea-grass) in a similar way to what 

was observed in banded mongoose or gentoo penguins (Ratcliffe et al., 2018; 

Sheppard et al., 2018).  

This phenomenon might also partly be due to state-dependent processes (i.e. 

driven by the internal state of individuals). Green sea-turtles (Chelonia mydas) in 

Shark Bay were found to shift their foraging habitat according to their body 

condition and the presence of their main predator, tiger sharks (Galeocerdo cuvier) 

(Heithaus et al., 2007). When predation risk was high (i.e. tiger sharks were 

abundant), turtles in poor body condition preferred foraging on high-risk, but 

profitable habitats, while turtles in good body condition preferred safer but less 

productive habitats. In Bimini’s lemon sharks, high exploration score and sea-
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grass foraging have both been linked to high growth (Dhellemmes, Finger, 

Smukall, et al., 2020b; Hussey et al., 2017) suggesting that fast explorers might 

have a better body condition than slow explorers and that sea-grass foraging is 

more rewarding than mangrove foraging. If this is the case, differences in body 

condition might explain the use of comparably more risky sea-grass areas by 

sharks with low exploration scores when predation is high in a similar way to what 

was documented in green turtles. This seems an especially likely explanation as 

when predation risk was low, turtles with good body condition preferred the high-

risk, profitable habitats in a comparable way to fast exploring lemon sharks in this 

study (Heithaus et al., 2007). 

In this study, we took into account differences within and between the sub-

populations, but an increasing body of literature suggests that observed 

behavioural correlations between individuals might not be representative of what 

is happening at the within-individual level ("individual gambit" Brommer, 2013; 

Niemelä and Dingemanse, 2018). To avoid making the  assumption that among-

individual correlations are representative of within individual correlations 

researchers are advised to use multivariate models, allowing for the decomposition 

of variances within and between individuals (Niemelä & Dingemanse, 2018). Such 

statistical tools require large sample sizes and multiple measurements, which we 

were not able to obtain due to logistical constraints inherent to studying long-lived 

large animals (e.g. population size, difficulty of captures, duration of the captive 

tests). While we took the “individual gambit” we argue that our study is an 

important step into understanding how environmental conditions shape the 

covariance between personality and ecologically relevant behaviours. We also 

acknowledge that foraging habitat might be highly plastic and our single 

measurement of δ13C may not represent effectively foraging specialization (but see 

Hussey et al. 2017, for consistency in δ13C). While we could only get measures once 

a year, future studies should, when possible, repeatedly test the relationship 

between foraging specialization and personality in fast changing environmental 

conditions to overcome this caveat. One promising way of addressing such a 

challenge is to use tissues with faster isotopic turnover rates than fins: for 
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instance, plasma and red blood cells have an isotopic turnover of just a few weeks, 

allowing for more frequent sampling (as opposed to ~1 year, Matich et al. 2015). 

To conclude, we found that the association between personality measured in 

captivity and foraging habitat fluctuated according to one main environmental 

factor: predator abundance. This result provides a potential explanation regarding 

why the association between life-history traits and personality has been unclear 

so far: the association between captive personality and wild traits is plastic and 

driven by relevant ecological pressures. We argue in this case that the study of 

consistent individual differences in behaviour and their ecological consequences 

would benefit from approaches that account for variability in relevant ecological 

pressures. Multi-population, multi-year studies in wild animals where ecological 

conditions can be monitored will in this case be an important addition to the field, 

along with captive highly controlled studies where conditions can be changed 

experimentally. 
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Chapter 5  

General discussion (Page 109) 

 

The field of animal personality has been booming in the last two decades as 

personality is believed to have broad ecological and evolutionary consequences 

(Wolf & Weissing, 2010, 2012).  Over time, the field has gradually departed from 

a strictly descriptive approach towards the development and examination of 

conceptual frameworks that place personality in an ecological and evolutionary 

context. In this thesis, I investigated two of these frameworks involving trait 

association: (i) The behavioural syndromes framework that considers the 

covariation of behavioural traits and its ecological and evolutionary drivers 

(Chapter 2) and (ii) the Pace of Life Syndrome (POLS) framework that integrates 

adaptive covariation in behaviour, physiology, and morphology (Chapter 3). In 

addition, I explored the link between individual foraging specialization and 

personality, as both concepts have been suggested to be interdependent, but they 

were rarely studied simultaneously (Chapter 4). I introduced Bimini’s juvenile 

lemon shark (Negaprion brevirostris) populations as a novel study system allowing 

for personality to be scrutinized in captivity and to be linked to wild behavioural 

and morphological traits in an ecological context. In this chapter, I discuss the 

findings of chapters 2, 3 and 4, state their contribution to current knowledge, 

examine the limits of our study system and suggest new perspectives for future 

research.  

 

Animal personality and trait association: where is the link? 

The phenomenon of animal personality, stating that an individual’s behaviour is 

consistent across time and context (Réale, Reader, Sol, McDougall, & Dingemanse, 

2007) can have implications for ecology and evolution, especially when personality 

traits covary with other behavioural (e.g. behavioural syndromes), and/or 

morphological, and/or physiological (e.g. POLS) traits. In chapter 2, I scrutinized 
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the emergence of a behavioural syndrome (i.e. trait covariation) between 

exploration measured in a novel open field, and sociability observed in a captive 

group of six size-matched sharks. There are two candidate hypotheses to explain 

the emergence and maintenance of behavioural syndromes: 1) the adaptive 

hypothesis that states that syndromes are plastic and appear as a result of certain 

ecological conditions (D. S. Wilson, 1998) and 2) the constraint hypothesis that 

states that behaviours are forced to covary and syndromes are stable across 

ecological conditions (Dochtermann & Dingemanse, 2013). In chapter 2, I aimed 

to disentangle these hypotheses by examining a sociability-exploration syndrome 

in two adjacent sub-populations of juvenile lemon sharks across five years: a stable 

syndrome would advocate for the constraint hypothesis, and an unstable one for 

the adaptive hypothesis. I additionally included proxies for predator pressure and 

intra-specific competition into the analysis, to understand what ecological 

pressures were associated with potential syndrome emergence. I found that the 

behavioural syndrome between sociability and exploration was not stable in 

Bimini’s lemon sharks, and identified short term increases in intra-specific 

competition as a main driver for the syndrome emergence. 

These results support the adaptive hypothesis, which is consistent with the 

majority of the literature on behavioural syndromes (e.g. Bell, 2004; Bergmüller 

& Taborsky, 2007; Dingemanse et al., 2007; Luttbeg & Sih, 2010). However, they 

do not invalidate the constraint hypothesis, as the adaptive and constraint 

hypotheses are not mutually exclusive. For example, in geographically distinct 

populations of delicate skinks (Lampropholis delicata), some syndromes were 

found to be stable and others unstable, seemingly supporting both hypotheses 

(Michelangeli, Chapple, Goulet, Bertram, & Wong, 2019). Similarly, both stable 

and environment-dependent behavioural syndromes were found in a single 

population of black-tailed gulls (Larus crassirostris) (Kazama, Niizuma, & 

Watanuki, 2012). This thesis adds a novel contribution to the study of behavioural 

syndrome by combining both the popular horizontal approach (i.e. across 

populations), and the more rare vertical approach (i.e. across time) (Garamszegi 

et al., 2015). Doing so allows to support the adaptive hypothesis with more 

certainty than if only the horizontal approach had been used. Indeed, when 
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geographically distinct populations differ in behavioural syndromes (i.e. seemingly 

supporting the adaptive hypothesis), it may be due to the populations having 

evolved in isolation and the behavioural syndrome being constrained in different 

ways across the populations (Garamszegi et al., 2015). Here by observing a 

syndrome that is different between two sub-populations and that fluctuates across 

years, I can effectively reject the hypothesis that the observed syndrome is 

evolutionarily constrained. 

Research on the POLS hypothesis has also found the link between personality and 

life-history to be sometimes supported. For instance, in North American red 

squirrels (Tamiasciurus hudsonicus), personality was found to be overall 

independent of relevant life-history traits, failing to support the POLS hypothesis 

(Haines et al., 2019). But a sex-dependent and resource-dependent association 

between personality and life-time offspring production was observed in the same 

system, suggesting that the association between personality and life-history 

fluctuates with sex and environmental conditions (Haines et al., 2019).  Failure to 

support the POLS hypothesis is often attributed to the following factors: 1) Failure 

of the testing environment to produce trade-offs (i.e. short term trade-off 

suppression) , 2) for captive-bred animals, failure of the captive breeding 

environment to produce trade-offs (i.e. long term trade-off suppression), and 3) 

failure to record a behaviour that is ecologically relevant for an association with 

trade-offs (Royauté, Berdal, Garrison, & Dochtermann, 2018).  

In Chapter 3, I investigated the POLS hypothesis while addressing some of these 

concerns: 1) The animals used were tested in semi-captivity within their natural 

environment (unlikely short-term trade-off suppression),2) they were wild and a 

growth-mortality trade-off was previously observed in the study population 

(unlikely long-term trade-off suppression) (DiBattista, Feldheim, Gruber, & 

Hendry, 2007), and 3) I used a two-step approach comparing the captive assays to 

behaviour observed in the wild (distance swam from the shoreline, in an attempt 

to monitor an ecologically relevant behaviour along with the trade-off). The results 

of this chapter supported the POLS hypothesis but only in one of the two sub-

populations scrutinized. In North Sound, where predation is low, sharks that 
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explored more in the novel open field were found further from the safety of the 

shoreline in the wild, and they grew faster. In turn a growth-mortality trade-off 

was observed, and fast growers were selected against. In Sharkland, where 

predation is high, all sharks were found close to shore regardless of their 

exploration score in captivity. A growth-mortality trade-off was also observed but 

no connection was detected between personality and the trade-off. These results 

suggest that in juvenile lemon sharks, the association between life-history and 

personality fluctuates, and is dependent on one main ecological pressure: 

predation. But this study focuses only on two sub-populations and in the absence 

of more replicates, it is impossible to ascertain that the personality life-history 

association is driven by the difference in predation between the areas.  

