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Abstract 

Several major reviews have recently highlighted the interest amongst life 

scientists in understanding the ecological and evolutionary significance of animal 

‘personality’ traits (e.g., Wilson 1998; Gosling 2001; Sih et al. 2004a).  The term 

‘personality trait’ as it is used here simply refers to consistent individual differences 

in an animal’s behavioural style (as opposed to its discrete acts), and therefore, 

represent a potential suite of behavioural traits that can describe behavioural 

individuality in animals.  Using personality descriptors such as shyness-boldness, 

activity, etc., has the advantage in that we can describe holistic, aggregate behaviour 

of animals that may be important for selection between individuals.  Understanding 

how animal personalities interact with life history strategies may help explain how 

individuals make-up populations, an important issue in evolutionary and population 

ecology.   

 

While intuitively appealing, our knowledge of how intra-population individual 

differences in behaviour influence life histories is in its infancy (Wilson 1998).  

Cephalopods are well-known for their inter-individual variation in several key life 

history traits (e.g. growth and age-at-maturity), represent important commercial 

species in a number of worldwide fisheries, and also display complex individual 

behaviours (Sinn et al. 2001).  Through a series of four experiments this project 

investigated personality traits in squid and their biological and ecological 

consequences.   

 

Four traits (shy-bold, activity, reactivity, and bury persistence) were identified 

across two ecologically important contexts in wild-caught adult squid.  Trait 

expression was sex-independent, context-specific (i.e. bold squid in threat tests were 

not necessarily bold in feeding ones), and was related to body size and reproductive 

maturity.  There was high individual variability in developmental processes 

associated with all traits, but some of this variation was partially explained by 

context, age, and developmental ‘groups’ of squid.  A quantitative genetic study was 

undertaken to describe the genetic structure of traits, in order to understand the 

potential for traits to respond to selection as well as provide a genotypic basis to 

understand potential fitness-related processes.  In general, there were significant 
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patterns of additive genetic variance for threat traits but not their feed counterparts, 

while age-related patterns of heritability indicated age-specific genetic expression for 

traits in both contexts.  Reproductive experiments indicated no direct relationship 

between a female squid’s personality and her short-term fitness, but an individual’s 

levels of feeding boldness did have consequences for its subsequent success in mate 

pairings.  Finally, a three year field study examined the frequencies of personality 

phenotypes across two populations in relation to density, body size, and sex ratios of 

squid within each population.  Observations indicated differences between years and 

populations in mean change and patterns of frequencies of behavioural phenotypes, 

but these changes appeared to be independent of patterns in population body size and 

sex-ratio. 

 

This study is a first attempt to relate individualized behaviour to life history 

variables in a cephalopod mollusc, and the results should contribute to our 

knowledge of how individuals make up populations, a process that is of importance 

to a number of life sciences, including behavioural, population, fisheries and 

evolutionary ecology.     
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Chapter 1. General Introduction 

1.1. From individuals to populations:  Animal personalities as 

ecologically relevant individual behaviours 

Evolutionary processes shape the properties of individuals, who are the 

constituents of populations (Lomnicki 1978; Koehl 1989; Werner 1992).  Population 

size and structure, then, is a function of individual-level traits (behavioural, 

physiologic, and morphologic) which are related to life history characteristics, such 

as growth, competition, survival, and reproduction (e.g. Armitage 1986; Koehl 1989; 

Werner & Anholt 1993; Anholt & Werner 1995; Sutherland 1996; Anholt 1997; 

Dingemanse et al. 2003).  While consistent individual differences in morphology and 

physiology are well documented in biology, relatively less is known concerning the 

role of intra-population individual differences in behaviour on resulting population 

dynamics (Wilson 1998).  This is unfortunate, since most researchers working with 

animals recognise that populations consist of individuals who behave in an 

identifiable, idiosyncratic manner, and behaviour is ecologically important (e.g. 

Skalski & Gilliam 2002; Biro et al. 2003).  Most ecological models of population 

dynamics either ignore behavioural variation or assume that individuals behave in a 

random manner (Persson & Diehl 1990; Grimm & Uchmanski 2002; Bolnick et al. 

2003).   