Growth-mortality trade-offs are linked to the costs and benefits of resource 

acquisition (Mangel & Stamps, 2011). Interestingly, an area of research in 

behavioural ecology has been focusing on individual foraging specialization, 

described as consistent individual differences in foraging (Bolnick, Yang, Fordyce, 

Davis, & Svanbäck, 2002). Besides the common “consistency” attribute between 

personality and individual foraging specialization, these two phenomena share 

potential ties with life-history trade-offs. For instance, in thin‐toed frogs 

(Leptodactylus spp.) the degree of consistency of individuals in resource use, has 

been shown to correlate with life-history (Costa‐Pereira, Toscano, Souza, Ingram, 

& Araújo, 2019). Foraging specialization is likely to sit at the interface between 

personality and life-history trade-offs and yet, these phenomena were rarely 

investigated together (Toscano, Gownaris, Heerhartz, & Monaco, 2016). In the 

Bimini lemon shark system, foraging habitat, measured via stable isotope 

analysis, in a continuum between mangrove (comparatively safe) and seagrass 

(comparatively dangerous) was found to be consistent (indicating individual 

foraging specialization) and to predict subsequent growth (Hussey et al., 2017). In 

Chapter 4, I investigated the link between foraging habitat measured via stable 

isotope analysis, and personality measured in captivity across years and sub-

populations. The results of Chapter 3 suggested predator abundance as a main 

driver of the correlation between personality and life-history and the results of 

Chapter 2 proposed that intra-specific competition is a main driver of trait 
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association. Consequently, I included predator abundance, as well as a measure 

on intra-specific competition in the analysis. I found that the strength and 

direction of the correlation between foraging habitat and personality fluctuated 

across years and sub-populations. I further found predator abundance to be a 

driver for the association: when predators were scarce, explorative sharks in 

captivity had a stronger isotopic signature for dangerous seagrass habitats and 

less explorative sharks had a stronger mangrove isotopic signature. When 

predator abundance was high, explorative sharks had stronger mangrove 

signatures, and less explorative individuals had stronger seagrass signatures.  

These results complement the conclusions of Chapter 3. First, in Chapter 3, 

personality in captivity positively predicted distance from shore and growth, and 

fast growth was selected against in North Sound, the area with least predators. In 

the lemon shark nurseries (i.e. North Sound and Sharkland), the shore is mostly 

fringed with mangroves, and seagrass habitats are found offshore (Jennings et al., 

2012). Seagrass stable isotope signatures were found to correlate with fast growth 

while offshore foraging (i.e. predominantly on seas-grass habitats) was speculated 

to be more dangerous, as mangroves are a known juvenile lemon shark refuge 

(Guttridge et al., 2012; Hussey et al., 2017). The conjecture that low predator 

abundance is a driver for the emergence of the POLS in North Sound is supported 

by the fact that fast exploration predicted seagrass foraging when predator 

abundance was low in chapter 4.  When predator abundance was high, we found 

sharks to mostly occupy habitats close to the shore and their personality was not 

linked to the growth-mortality trade-off (although the trade-off was still present, 

chapter 3). But interestingly, our scrutiny of the link between personality and 

foraging specialization in chapter 4, revealed that the most explorative sharks 

foraged closest to the mangrove while the least explorative sharks foraged in 

seagrass habitats when predator abundance was high. I suggested that high 

predator abundance limited the space available for foraging (Heithaus et al., 

2007), increasing intra-specific competition, which has been documented to affect 

behaviour (Dochtermann, Jenkins, Swartz, & Hargett, 2012). For instance, three-

spined sticklebacks (Gasterosteus aculeatus) changed their foraging behaviour 

according to the population density they experienced (Svanbäck & Bolnick, 2007). 
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This is possible despite population density not driving the association between 

personality and foraging habitat because population density can only be an 

accurate proxy of intra-specific competition when resource abundance is stable, 

and the possible foraging area is constant (Spiegel, Leu, Bull, & Sih, 2017).  

All three data chapters in this thesis attempted to understand how personality is 

associated with behavioural traits and life-history traits in a wild animal. In all 

three chapters I found trait association to fluctuate and I have identified ecological 

drivers of trait association: predator abundance and intra-specific competition. 

These results are important as they direct future research focusing on personality 

and trait association towards study systems that allow for the monitoring and 

testing of fluctuating, ecologically relevant, pressures. But candidate systems will 

usually consist of free-ranging animal populations and might not be as performant 

at providing large, replicated datasets as captive systems are. In this case, 

similarly to this thesis, researchers might be forced to take the individual gambit 

(i.e. assume phenotypic correlations to be a reasonable proxy for between-

individual correlations, Brommer, 2013), and to interpret their results with care. 

 

Animal personality and the individual gambit 

The most common metric used to document animal personality is the “intra-class 

correlation coefficient” which measures repeatability (Hayes & Jenkins, 1997). 

Repeatability documents the portion of the total phenotypic variance (within 

individual variance + between individual variance) that is attributed to differences 

between individuals (between individual variance, Nakagawa & Schielzeth, 2010). 

The proportion of the phenotypic variance of a behaviour that is due to inter-

individual differences is usually around 0.37, as reviewed in Bell, Hankison, & 

Laskowski, (2009). But if the calculation of repeatability is a relatively well 

anchored methodology in animal personality research, similar methods of variance 

partitioning for trait correlation (e.g. behavioural syndromes, covariation of 

personality and life-history etc.) are not as common. For example, the majority of 

behavioural syndrome research, including Chapter 2 of this thesis, relies on the 
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assumption that phenotypic correlations are representative of between individual 

correlations, thereby taking the individual gambit (Brommer, 2013; Niemelä & 

Dingemanse, 2018a). Taking the individual gambit is problematic as the observed 

phenotypic relationship between traits may largely represent within individual 

correlation patterns. 

To illustrate this, I will focus on the results obtained in Chapter 2. In Chapter 

2, I studied a behavioural syndrome between exploration of a novel open-field and 

sociability tested in a group of six sharks. Both behaviours were repeatedly tested 

when possible (i.e. depending on the weather, some sharks might not have had 

repeated tests), and repeatability was at the level of 0.37 for exploration and 0.33 

for sociability. In other words, around 35% of the behaviour observed was due to 

the individuals consistently behaving differently (between-individual variance) 

while 65% was due to behavioural plasticity within individuals (within individual 

variance). I then proceeded to test for a syndrome between sociability and 

exploration but lacking the statistical power to account for repeated measures, I 

used only the first test result for each individual. This was done under the 

assumptions that phenotypic correlations are representative of between individual 

correlations. With 65% of the behavioural data representing the part of the 

variance being due to individuals being plastic in their behaviour (as opposed to 

individuals differing consistently in their behaviour, i.e. personality) this 

assumption might be false. In fact, the observed phenotypic correlations are likely 

to mostly represent within individual correlations which can, for instance, be 

environmentally driven. For example, the sometimes-observed negative 

correlation between sociability and exploration may be due to fluctuations in 

temperature during the test. If an increase in temperature influenced exploration 

positively but sociability negatively, this could explain the negative relationship 

in the absence of repeated measures, especially since tests were conducted on the 

same day and in similar environmental conditions. This, of course, would not 

matter much if the direction and strength of within-individual correlations 

matched those of between-individual correlations, but this isn’t necessarily the 

case (Dochtermann, 2011; Niemelä & Dingemanse, 2018a). In fact, within-
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individual correlations and between-individual correlations might have opposite 

signs (Niemelä & Dingemanse, 2018b).  

The methods I used in Chapter 3 and Chapter 4 were similar and I believe that 

the results of this thesis are more robust to this problem than described in the 

above paragraph, as the study spans across multiple years and ecological 

conditions. I have nonetheless acknowledged this shortcoming and I have 

accordingly nuanced my interpretation of the results. Avoiding this caveat would, 

in my case, have been impossible without many more years of work in the field. 

Currently, the best way of estimating correlation between traits at the between 

individual levels is by fitting multivariate mixed-effects models (GLMM) using 

repeated measures of the traits of interest (Dingemanse & Dochtermann, 2013). 

Doing so allows for the extraction of variance and co-variance matrices (from 

which correlation matrices can be derived) between the traits at the within, and 

between individual levels (see for example: Moirón, Araya-Ajoy, Mathot, Mouchet, 

& Dingemanse, 2019; Santostefano, Wilson, Niemelä, & Dingemanse, 2017). But 

these models are extremely data-hungry (Dingemanse & Wright, 2020), and 

despite having close to six years of data for this thesis, these methods could be 

applied in none of the three data chapters. 

 

Towards the emergence of wild approach? 

To use the “state-of-the-art” statistical approaches, projects must be designed in a 

way that will produce a lot of replicated data at the individual level. There are, in 

my opinion, two primary ways this can be achieved: 1) numerous animals can be 

studied in captive settings where environmental parameters can be controlled and 

2) animals’ behaviour can be monitored within their ecosystems and 

environmental conditions can be concurrently recorded. The first approach offers 

the possibility to design highly controlled experiments and to rigorously test 

hypotheses of behavioural syndromes or POLS. Recently, naturally clonal 

vertebrates were offered as a particularly promising study system to understand 

the evolutionary emergence of personality (Laskowski, Doran, Bierbach, Krause, 
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& Wolf, 2019). Such study systems are particularly powerful because they allow 

for the control of intrinsic genetic differences between individuals (Laskowski, 

Wolf, & Bierbach, 2016). But here, while acknowledging the potential of the 

“captive” approach and especially of clonal systems, I would like to discuss the 

usefulness and feasibility of the second approach, studying animal personality in 

the wild. 

The need to produce data that is replicated at the individual level (e.g. to calculate 

repeatability) in controlled condition has led to an experimental bias, in the animal 

personality research field, towards small animals that can be easily kept in 

captivity (Archard & Braithwaite, 2010). But how behaviours quantified in 

minimally complex artificial settings translates to behaviours in the wild is still 

mostly unknown (Arvidsson, Adriaensen, van Dongen, De Stobbeleere, & 

Matthysen, 2017). And so, while some captive studies can avoid taking the 

individual gambit, they still work under the assumption that the behaviour they 

record is ecologically relevant. This has been an increasingly recognized problem 

in the animal personality field (Arvidsson et al., 2017; Carter, Feeney, Marshall, 

Cowlishaw, & Heinsohn, 2013) and researchers have sometimes taken the “two-

step approach” to address this issue (Hertel, Niemelä, Dingemanse, & Mueller, 

2020).  

The “two-step approach”, which is illustrated in Chapter 3 of the thesis, consists 

in measuring behaviour in captivity and linking it to relevant wild behaviours 

(Hertel et al., 2020). This approach necessitates the monitoring of individuals in 

the wild, as well as their capture which is problematic for two main reasons. First, 

the notion of animal personality itself suggests that some individuals may 

consistently be more trappable than others. This possibility was tested in 

Namibian rock agama (Agama planiceps) and bold individuals were found to enter 

traps sooner than shyer conspecifics (Carter, Heinsohn, Goldizen, & Biro, 2012). 

The authors concluded that trapping animals for laboratory experiments may lead 

to an underrepresentation of the personality variation of a population. Then, the 

“two-step” approach represents a logistical challenge when it comes to wild or 

elusive wildlife, which can lead to low sample sizes and prevent the use of the most 
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up-to-date statistical tools (Hertel et al., 2019). But studies of animal personality 

conducted in the wild seem critical as the co-variation of repeatable traits across 

ecological context may impact evolutionary responses of behaviour to selection 

(Kniel & Godin, 2019).  

In this case, it may seem reasonable to study animal personality in the wild 

without integrating a captive component to experimental designs. This seems 

especially achievable, as the last decade has seen the progressive development of 

increasingly cheap, accurate and miniaturized technologies to track animals 

within their ecosystems (Hussey et al., 2015). But I speculate that the framework 

proposed by Réale et al., (2007) may have limited the publication of such studies. 

As mentioned in Chapter 1 of this thesis, Réale et al., (2007) introduced a unifying 

terminology including a classification of repeatable behaviours under five 

categories, or traits (shyness-boldness, exploration-avoidance,  activity, 

aggressiveness and sociability). This framework, with over 2400 citations (Source: 

google scholar) is arguably the most influent in the field and has provided a much-

needed general direction for studies of animal personality. But categorizing 

behaviour can be difficult, especially because the categories are not necessary 

mutually exclusive. For example, “exploration-avoidance” (reaction to a new 

situation) is often mixed with “shyness-boldness” (reaction to a stressful situation), 

as new situations may be stressful for some individuals but not others (Carter et 

al., 2013). Such ambiguity has been sometimes addressed through tests of 

convergent validity (do two tests measure the same trait?), divergent validity (do 

two tests measure different traits?), by comparing tests results to natural 

behaviour (i.e. “two-step approach) or to behaviour in semi-natural conditions 

(Krebs, Linnenbrink, & Guenther, 2019). But the incentive to categorize behaviour 

may have made the field impermeable to studies conducted fully in the wild as 

categorizing a wild behaviour would require making assumptions about the 

situations that animals encounter. 

Chapter 3 of this thesis presents a captive behaviour (exploration in the novel 

open-field), a wild behaviour (distance swam from the shore), and their link to a 

growth-mortality trade-off. The monitoring of sharks’ distance from the shore in 
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that chapter was meant to allow the validating of the captive test, and we only 

found the test to be validated in one of two sub-populations scrutinized. In North 

Sound, high captive exploration was linked to high mean distance from the shore, 

high growth and high mortality. The growth-mortality trade-off is in this case 

behaviourally mediated, and this holds true even when only the wild behaviour is 

considered. This seems important to me, as during the captive tests I obtained a 

maximum of two replicates per individual, while the wild monitoring produced 

between five and 26 data points per individual. In the case of Chapter 3, the 

captive experiment still provided the most data as it was more cost-effective than 

the wild experiment and more individuals could be assessed. But this might not 

hold true for all study systems, and in cases where wild monitoring can generate 

more replicates on more individuals than captive experiments (while also avoiding 

trappability biases), I argue that deviating from Réale et al., (2007)’s categorizing 

framework may help testing, for instance, the hypotheses associated with the 

POLS and behavioural syndromes. 

In a recent editorial, an updated definition of animal personality was proposed, 

which seems especially useful for the integration of fully wild studies into the field. 

Dingemanse & Wright, (2020) recommended for animal personality to be defined 

as “among-individual variation in average behaviour across repeated 

observations”. This opens the door to any study system that provides enough 

replication for the use of statistical methods involving variance partitioning. The 

integration of variance partitioning to study among-individual variation is 

particularly promising in the field of movement ecology, due to the increasing 

availability of animal tracking systems and the already existing evidence for 

between-individual variation in movement pattern within populations (Hertel et 

al., 2020). Hertel et al., (2020) demonstrated the use of such methods on African 

elephants (Loxodonta africanus) tracking data, successfully documenting between 

individual differences in mean daily distance travelled (km), in individual 

plasticity, in behavioural predictability as well as a behavioural syndrome with 

mean residence time.  This, along with the above-mentioned definition of animal 

personality, will in my opinion facilitate new research that is ecologically and 

evolutionarily meaningful. 
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It is worth noting however, that I don’t think that the terminology introduced by 

Réale et al., (2007) is to be invalidated, but rather modified when necessary. In 

fact, the variance partitioning methods discussed above might even be prone to 

the continued use of this framework. One interesting property of the co-variance 

matrices that can be extracted from multivariate GLMM is that they do not 

assume directionality. So, the use of structural equation modelling (SEM) is 

necessary to test hypotheses of how traits are related to each other (Brommer, 

Karell, Ahola, & Karstinen, 2014). The use of SEM does not only allow researchers 

to test causal relationships between multiple traits but also to quantify latent 

variables which aren’t directly observable but are represented by several 

measured traits (Moirón et al., 2019). When multivariate analyses are used in 

addition to SEM, latent variables which may fit within the “5 traits” framework 

can be identified (Hertel et al., 2020). For instance, the use of SEM to characterize 

“aggressiveness” in great tits (Parus major) led to the identification of two 

correlated, context-specific latent variables (“aggressiveness during laying” and 

“aggressiveness during incubation”) each encompassing a different set of 

measured behaviours (Araya-Ajoy & Dingemanse, 2013). 

 

A brief outlook to shark conservation 

Animal personality has been hypothesized to be an important concept for wildlife 

conservation (McDougall, Réale, Sol, & Reader, 2006) and I could hardly conclude 

a thesis on wild lemon sharks (Near threatened, IUCN, 2020) without reviewing 

its significance for conservation. Sharks and their relatives (Chondrychtyes) are 

one of the most threatened species groups in the world, mainly because of 

overexploitation through targeted and incidental catches (Dulvy et al., 2014). The 

potential for selective fishing to act as an evolutionary force on behavioural traits 

that are consistent between individuals has been previously discussed (Fishing 

induced evolution: Biro & Post, 2008; Uusi-Heikkila, Wolter, Klefoth, & 

Arlinghaus, 2008). Fishing induced evolution hypothesizes that the fishing 

pressure on personality phenotypes that are more likely to be harvested (e.g. 

individuals that are more attracted to novelty and/or bolder) could cause a rapid 
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evolution towards shyer and/or less explorative individuals. With the pace-of-life 

syndrome hypothesis predicting that bolder, more explorative individuals grow 

faster and have bigger reproductive output (at the cost of high mortality), this 

could lead to the evolution of populations with smaller, less explorative individuals 

with lower reproductive output. The hypothesis that bolder individuals are likely 

to be selected by fisheries was tested in bluegill sunfish (Lapomis macrochirus) 

and surprisingly fishes that had higher latency of leaving a refuge (i.e. shyer) were 

more likely to be caught by angling (A. D. M. Wilson, Binder, McGrath, Cooke, & 

Godin, 2011). In perch (Perca fluviatilis), boldness was not a predictor for angling 

susceptibility (Kekäläinen, Podgorniak, Puolakka, Hyvärinen, & Vainikka, 2014). 

But exploration was, with highly explorative individuals more likely captured 

(Härkönen, Hyvärinen, Niemelä, & Vainikka, 2016), Similarly, exploration 

behaviour increased hatchery-reared brow trout’s (Salmo trutta) vulnerability to 

angling (Härkönen, Hyvärinen, Paappanen, & Vainikka, 2014). The discrepancy 

in these results underlines the intricacy of understanding fishing-induced 

evolution. The association between angling susceptibility and personality seems 

species specific and seems dependent on the quantified behaviours. Although I did 

not quantify angling vulnerability in this thesis, my results underline the 

complexity of recording ecologically relevant behaviour in standardized tests 

(Chapter 3) and the potential for traits to associate differently in different 

population of the same species (Chapter 2, 3, and 4). Gaining a better 

understanding of how angling can act on the evolution of behaviours in sharks will 

necessitate working on wild behaviours and across populations. 