 

Behaviour is a variable which reflects the functioning of the whole organism, 

providing a mechanism for regulating internal physiologic states according to current 

environmental conditions (Armitage 1986; Werner & Hall 1988; Werner & Anholt 

1993; Crowley & Hopper 1994; Anholt & Werner 1995; Sutherland 1996).  There 

have been a number of recent reviews highlighting the occurrence of a particular 

class of individual differences in behaviour, alternatively called ‘behavioural traits’, 

‘behavioural syndromes’, ‘personality’ or ‘temperamental’ traits (Wilson et al. 1994; 

Boissy 1995; Clarke & Boinski 1995; Gosling & John 1999; Gosling 2001; Sih et al. 

2004a; Sih et al. 2004b).  Each of these terms refer to consistent inter-individual 

differences in intra-individual behavioural tendencies, as opposed to discrete acts or 

behavioural polymorphisms (i.e., ‘rover’ and ‘sitter’ fruit flies: de Belle & 

Sokolowski 1987;  male polymorphic mating tactics: Brooks & Endler 2001).  As 
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such, ‘personality’ or ‘behavioural’ trait as it is used in this thesis refers to stable 

inter-individual differences in aggregate behavioural styles.  For example, many 

populations have individuals who differ in their expression of shyness/boldness, 

aggression, activity, and reactivity, amongst others (see: Gosling & John 1999; 

Gosling 2001), and these traits can be used as a tool for describing holistic, 

ecologically relevant behaviours (Wemelsfelder et al. 2001; Gosling & Vazire 2002).  

 

Quantifying animal personality traits also provides an integrative approach to 

the mechanistic study of how individual-level processes determine population-level 

phenomenon.  One relatively well-known example is the role of activity in mediating 

the ecological trade-off between growth and mortality (e.g. Werner & Anholt 1993; 

Anholt & Werner 1995; Mangel & Stamps 2001).  Increased activity can lead to 

increased growth, but also incurs costs in the form of increased predator encounters.  

Differences between individuals in their ability to acquire resources can lead to 

differences in growth and can alter size-specific competition and predation properties 

of populations (Werner 1992).  Individual differences in aggression, sociability, or 

boldness may also help explain variation in dispersal and survival rates (Chitty 1967; 

Krebs 1978; Fraser et al. 2001; Cavigelli & McClintock 2003; Dingemanse et al. 

2003).  Despite these advances, there is still debate over the interplay of behavioural 

factors, resource acquisition, mortality risk, and resulting population growth and 

decline (Werner 1992; Mougeot et al. 2003).  Thus, a central issue in population 

ecology is to identify the importance of individual behaviour in the regulation of 

animal populations (Sutherland 1996; Mougeot et al. 2003).  The general objective of 

this thesis was to begin to characterize individual-level behaviours in the sepiolid 

squid, Euprymna tasmanica (Pfeffer 1884) in the context of its life history, in order 

to further our knowledge of how individual behaviour may relate to population 

processes (Figure 1.1). 

 

1.2. Personality trait description and integration with life history 

characteristics 

This study, while heavily influenced by ideas generated from foraging 

behaviour (Lima & Dill 1990), optimality theory (Maynard Smith 1978), and 

ecological trade-offs such as bet-hedging (Hopper et al. 2003), explores how  
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Figure 1.1.  A general approach towards understanding the relevance of individual-level 
behaviours in population-level processes. 
 

personality traits in an animal (in this case, squid) are reflected in its biological and 

life history outcomes; these relationships should then serve as indicators of how 

behaviour can potentially affect population processes.  In general, for individual-

level traits to be important to population dynamics they must be subject to natural 

selection, of which there are several requirements:  a) there must be consistent 

variation for a trait between individuals, b) traits must be passed from parents to 

offspring, and c) there must be fitness-related consequences of traits (Endler 1986).  