Marine protected areas (MPAs) and shark sanctuaries, where fishing is restricted, 

have emerged as an increasingly common tool for marine conservation and 

management, especially in coastal waters (Lubchenco & Grorud-Colvert, 2015; 

Lubchenco, Palumbi, Gaines, & Andelman, 2003). But their effectiveness has been 

shown to be species, and life-stage dependent (Knip, Heupel, & Simpfendorfer, 

2012). Highly mobile species and species that may disperse from a protected 

habitat to a non-protected one are of particular concern (Guttridge et al., 2017). 

Within populations, not all individuals are dispersers, and dispersal has been 

shown to be associated with boldness, sociability or aggressiveness (Cote, Clobert, 
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Brodin, Fogarty, & Sih, 2010). But personality dependent dispersal was shown to 

be reduced under high predation risk (Cote, Fogarty, Tymen, Sih, & Brodin, 2013). 

These results coincide with the finding, in Chapter 3, that personality dependent 

movements are only present under low predation. Fast explorers in North Sound 

(i.e. low predation), could be hypothesized to reach the size at which they disperse 

faster than shy individuals, a relationship that wouldn’t exist in Sharkland (i.e. 

high predation). Previous work in Bimini showed that the dispersal of juvenile 

lemon sharks was gradual and no “size of dispersal” was identified (Chapman et 

al., 2009). But Chapman et al., (2009) did not differentiate between the nurseries 

of origin in their analysis and, in the light of this thesis, size-dependent (and 

personality dependent) dispersal may only exist under low predation. To better 

understand whether bolder sharks are more likely to leave the safety of the Bimini 

nurseries or of the Bahamas shark sanctuary particular attention will have to be 

paid by the Bimini Biological Field Station to the sharks that were tested for this 

thesis in subsequent recaptures. 

Lastly, personality has been offered as a means to predict and control shark bites 

on humans (Clua & Linnell, 2019). The authors suggest that bolder individuals 

pose a higher risk to humans than shy sharks and for selective removal of these 

“potential problem individuals” (Clua & Linnell, 2019). Identification of “potential 

problem individuals” is proposed through different means: underwater photo-

identification, ethological tests, hormonal blood assessment, collection of 

deoxyribonucleic acid (DNA) in bite wounds, etc. The results of this thesis 

underline the vast context-dependence of personality and behavioural syndromes 

in sharks. For instance, bolder individuals venture away from shore only under 

low predation condition (and supposedly when resources are scarce along the 

shore, Chapter 3). Similarly, sharks may only approach a human decoy under low 

resource conditions, regardless of personality, as hunger has been found to bias 

the results of personality tests with hungrier individuals being bolder (Biro & 

Booth, 2009). Similarly, in Chapter 2, we found foraging specialization to be only 

linked to individual personality in certain ecological contexts. This underlines that 

it is not always possible to predict what the foraging behaviour of sharks may be 

based on their scores in a behavioural test. Additionally, prior experience with 
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humans has been hypothesized to increase the risk of bites, with for instance, 

facilitation of accidental bites on divers in locations where sharks were hand-fed 

(Clua & Torrente, 2016). Given all these factors, I believe that not enough is known 

regarding what causes shark bites and what consequences personality has on wild 

shark behaviour in their dynamic environment. 

Overall, I did not focus on unravelling the consequences of shark personality on 

conservation in this thesis. However, my results all suggest that until more is 

known about personality in wild systems, individual differences in behaviour will 

be difficult to use as a conservation and management tool. 

 

Conclusion 

In this thesis, I combined five years of captive behavioural observations, four years 

of acoustic telemetry in the wild and 23 years of capture-mark-recapture data in 

an attempt to test hypotheses in the field of animal personality. My results suggest 

that behavioural syndromes are adaptive and fluctuate in Bimini’s lemon shark 

populations according to intra-specific competition. They also show partial support 

for the pace-of-life hypothesis, with the hypothesized link between personality and 

growth and mortality only being found when predator abundance was lowest. This 

was substantiated by the finding that personality predicted offshore foraging 

behaviour when predation was low but not when it was higher. This thesis 

highlights the context dependency of individual differences in behaviour and trait 

association and the importance of integrating relevant ecological pressures (such 

as intra-specific competition and predation) into research. It therefore underlines 

the limits of classic captive approaches in animal personality research and directs 

future research to increasingly focus on study systems in the wild where traits and 

their association can be scrutinized under varying ecological conditions. 
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Appendix 1  

Standardized transects used for acoustic tracking and tracking 

methodology (Page 143) 
 

We created the transects for acoustic tracking so they could be completed in 7 

hours at a speed of 5 knots and cover as much area as possible. The track was 

created in a zigzagging pattern perpendicular to the shore (Fig.S1). In Sharkand, 

where the area is not semi-enclosed (as is the case in the North Sound), we 

determined how far offshore the track should go and how much area should be 

included by conducting 8 days of random searches (i.e. GPS coordinates randomly 

generated) within a vast area (Fig.S1: Random search area) and determining 

where sharks were most likely to be found. The track went as far as 600m offshore. 

In North Sound, which is semi-enclosed, the track went from one shore to the other 

(~1km maximum between shores). 

One observer sitting on the bow of the boat operated a directional hydrophone 

(DH-4, Sonotronics, Tucson, Arizona, U.S.A.)  and a portable receiver (USR-08, 

Sonotronics, Tucson, Arizona, U.S.A.) connected to an aviation headset (David 

Clark Company, Worcester, Massachusetts, U.S.A.) to find the sharks fitted with 

transmitters. Each transmitter emitted an individually coded acoustic signal at a 

predefined frequency (70 kHz to 79 kHz). The combination of a specific sequence 

of pulses repeated at regular intervals of time in milliseconds, transmitted at a 

particular frequency, allowed the identification of the individuals. The clarity and 

strength of the pulses allowed us to estimate the distance of the shark from the 

boat (from very loud and clear < 5m to very faint and imprecise: 50-60m). The 

equipment was calibrated using a spare acoustic tag at the start of each transect 

and each observer was trained to estimate these distances (errors are estimated 

between 5 and 10m depending on the weather). 
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Figure S1. Map of Bimini presenting the tracking transects. 
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Appendix 2  

R code used for chapter 3 (Page 145) 
data<-read.table("JAE-supp-markrecapture.txt", header=T, sep=",", stringsAsFactors
=F) 
data$Survival.y1<-as.factor(data$Survival.y1) 
data$Survival.y2<-as.factor(data$Survival.y2) 
data$PIT.Tag<-as.factor(data$PIT.Tag) 
 
distance<-read.table("JAE-supp-distancedata.txt", sep=",", stringsAsFactors=F, hea
der=T) 
distance$sqrt.Distance<-sqrt(distance$Distance) 
 
 
ind<-unique(distance$PIT.Tag) 
 
Distancesummary<-as.data.frame(ind) ### Creating a summary dataset with one line p
er individual 
 
Distancesummary$ind<-as.character(Distancesummary$ind) 
 
for (i in 1:nrow(Distancesummary)){ 
  Distancesummary[i,"n"]<-nrow(distance[which(distance$PIT.Tag==Distancesummary[i,
"ind"]),]) 
  Distancesummary[i,"std.Explo"]<-distance[which(distance$PIT.Tag==Distancesummary
[i,"ind"])[1],"std.Explo"] 
  Distancesummary[i,"std.Growth"]<-distance[which(distance$PIT.Tag==Distancesummar
y[i,"ind"])[1],"std.Growth"] 
  Distancesummary[i,"Growth"]<-distance[which(distance$PIT.Tag==Distancesummary[i,
"ind"])[1],"Growth"] 
  Distancesummary[i,"Survival.y1"]<-distance[which(distance$PIT.Tag==Distancesumma
ry[i,"ind"])[1],"Survival.y1"] 
  Distancesummary[i,"Sub.pop"]<-distance[which(distance$PIT.Tag==Distancesummary[i
,"ind"])[1],"Sub.pop"] 
  Distancesummary[i,"Distance"]<-mean(distance[which(distance$PIT.Tag==Distancesum
mary[i,"ind"]),"Distance"], na.rm=T) 
  Distancesummary[i,"sqrt.Distance"]<-mean(distance[which(distance$PIT.Tag==Distan
cesummary[i,"ind"]),"sqrt.Distance"], na.rm=T) 
  Distancesummary[i,"Distancese"]<-as.numeric(sd(distance[which(distance$PIT.Tag==
Distancesummary[i,"ind"]),"Distance"], na.rm=T)/sqrt(length(distance[which(distanc
e$PIT.Tag==Distancesummary[i,"ind"]), "Distance"]))) 
} 
 
for (i in 1:length(unique(Distancesummary$ind))){ 
  if (nrow(data[which(data$PIT.Tag.Tag==unique(Distancesummary$ind)[i] & data$Age=
=1),])==0) next 
  Distancesummary[which(Distancesummary$ind==unique(Distancesummary$ind)[i]),"std.
Growth"]<-data[which(data$PIT.Tag.Tag==unique(Distancesummary$ind)[i]  & data$Age=
=1),"std.Growth"] 
} 

library(MCMCglmm) 

## Warning: package 'coda' was built under R version 3.6.3 
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prior.norandom <- list(R = list(V = 1, nu = 0.002)) 
prior.mixed<-list(R=list(V=1, nu=0.002),G=list(G1=list(V=1, nu=0.002), G2=list(V=1
, nu=0.002))) 

 

We work here on two datasets: data, which contains mark recapture data from 1995 to 2017 

• PIT.Tag: unique identifier 

• Year: capture year 

• Sub.pop: sub-population of origin 

• std.PCL: standardized 

• Growth: yearly growth in cm 

• std.Growth: standardized 

• Explo: exploration score in the novel open-field 

• std.Explo: standardized 

• Survival.y1: survival to year 1 or more 

• std.Survival.y1: standardized 

• Survival.y2: survival to year 2 or more 

• std.Survival.y2: standardized 
##      PIT.Tag Year     Sub.pop    std.PCL Growth std.Growth Explo std.Explo 
## 1 2238452A67 1995 Bimini - SL  1.3930631     NA         NA    NA        NA 
## 2 222C5C7669 1995 Bimini - NS  0.3872983     NA         NA    NA        NA 
## 3 2238300D6B 1995 Bimini - NS -0.3872983     NA         NA    NA        NA 
## 4 2238612537 1995 Bimini - NS -0.8835413    2.0 -0.7071068    NA        NA 
## 5 222D551C46 1995 Bimini - NS -1.1618950    8.8 -0.7071068    NA        NA 
## 6 222D657A69 1995 Bimini - NS  1.5261167     NA         NA    NA        NA 
##   Survival.y1 std.Survival.y1 Survival.y2 std.Survival.y2 
## 1           0             0.0           0               0 
## 2           0             0.0           0              NA 
## 3           0             0.0           0              NA 
## 4           1             2.5           1               5 
## 5           1             2.0           0              NA 
## 6           0             0.0           0               0 

 

And distance which contains tracking data of 46 sharks in 4 tracking seasons (2014-2015, 2015-2016, 

2016-2017, 2017-2018) 

• PIT.Tag: unique identifier 

• Tracking.season: year of tagging 

• Growth: yearly growth in cm 

• std.Growth: standardized 

• Survival.y1: survival to year 1 or more 

• std.Survival.y1: standardized 

• Depth: depth at the detection site in cm 

• Distance: distance from the shore in m 

• sqrt.Distance: square-root transformed 
##      PIT.Tag Tracking.season     Sub.pop  std.Explo Growth std.Growth 
## 1 4C3A3A2C5D               1 Bimini - NS  1.0451301     NA         NA 
## 2 4C3A3A2C5D               1 Bimini - NS         NA     NA         NA 
## 3 4C3A3A2C5D               1 Bimini - NS         NA     NA         NA 
## 4 4B7B435D2C               1 Bimini - NS  0.5964160    4.4   0.328381 
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## 5 4B7B435D2C               1 Bimini - NS         NA     NA         NA 
## 6 4C3B0B1E1F               1 Bimini - NS -0.3010124    5.3   1.086183 
##   Survival.y1 std.Survival.y1 Depth  Distance sqrt.Distance 
## 1           0               0   115 107.71750     10.378704 
## 2          NA              NA   160 219.45066     14.813867 
## 3          NA              NA   138 217.35217     14.742869 
## 4           1               6   155 358.82889     18.942779 
## 5          NA              NA   138 219.34823     14.810410 
## 6           1               6   122  10.26412      3.203767 

 

DO FAST EXPLORERS IN CAPTIVITY SWIM FURTHER FROM SHORE IN THE WILD? 

t.test(Explo~Sub.pop, data=data) 

##  
##  Welch Two Sample t-test 
##  
## data:  Explo by Sub.pop 
## t = 1.1564, df = 321.59, p-value = 0.2484 
## alternative hypothesis: true difference in means is not equal to 0 
## 95 percent confidence interval: 
##  -0.00419724  0.01616758 
## sample estimates: 
## mean in group Bimini - NS mean in group Bimini - SL  
##                 0.2641619                 0.2581767 

sd(data[which(data$Sub.pop=="Bimini - NS"), "Explo"], na.rm=T) 

## [1] 0.05115551 

sd(data[which(data$Sub.pop=="Bimini - SL"), "Explo"], na.rm=T) 

## [1] 0.04199079 

var.test(Explo~Sub.pop, data=data,  
         alternative = "two.sided") 

##  
##  F test to compare two variances 
##  
## data:  Explo by Sub.pop 
## F = 1.4841, num df = 174, denom df = 148, p-value = 0.0136 
## alternative hypothesis: true ratio of variances is not equal to 1 
## 95 percent confidence interval: 
##  1.085243 2.021663 
## sample estimates: 
## ratio of variances  
##           1.484147 

t.test(sqrt.Distance~Sub.pop, data=distance) 

##  
##  Welch Two Sample t-test 
##  
## data:  sqrt.Distance by Sub.pop 
## t = 15.26, df = 1027.5, p-value < 2.2e-16 
## alternative hypothesis: true difference in means is not equal to 0 
## 95 percent confidence interval: 
##  3.152674 4.083117 
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## sample estimates: 
## mean in group Bimini - NS mean in group Bimini - SL  
##                  8.741418                  5.123522 

sd(distance[which(distance$Sub.pop=="Bimini - NS"), "sqrt.Distance"], na.rm=T) 

## [1] 4.479985 

sd(distance[which(distance$Sub.pop=="Bimini - SL"), "sqrt.Distance"], na.rm=T) 

## [1] 3.131124 

var.test(sqrt.Distance~Sub.pop, data=distance,  
         alternative = "two.sided") 

##  
##  F test to compare two variances 
##  
## data:  sqrt.Distance by Sub.pop 
## F = 2.0472, num df = 596, denom df = 433, p-value = 6.661e-15 
## alternative hypothesis: true ratio of variances is not equal to 1 
## 95 percent confidence interval: 
##  1.715996 2.436231 
## sample estimates: 
## ratio of variances  
##           2.047164 

 

modeldistance<-MCMCglmm(sqrt.Distance~std.Explo*Sub.pop, 
                  data=Distancesummary[which( !is.na(Distancesummary$std.Explo) ),
], family="gaussian", prior=prior.norandom, nitt=300000, burnin=25000, thin = 100, 
verbose=FALSE) 
 
summary(modeldistance) 

##  
##  Iterations = 25001:299901 
##  Thinning interval  = 100 
##  Sample size  = 2750  
##  
##  DIC: 153.7947  
##  
##  R-structure:  ~units 
##  
##       post.mean l-95% CI u-95% CI eff.samp 
## units     1.779    1.015    2.551     2750 
##  
##  Location effects: sqrt.Distance ~ std.Explo * Sub.pop  
##  
##                              post.mean l-95% CI u-95% CI eff.samp   pMCMC 
## (Intercept)                     8.3682   7.7277   8.9925     2750 < 4e-04 
## std.Explo                       0.8786   0.3207   1.4779     2750 0.00436 
## Sub.popBimini - SL             -3.0281  -3.9154  -2.2437     2750 < 4e-04 
## std.Explo:Sub.popBimini - SL   -0.7100  -1.5802   0.1204     2750 0.09964 
##                                  
## (Intercept)                  *** 
## std.Explo                    **  
## Sub.popBimini - SL           *** 
## std.Explo:Sub.popBimini - SL .   
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## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

 

DO FAST EXPLORERS GROW FASTER? 

t.test(Growth~Sub.pop, data=data) 

##  
##  Welch Two Sample t-test 
##  
## data:  Growth by Sub.pop 
## t = -5.0083, df = 1403, p-value = 6.189e-07 
## alternative hypothesis: true difference in means is not equal to 0 
## 95 percent confidence interval: 
##  -0.9583012 -0.4188833 
## sample estimates: 
## mean in group Bimini - NS mean in group Bimini - SL  
##                  5.040248                  5.728840 

sd(data[which(data$Sub.pop=="Bimini - NS"), "Growth"], na.rm=T) 

## [1] 2.58993 

sd(data[which(data$Sub.pop=="Bimini - SL"), "Growth"], na.rm=T) 

## [1] 2.563662 

var.test(Growth~Sub.pop, data=data,  
         alternative = "two.sided") 

##  
##  F test to compare two variances 
##  
## data:  Growth by Sub.pop 
## F = 1.0206, num df = 704, denom df = 699, p-value = 0.7873 
## alternative hypothesis: true ratio of variances is not equal to 1 
## 95 percent confidence interval: 
##  0.8800703 1.1835174 
## sample estimates: 
## ratio of variances  
##           1.020598 

modelgrowthexplo<-MCMCglmm(std.Growth~std.Explo*Sub.pop, 
                 random=~Year+PIT.Tag, data=data[which(!is.na(data$std.Explo)),], 
family="gaussian", prior=prior.mixed, nitt=300000, burnin=25000, thin = 100, verbo
se=FALSE) 
 
 
summary(modelgrowthexplo) 

##  
##  Iterations = 25001:299901 
##  Thinning interval  = 100 
##  Sample size  = 2750  
##  
##  DIC: 403.3083  
##  
##  G-structure:  ~Year 
##  
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##      post.mean  l-95% CI u-95% CI eff.samp 
## Year   0.01256 0.0002136  0.04428     2750 
##  
##                ~PIT.Tag 
##  
##         post.mean  l-95% CI u-95% CI eff.samp 
## PIT.Tag    0.1199 0.0002157   0.3611    416.3 
##  
##  R-structure:  ~units 
##  
##       post.mean l-95% CI u-95% CI eff.samp 
## units    0.7015   0.4312   0.9904    594.4 
##  
##  Location effects: std.Growth ~ std.Explo * Sub.pop  
##  
##                              post.mean l-95% CI u-95% CI eff.samp  pMCMC   
## (Intercept)                    0.08100 -0.15583  0.29915     2750 0.4764   
## std.Explo                      0.27532  0.05901  0.50380     3572 0.0211 * 
## Sub.popBimini - SL            -0.15094 -0.45000  0.13830     2542 0.3120   
## std.Explo:Sub.popBimini - SL  -0.17853 -0.50487  0.11791     3161 0.2545   
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

 

modelgrowthdistancepheno<-MCMCglmm(std.Growth~sqrt.Distance*Sub.pop, 
                  data=Distancesummary[which( !is.na(Distancesummary$std.Growth) )
,], family="gaussian", prior=prior.norandom, nitt=300000, burnin=25000, thin = 100
, verbose=FALSE) 
 
summary(modelgrowthdistancepheno) 

##  
##  Iterations = 25001:299901 
##  Thinning interval  = 100 
##  Sample size  = 2750  
##  
##  DIC: 90.85682  
##  
##  R-structure:  ~units 
##  
##       post.mean l-95% CI u-95% CI eff.samp 
## units     1.202   0.6246     1.97     2750 
##  
##  Location effects: std.Growth ~ sqrt.Distance * Sub.pop  
##  
##                                  post.mean l-95% CI u-95% CI eff.samp 
## (Intercept)                        2.37734 -1.34900  6.31934     2593 
## sqrt.Distance                     -0.34026 -0.82938  0.15077     2566 
## Sub.popBimini - SL                -1.12803 -5.57513  3.16049     2750 
## sqrt.Distance:Sub.popBimini - SL   0.08496 -0.56098  0.73169     2750 
##                                  pMCMC 
## (Intercept)                      0.212 
## sqrt.Distance                    0.176 
## Sub.popBimini - SL               0.615 
## sqrt.Distance:Sub.popBimini - SL 0.804 

 

ARE FAST EXPLORERS, FAST GROWERS, AND LARGER SHARKS SELECTED AGAINST? 