Thus, the general approach taken here was to first define behavioural individuality in 

squid, and then to address a number of major issues related to the biology of 

behaviour (Tinbergen 1963) within the context of natural selection, and consisted of 

four chapters each with a general aim: 

 

• Definition:  to behaviourally define traits and their expression within a 

number of contexts, as well as explore broad correlations of traits with adult 

body size, reproductive status, and body condition (Chapter 2) 

• Development:  to understand proximate issues of personality development, 

and interactions with age-related changes in growth and body size (Chapter 

3) 

• Genetic structure:  to understand the genetic variation and structure of 

personality traits, and their potential reproductive consequences (Chapter 4) 

• Population patterns:  to understand temporal and spatial patterns of 

frequency distributions of personality phenotypes in wild populations of 

squid, in the context of population body size, sex-ratios, and densities 

(Chapter 5). 

Individual 
differences

 in 
Behaviour 

Definition and Biological 
Exploration 

Development within the 
context of growth 

Heritability and reproductive 
consequences 

Population-level 
patterns 
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Euprymna tasmanica is an excellent invertebrate species with which to study 

the relationship between individual-level behaviours, biology, and resulting life 

history in animals.  Dumpling squid are small (~ 4-7 cm), relatively solitary, benthic 

squid with complex behaviour and a short lifespan (5-8 months).  Squids of the 

family Sepiolidae display a semelparous life-history strategy, with oviparity, no 

parental care of offspring and non-overlapping generations (Singley 1983).  Unlike 

true squid (order: Teuthida), dumpling squid (order: Sepiolida) do not school but 

spend their lives associated with soft substratum, burying into sand or mud during 

daylight hours and emerging at night to ‘sit’ on the bottom to feed.  They can be held 

individually in the laboratory under seminatural conditions while maintaining their 

normal range of behaviours.  Amongst the cephalopods, high inter-annual variability 

in population sizes are commonly observed (Boyle & Boletzky 1996), and result 

from a highly variable and complex life history strategies with regards to growth and 

reproduction; these factors are particularly sensitive to environmental conditions 

(Boyle et al. 1995; Moltschaniwskyj 1995).  Cephalopod molluscs are further 

characterized by complex, individual behavioural variation (Mather & Anderson 

1993; Sinn et al. 2001), but nothing is known about how behaviour may mediate, 

complement, or buffer life history strategies in squid in the face of changing 

environments. 

 

1.3. Chapter Summaries 

     This thesis consists of four data chapters, each one constituting a stand-alone 

manuscript; therefore, there may be areas in the text that are slightly repetitive. 

1.3.1. Chapter 2:  Personality traits in dumpling squid (Euprymna tasmanica):  

context-specific traits and their correlation with biological characteristics 

Methods of aggregate behavioural trait measurement are generally well 

established in human studies; however, in nonhuman studies, where causal 

mechanisms of trait expression are better understood, there is a basic lack of 

established methods of trait description (Itoh 2002) and reliability (Miller 2001).  

Thus, a major aim of this chapter is to define what personality traits, if any, are 
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expressed by adult dumpling squid.  Whether aggregate behaviours are reliable and 

valid indicators of consistent behavioural variation is also a major priority of this 

chapter.  Trait expression within and across ecological contexts is also an important 

aspect of understanding selective regimes and biological constraints placed on 

individuals (Coleman & Wilson 1998; Sih et al. 2004a).  Thus, the second aim of this 

chapter was to explore trait correlations both within and across two contexts, a threat 

and a feeding test.   

Body size is a major component of an individual’s survival (Sogard 1997), 

habitat choice (Bolnick et al. 2003), energetic requirements (Sih 1997), and resource 

exploitation (Werner & Gilliam 1984).  Gender also has important consequences for 

behavioural strategies (Magurran & Garcia 2000), while body condition 

(Mikolajewski et al. 2004) and reproductive stage also may help explain an animal’s 

behavioural expression.  The final aim of this chapter was to examine the 

relationship between personality trait expression and five biological characteristics:  

gender, reproductive stage, somatic and reproductive condition, and body size. 

This chapter forms the basis of a publication; Journal of Comparative 

Psychology (2005 Vol. 119:  99-110). 