Appendix 2 

151 
 

chisq.test(table(data$Survival.y1, data$Sub.pop)) 

##  
##  Pearson's Chi-squared test with Yates' continuity correction 
##  
## data:  table(data$Survival.y1, data$Sub.pop) 
## X-squared = 5.2377, df = 1, p-value = 0.0221 

##Proportions of sharks that survive in North Sound 
mean( 
table(data[which(data$Sub.pop=="Bimini - NS"),"Survival.y1"], data[which(data$Sub.
pop=="Bimini - NS"),"Year"])[2,]/(table(data[which(data$Sub.pop=="Bimini - NS"),"S
urvival.y1"], data[which(data$Sub.pop=="Bimini - NS"),"Year"])[2,]+table(data[whic
h(data$Sub.pop=="Bimini - NS"),"Survival.y1"], data[which(data$Sub.pop=="Bimini - 
NS"),"Year"])[1,])) 

## [1] 0.4346858 

sd( 
table(data[which(data$Sub.pop=="Bimini - NS"),"Survival.y1"], data[which(data$Sub.
pop=="Bimini - NS"),"Year"])[2,]/(table(data[which(data$Sub.pop=="Bimini - NS"),"S
urvival.y1"], data[which(data$Sub.pop=="Bimini - NS"),"Year"])[2,]+table(data[whic
h(data$Sub.pop=="Bimini - NS"),"Survival.y1"], data[which(data$Sub.pop=="Bimini - 
NS"),"Year"])[1,])) 

## [1] 0.08680997 

##Proportions of sharks that survive in Sharkland 
mean( 
table(data[which(data$Sub.pop=="Bimini - SL"),"Survival.y1"], data[which(data$Sub.
pop=="Bimini - SL"),"Year"])[2,]/(table(data[which(data$Sub.pop=="Bimini - SL"),"S
urvival.y1"], data[which(data$Sub.pop=="Bimini - SL"),"Year"])[1,]+table(data[whic
h(data$Sub.pop=="Bimini - SL"),"Survival.y1"], data[which(data$Sub.pop=="Bimini - 
SL"),"Year"])[2,])) 

## [1] 0.4142822 

sd( 
table(data[which(data$Sub.pop=="Bimini - SL"),"Survival.y1"], data[which(data$Sub.
pop=="Bimini - SL"),"Year"])[2,]/(table(data[which(data$Sub.pop=="Bimini - SL"),"S
urvival.y1"], data[which(data$Sub.pop=="Bimini - SL"),"Year"])[1,]+table(data[whic
h(data$Sub.pop=="Bimini - SL"),"Survival.y1"], data[which(data$Sub.pop=="Bimini - 
SL"),"Year"])[2,])) 

## [1] 0.1126933 

Selection models 

1 

Differential subset 1 (all the data) for North Sound 

NS_diff_PCL_total<-MCMCglmm(std.Survival.y1~std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.PCL) & da
ta$Sub.pop=="Bimini - NS"),], family="gaussian", prior=prior.mixed, nitt=300000, b
urnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

NS_sig_PCL_total<-MCMCglmm(Survival.y1~std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.PCL) & da
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ta$Sub.pop=="Bimini - NS"),], family="categorical", prior=prior.mixed, nitt=300000
, burnin=25000, thin = 100, verbose=FALSE) 

Extracting the results 

NS_diff_PCL_total_value<-c("PCL", "differential",summary(NS_diff_PCL_total)$soluti
ons["std.PCL",1], summary(NS_diff_PCL_total)$solutions["std.PCL",2], summary(NS_di
ff_PCL_total)$solutions["std.PCL",3], summary(NS_sig_PCL_total)$solutions["std.PCL
",5], nrow(data[which(data$Sub.pop=="Bimini - NS" & !is.na(data$std.PCL)),]), "Nor
thSound") 

Differential subset 1 (all the data) for Sharkland 

SL_diff_PCL_total<-MCMCglmm(std.Survival.y1~std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.PCL) & da
ta$Sub.pop=="Bimini - SL"),], family="gaussian", prior=prior.mixed, nitt=300000, b
urnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

SL_sig_PCL_total<-MCMCglmm(Survival.y1~std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.PCL) & da
ta$Sub.pop=="Bimini - SL"),], family="categorical", prior=prior.mixed, nitt=300000
, burnin=25000, thin = 100, verbose=FALSE) 

Extracting the results 

SL_diff_PCL_total_value<-c("PCL", "differential",summary(SL_diff_PCL_total)$soluti
ons["std.PCL",1], summary(SL_diff_PCL_total)$solutions["std.PCL",2], summary(SL_di
ff_PCL_total)$solutions["std.PCL",3], summary(SL_sig_PCL_total)$solutions["std.PCL
",5], nrow(data[which(data$Sub.pop=="Bimini - SL" & !is.na(data$std.PCL)),]), "Sha
rkland") 

2 

Differential subset 2 (excluding sharks tested for personality) for North Sound 

NS_diff_PCL_noscore<-MCMCglmm(std.Survival.y1~std.PCL, 
                   random=~Year+PIT.Tag, data=data[which( is.na(data$Explo) & !is.
na(data$std.PCL) & data$Sub.pop=="Bimini - NS"),], family="gaussian", prior=prior.
mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

NS_sig_PCL_noscore<-MCMCglmm(Survival.y1~std.PCL, 
                   random=~Year+PIT.Tag, data=data[which( is.na(data$Explo) & !is.
na(data$std.PCL) & data$Sub.pop=="Bimini - NS"),], family="categorical", prior=pri
or.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Extracting the results 

NS_diff_PCL_noscore_value<-c("PCL", "differential", summary(NS_diff_PCL_noscore)$s
olutions["std.PCL",1], summary(NS_diff_PCL_noscore)$solutions["std.PCL",2], summar
y(NS_diff_PCL_noscore)$solutions["std.PCL",3], summary(NS_sig_PCL_noscore)$solutio
ns["std.PCL",5], nrow(data[which(is.na(data$Explo) & data$Sub.pop=="Bimini - NS" & 
!is.na(data$std.PCL)),]), "NorthSound") 

Differential subset 2 (excluding sharks tested for personality) for Sharkland 

SL_diff_PCL_noscore<-MCMCglmm(std.Survival.y1~std.PCL, 
                   random=~Year+PIT.Tag, data=data[which( is.na(data$Explo) & !is.
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na(data$std.PCL) & data$Sub.pop=="Bimini - SL"),], family="gaussian", prior=prior.
mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

SL_sig_PCL_noscore<-MCMCglmm(Survival.y1~std.PCL, 
                   random=~Year+PIT.Tag, data=data[which( is.na(data$Explo) & !is.
na(data$std.PCL) & data$Sub.pop=="Bimini - SL"),], family="categorical", prior=pri
or.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Extracting the results 

SL_diff_PCL_noscore_value<-c("PCL", "differential",summary(SL_diff_PCL_noscore)$so
lutions["std.PCL",1], summary(SL_diff_PCL_noscore)$solutions["std.PCL",2], summary
(SL_diff_PCL_noscore)$solutions["std.PCL",3], summary(SL_sig_PCL_noscore)$solution
s["std.PCL",5], nrow(data[which(is.na(data$Explo) & data$Sub.pop=="Bimini - SL" & 
!is.na(data$std.PCL)),]), "Sharkland") 

3 

Gradient subset 3 (all sharks for which growth data is available) for North Sound 

NS_grad_total<-MCMCglmm(std.Survival.y2~std.Growth+ std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.Growth) & 
data$Sub.pop=="Bimini - NS"),], family="gaussian", prior=prior.mixed, nitt=300000, 
burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

NS_sig_total<-MCMCglmm(Survival.y2~std.Growth+ std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.Growth) & 
data$Sub.pop=="Bimini - NS"),], family="categorical", prior=prior.mixed, nitt=3000
00, burnin=25000, thin = 100, verbose=FALSE) 

Extracting the results 

NS_grad_PCL_total_value<-c("PCL", "gradient", summary(NS_grad_total)$solutions["st
d.PCL",1], summary(NS_grad_total)$solutions["std.PCL",2], summary(NS_grad_total)$s
olutions["std.PCL",3], summary(NS_sig_total)$solutions["std.PCL",5], nrow(data[whi
ch(!is.na(data$std.Growth) & data$Sub.pop=="Bimini - NS"),]), "NorthSound") 
 
NS_grad_growth_total_value<-c("growth", "gradient", summary(NS_grad_total)$solutio
ns["std.Growth",1], summary(NS_grad_total)$solutions["std.Growth",2], summary(NS_g
rad_total)$solutions["std.Growth",3], summary(NS_sig_total)$solutions["std.Growth"
,5], nrow(data[which(!is.na(data$std.Growth) & data$Sub.pop=="Bimini - NS"),]), "N
orthSound") 

Gradient subset 3 (all sharks for which growth data is available) for Sharkland 

SL_grad_total<-MCMCglmm(std.Survival.y2~std.Growth+ std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.Growth) & 
data$Sub.pop=="Bimini - SL"),], family="gaussian", prior=prior.mixed, nitt=300000, 
burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

SL_sig_total<-MCMCglmm(Survival.y2~std.Growth+ std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.Growth) & 
data$Sub.pop=="Bimini - SL"),], family="categorical", prior=prior.mixed, nitt=3000
00, burnin=25000, thin = 100, verbose=FALSE) 
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Extracting the results 

SL_grad_PCL_total_value<-c("PCL", "gradient", summary(SL_grad_total)$solutions["st
d.PCL",1], summary(SL_grad_total)$solutions["std.PCL",2], summary(SL_grad_total)$s
olutions["std.PCL",3], summary(SL_sig_total)$solutions["std.PCL",5], nrow(data[whi
ch(!is.na(data$std.Growth) & data$Sub.pop=="Bimini - SL"),]), "Sharkland") 
 
 
SL_grad_growth_total_value<-c("growth", "gradient", summary(SL_grad_total)$solutio
ns["std.Growth",1], summary(SL_grad_total)$solutions["std.Growth",2], summary(SL_g
rad_total)$solutions["std.Growth",3], summary(SL_sig_total)$solutions["std.Growth"
,5], nrow(data[which(!is.na(data$std.Growth) & data$Sub.pop=="Bimini - SL"),]), "S
harkland") 

4 

Gradient subset 4 (sharks for which growth data is available that were not tested for personality) for 

North Sound 

NS_grad_noscore<-MCMCglmm(std.Survival.y2~std.Growth+ std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(is.na(data$Explo) & !is.n
a(data$std.Growth) & data$Sub.pop=="Bimini - NS"),], family="gaussian", prior=prio
r.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

NS_sig_noscore<-MCMCglmm(Survival.y2~std.Growth+ std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(is.na(data$Explo) & !is.n
a(data$std.Growth) & data$Sub.pop=="Bimini - NS"),], family="categorical", prior=p
rior.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Extracting the results 

NS_grad_PCL_noscore_value<-c("PCL", "gradient", summary(NS_grad_noscore)$solutions
["std.PCL",1], summary(NS_grad_noscore)$solutions["std.PCL",2], summary(NS_grad_no
score)$solutions["std.PCL",3], summary(NS_sig_noscore)$solutions["std.PCL",5], nro
w(data[which(is.na(data$Explo) & !is.na(data$std.Growth) & data$Sub.pop=="Bimini - 
NS"),]), "NorthSound") 
 
 
NS_grad_growth_noscore_value<-c("growth", "gradient", summary(NS_grad_noscore)$sol
utions["std.Growth",1], summary(NS_grad_noscore)$solutions["std.Growth",2], summar
y(NS_grad_noscore)$solutions["std.Growth",3], summary(NS_sig_noscore)$solutions["s
td.Growth",5], nrow(data[which(is.na(data$Explo) & !is.na(data$std.Growth) & data$
Sub.pop=="Bimini - NS"),]), "NorthSound") 

Gradient subset 4 (sharks for which growth data is available that were not tested for personality) for 

North Sound 

SL_grad_noscore<-MCMCglmm(std.Survival.y2~std.Growth+ std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(is.na(data$Explo) & !is.n
a(data$std.Growth) & data$Sub.pop=="Bimini - SL"),], family="gaussian", prior=prio
r.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

SL_sig_noscore<-MCMCglmm(Survival.y2~std.Growth+ std.PCL, 
                   random=~Year+PIT.Tag, data=data[which(is.na(data$Explo) & !is.n
a(data$std.Growth) & data$Sub.pop=="Bimini - SL"),], family="categorical", prior=p
rior.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 
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Extracting the results 

SL_grad_PCL_noscore_value<-c("PCL", "gradient", summary(SL_grad_noscore)$solutions
["std.PCL",1], summary(SL_grad_noscore)$solutions["std.PCL",2], summary(SL_grad_no
score)$solutions["std.PCL",3], summary(SL_sig_noscore)$solutions["std.PCL",5], nro
w(data[which(is.na(data$Explo) & !is.na(data$std.Growth) & data$Sub.pop=="Bimini - 
SL"),]), "Sharkland") 
 
 
SL_grad_growth_noscore_value<-c("growth", "gradient", summary(SL_grad_noscore)$sol
utions["std.Growth",1], summary(SL_grad_noscore)$solutions["std.Growth",2], summar
y(SL_grad_noscore)$solutions["std.Growth",3], summary(SL_sig_noscore)$solutions["s
td.Growth",5], nrow(data[which(is.na(data$Explo) & !is.na(data$std.Growth) & data$
Sub.pop=="Bimini - SL"),]), "Sharkland") 

5 

Gradients subset 5 (only sharks tested for exploration regardless of growth data) for North Sound 

NS_grad_explo_1<-MCMCglmm(std.Survival.y1~std.PCL+std.Explo, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$Explo) & !is.
na(data$std.PCL) & data$Sub.pop=="Bimini - NS"),], family="gaussian", prior=prior.
mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

NS_sig_explo_1<-MCMCglmm(Survival.y1~std.PCL+std.Explo, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$Explo) & !is.
na(data$std.PCL) & data$Sub.pop=="Bimini - NS"),], family="categorical", prior=pri
or.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Extracting the results 

NS_grad_PCL_explo_value_1<-c("PCL", "gradient", summary(NS_grad_explo_1)$solutions
["std.PCL",1], summary(NS_grad_explo_1)$solutions["std.PCL",2], summary(NS_grad_ex
plo_1)$solutions["std.PCL",3], summary(NS_sig_explo_1)$solutions["std.PCL",5], nro
w(data[which(!is.na(data$Explo) & !is.na(data$std.PCL) & data$Sub.pop=="Bimini - N
S"),]), "NorthSound") 
 
 
NS_grad_explo_explo_value_1<-c("exploration", "gradient", summary(NS_grad_explo_1)
$solutions["std.Explo",1], summary(NS_grad_explo_1)$solutions["std.Explo",2], summ
ary(NS_grad_explo_1)$solutions["std.Explo",3], summary(NS_sig_explo_1)$solutions["
std.Explo",5], nrow(data[which(!is.na(data$Explo) & !is.na(data$std.PCL) & data$Su
b.pop=="Bimini - NS"),]), "NorthSound") 

Gradients subset 5 (only sharks tested for exploration regardless of growth data) for Sharkland 

SL_grad_explo_1<-MCMCglmm(std.Survival.y1~std.PCL+std.Explo, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$Explo) & !is.
na(data$std.PCL) & data$Sub.pop=="Bimini - SL"),], family="gaussian", prior=prior.
mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

SL_sig_explo_1<-MCMCglmm(Survival.y1~std.PCL+std.Explo, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$Explo) & !is.
na(data$std.PCL) & data$Sub.pop=="Bimini - SL"),], family="categorical", prior=pri
or.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 
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Extracting the results 

SL_grad_PCL_explo_value_1<-c("PCL", "gradient", summary(SL_grad_explo_1)$solutions
["std.PCL",1], summary(SL_grad_explo_1)$solutions["std.PCL",2], summary(SL_grad_ex
plo_1)$solutions["std.PCL",3], summary(SL_sig_explo_1)$solutions["std.PCL",5], nro
w(data[which(!is.na(data$Explo) & !is.na(data$std.PCL) & data$Sub.pop=="Bimini - S
L"),]), "Sharkland") 
 
 
SL_grad_explo_explo_value_1<-c("exploration", "gradient", summary(SL_grad_explo_1)
$solutions["std.Explo",1], summary(SL_grad_explo_1)$solutions["std.Explo",2], summ
ary(SL_grad_explo_1)$solutions["std.Explo",3], summary(SL_sig_explo_1)$solutions["
std.Explo",5], nrow(data[which(!is.na(data$Explo) & !is.na(data$std.PCL) & data$Su
b.pop=="Bimini - SL"),]), "Sharkland") 

6 

Gradients subset 6 (only sharks tested for exploration with growth data) for North Sound 

NS_grad_explo<-MCMCglmm(std.Survival.y2~std.Growth+ std.PCL+std.Explo, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$Explo) & !is.
na(data$std.Growth) & data$Sub.pop=="Bimini - NS"),], family="gaussian", prior=pri
or.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Significance testing 

NS_sig_explo<-MCMCglmm(Survival.y2~std.Growth+ std.PCL+std.Explo, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$Explo) & !is.
na(data$std.Growth) & data$Sub.pop=="Bimini - NS"),], family="categorical", prior=
prior.mixed, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 

Extracting the results 

NS_grad_PCL_explo_value<-c("PCL", "gradient", summary(NS_grad_explo)$solutions["st
d.PCL",1], summary(NS_grad_explo)$solutions["std.PCL",2], summary(NS_grad_explo)$s
olutions["std.PCL",3], summary(NS_sig_explo)$solutions["std.PCL",5], nrow(data[whi
ch(!is.na(data$Explo) & !is.na(data$std.Growth) & data$Sub.pop=="Bimini - NS"),]), 
"NorthSound") 
 
NS_grad_growth_explo_value<-c("growth", "gradient", summary(NS_grad_explo)$solutio
ns["std.Growth",1], summary(NS_grad_explo)$solutions["std.Growth",2], summary(NS_g
rad_explo)$solutions["std.Growth",3], summary(NS_sig_explo)$solutions["std.Growth"
,5], nrow(data[which(!is.na(data$Explo) & !is.na(data$std.Growth) & data$Sub.pop==
"Bimini - NS"),]), "NorthSound") 
 
NS_grad_explo_explo_value<-c("exploration", "gradient", summary(NS_grad_explo)$sol
utions["std.Explo",1], summary(NS_grad_explo)$solutions["std.Explo",2], summary(NS
_grad_explo)$solutions["std.Explo",3], summary(NS_sig_explo)$solutions["std.Explo"
,5], nrow(data[which(!is.na(data$Explo) & !is.na(data$std.Growth) & data$Sub.pop==
"Bimini - NS"),]), "NorthSound") 

Gradients subset 6 (only sharks tested for exploration with growth data) for Sharkland 

SL_grad_explo<-MCMCglmm(std.Survival.y2~std.Growth+ std.PCL+std.Explo, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.Explo) & 
!is.na(data$std.Growth) & !is.na(data$std.PCL) & data$Sub.pop=="Bimini - SL"),], f
amily="gaussian", prior=prior.mixed, nitt=300000, burnin=25000, thin = 100, verbos
e=FALSE) 

Significance testing 
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SL_sig_explo<-MCMCglmm(Survival.y2~std.Growth+ std.PCL+std.Explo, 
                   random=~Year+PIT.Tag, data=data[which(!is.na(data$std.Explo) & 
!is.na(data$std.Growth) & !is.na(data$std.PCL) & data$Sub.pop=="Bimini - SL"),], f
amily="categorical", prior=prior.mixed, nitt=300000, burnin=25000, thin = 100, ver
bose=FALSE) 

Extracting the results 

SL_grad_PCL_explo_value<-c("PCL", "gradient", summary(SL_grad_explo)$solutions["st
d.PCL",1], summary(SL_grad_explo)$solutions["std.PCL",2], summary(SL_grad_explo)$s
olutions["std.PCL",3], summary(SL_sig_explo)$solutions["std.PCL",5], nrow(data[whi
ch(!is.na(data$Explo) & !is.na(data$std.Growth) & data$Sub.pop=="Bimini - SL"),]), 
"Sharkland") 
 
SL_grad_growth_explo_value<-c("growth", "gradient", summary(SL_grad_explo)$solutio
ns["std.Growth",1], summary(SL_grad_explo)$solutions["std.Growth",2], summary(SL_g
rad_explo)$solutions["std.Growth",3], summary(SL_sig_explo)$solutions["std.Growth"
,5], nrow(data[which(!is.na(data$Explo) & !is.na(data$std.Growth) & data$Sub.pop==
"Bimini - SL"),]), "Sharkland") 
 
SL_grad_explo_explo_value<-c("exploration", "gradient", summary(SL_grad_explo)$sol
utions["std.Explo",1], summary(SL_grad_explo)$solutions["std.Explo",2], summary(SL
_grad_explo)$solutions["std.Explo",3], summary(SL_sig_explo)$solutions["std.Explo"
,5], nrow(data[which(!is.na(data$Explo) & !is.na(data$std.Growth) & data$Sub.pop==
"Bimini - SL"),]), "Sharkland") 

 
Displaying the results 

North Sound 

trait selection estimate lowerCI upperCI p-value 
sample 
size 

PCL differential -0.15048927 -0.21042297 -0.092159345 0.0003636363 1632 

PCL differential -0.14879857 -0.20882645 -0.091422674 0.0003636363 1457 

PCL gradient -0.32303196 -0.58037623 -0.063887729 0.0029090909 705 

growth gradient -0.25924066 -0.52181967 -0.014073750 0.0087272727 705 

PCL gradient -0.45087938 -0.72411671 -0.183817751 0.0007272727 624 

growth gradient -0.25158101 -0.49655785 0.022010822 0.0029090909 624 

PCL gradient -0.19859139 -0.43321819 0.018817802 0.0792727272 175 

exploration gradient 0.10259977 -0.12910168 0.303910117 0.5905454545 175 

PCL gradient 0.39908762 -0.73116830 1.351955410 0.4916363636 81 

growth gradient -0.31957314 -1.38091837 0.732465024 0.6094545454 81 

exploration gradient 0.19681509 -0.92019066 1.399433825 0.8567272727 81 

Sharkland 

trait selection estimate lowerCI upperCI p-value 
sample 
size 

PCL differential -0.075132605 -0.13900711 -0.017657170 0.0494545454 1786 

PCL differential -0.082382931 -0.14857532 -0.013592863 0.0305454545 1637 

PCL gradient -0.493423769 -0.76510985 -0.210319280 0.0014545454 699 

growth gradient -0.309171291 -0.59938348 -0.040123202 0.0450909090 699 

PCL gradient -0.469741137 -0.79100891 -0.192907410 0.0189090909 626 

growth gradient -0.352907324 -0.65318449 -0.056280338 0.0167272727 626 
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PCL gradient -0.012043967 -0.22310494 0.209323944 0.92 149 

exploration gradient -0.030556266 -0.27328726 0.219141130 0.5207272727 149 

PCL gradient -0.541896566 -1.47940990 0.393874663 0.0538181818 73 

growth gradient 0.244063945 -0.70095208 1.304870083 0.4334545454 73 

exploration gradient -0.406549421 -1.49871813 0.494076340 0.6785454545 73 

Are the gradients and differentials significantly different in North Sound and Sharkland 

 
statistic.t estimate.mean of x estimate.mean of y p.value 

PCL subset 1 -90.2173760552 -0.150489276265 -0.0751326059860 0 

PCL subset 2 -75.1286256438 -0.148798570268 -0.0823829319675 0 

PCL subset 3 45.6471618991 -0.323031962007 -0.493423769816 0 

Growth 
subset 3 

13.4673670527 -0.259240661166 -0.3091712919425 1.08146423909e-40 

PCL subset 4 4.78349920411 -0.450879381829 -0.4697411376564 1.76818940903e-06 

Growth 
subset 4 

26.3469871582 -0.251581017620 -0.35290732456385 5.1343810238e-144 

PCL subset 5 -60.7104765012 -0.198591391062 -0.0120439672386 0 

Exploration 
subset 5 

41.3914953639 0.102599778087 -0.0305562667429 0 

PCL subset 6 69.2126038456 0.399087629951 -0.5418965662725 0 

Growth 
subset 6 

-39.6576904913 -0.319573149077 0.2440639455227 1.4553845057e-302 

Exploraiton 
subset 6 

40.4595162891 0.196815096514 -0.4065494216523 1.5939708450e-312 

How does distance from shore influence survival ? 

survival_dist<-MCMCglmm(Survival.y1~sqrt.Distance*Sub.pop,  
                  data=Distancesummary, family="categorical", prior=prior.norandom
, nitt=300000, burnin=25000, thin = 100, verbose=FALSE) 
 
summary(survival_dist) 

##  
##  Iterations = 25001:299901 
##  Thinning interval  = 100 
##  Sample size  = 2750  
##  
##  DIC: 0.9653873  
##  
##  R-structure:  ~units 
##  
##       post.mean l-95% CI u-95% CI eff.samp 
## units     49724     6867   109971     2384 
##  
##  Location effects: Survival.y1 ~ sqrt.Distance * Sub.pop  
##  
##                                  post.mean l-95% CI u-95% CI eff.samp 
## (Intercept)                        1032.93   218.11  1957.43     2750 
## sqrt.Distance                      -126.11  -237.61   -24.95     2550 
## Sub.popBimini - SL                 -846.06 -1927.63   159.19     2750 
## sqrt.Distance:Sub.popBimini - SL    118.47   -25.28   272.73     2750 
##                                    pMCMC    
## (Intercept)                      0.00945 ** 
## sqrt.Distance                    0.00582 ** 
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## Sub.popBimini - SL               0.08364 .  
## sqrt.Distance:Sub.popBimini - SL 0.08945 .  
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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Appendix 3  

Results of the selection model when relative growth is used instead of 

absolute growth (Page 161) 
 

Table S1. Linear (directional) selection differentials (S’i) and gradients (β’) on pre-

caudal length, relative growth and exploration of sharks from North Sound and 

Sharkland. a Sample only includes sharks that were never tested for personality. b 

Selection measured using survival at year n+2 due to the inclusion of the growth 

variable. Sample sizes are given in parenthesis. Significant results are shown in 

bold (. P =0.05, * P <0.05, ** P < 0.01, *** P < 0.001) 

  Subpopulation  

Variable Measure 

of 

selection 

North Sound Sharkland Post-hoc t 

PCL S’i -0.15*** (1618)  -0.07* (1800) -95.2*** 

PCL a S’i -0.15*** (1448) -0.08* (1646) -81.8*** 

PCL b β' -0.33** (697) -0.52*** (708) 30.56*** 

Relative growth 

b 

β' -0.28** (697) -0.29. (708) -6.55*** 

PCL a, b β' -0.47*** (621) -0.49** (629) -9.75*** 

Relative growth 

a, b 

β' -0.25** (621) -0.35** (629) 8.22*** 

PCL β' -0.17 (173) -0.03 (151)  

Exploration β' 0.11 (173) 0.03 (151)  

PCL b β' 0.48 (76) -0.65* (78)  

Relative Growth 

b 

β' -0.56 (76) 0.31 (78)  

Exploration b β' 0.22 (76) -0.41 (78)  
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