1.3.2. Chapter 3:  Development of squid personality in association with growth and 

sexual maturity 

A fundamental influence on any behavioural trait is its development, the 

processes which act to constrain, guide, and shape appropriate age-specific 

behaviours (Stamps 1991; Fusco 2001; Stamps 2003).  Knowledge of the 

mechanisms and developmental patterns underlying phenotypic variation is also 

crucial to the understanding of important evolutionary phenomena, such as how 

animals ‘fit’ their environments (Stearns 1989; Fusco 2001).  One basic approach to 

the study of nonhuman personality development is to:  a) establish a valid method for 

the behavioural definition of traits through time (Itoh 2002), and b) describe 

development over the lifetime of individuals (Tinbergen 1963).  The first aim of this 

chapter was to characterize personality trait development across the majority of the 

lifespan of dumpling squid with regards to context, behavioural correlations, and 

individual-level behavioural variation. 
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Behavioural responses of animals within size-structured populations are 

influenced by size changes over ontogeny, and growth and development will have 

significant effects on behavioural expression over the life cycle, especially with 

regards to responses to predators (Werner & Gilliam 1984; Werner & Hall 1988).  

Sexual maturity also marks a major change in the way that individual squid allocate 

energy towards gonadal and somatic growth (Moltschaniwskyj 2004), and metabolic 

changes can also be reflected in an individual’s behavioural approach towards 

foraging, mating, and predation (Sih 1997).  The second aim of this chapter was to 

document behavioural development in light of population growth rates and sexual 

maturity in order to further elucidate potential life history strategies in squid.  

1.3.3. Chapter 4:  Genetic analysis and reproductive consequences of squid 

personality traits 

At present, our understanding of the genetic structures of personality traits in 

animals, and their potential fitness consequences, is in its infancy (Godin & Dugatkin 

1996; Wilson 1998; Armitage & Van Vuren 2003; Reale & Festa-Bianchet 2003;  

but see:van Oers et al. 2004b).  Understanding the underlying genetics of personality 

traits is essential in order to understand how individuals determine the ways in which 

populations respond to change (Koehl 1989).  If traits have a substantial heritable 

component, then differential movements (natal dispersal), growth, and reproductive 

outcomes associated with traits could have profound consequences for the genetic 

composition of metapopulations (Clobert et al. 2001; Dingemanse et al. 2003).  The 

first aim of this chapter was to quantify additive and residual genetic variation in 

squid personality traits in light of evolutionary mechanisms contributing to 

personality trait genetic structure (Jones 1987; van Oers et al. 2004b). 

 

Population dynamics are at least partly a result of the reproductive strategies of 

individuals, and an animal’s evolutionary fitness is determined by the number of 

reproductive descendants it produces (Armitage 1986).  While fitness is difficult to 

measure in the field due to unknown relatedness of individuals and emigration, 

measures of short-term reproductive output are usually considered as fitness 

‘surrogates’ (Armitage 1986; Reed & Bryant 2004).  The second aim of this chapter 
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was to examine the potential fitness-related consequences (fecundity, hatching 

success rates, and mating success) of personality traits in squid. 

1.3.4. Chapter 5:  Spatial and temporal patterns of squid personality traits 

Since behaviours often vary in their degree of risk, the benefits of a particular 

behavioural strategy should depend on both the density of individuals in the 

population as well as the number of individuals expressing the same phenotype 

(Wilson et al. 1994).  Similarly, when natural selection promotes a mix of 

behavioural phenotypes to a given situation, there is no guarantee that the same mix 

will be adaptive in other situations (Coleman & Wilson 1998).  Theoretical models 

further suggest that incorporating individual behavioural variation can result in 

profoundly different dynamical behaviour because of the added capacity for 

frequency-dependent effects (Lomnicki 1978; Sherratt & Macdougall 1995; Bolnick 

et al. 2003).  However, while many studies continue to invoke frequency- and 

density-dependent processes to explain observed variation in personality phenotypes 

in laboratory studies, almost nothing is known concerning the patterns of frequencies 

of personality traits in wild populations with known densities, as well as the 

processes involved in population responses to selection.  Thus, the first aim of this 

chapter was to document spatiotemporal patterns of frequency distributions of 

personality phenotypes at two different sites and across three years. 

 

Individual animals face environmental variation, spatially and temporally, and 

the ability to cope with this variation is an important determinant of fitness (Drent et 

al. 2003).  Therefore, in order to help explain patterns of frequency distributions of 

traits through space and time, the second aim of this study was to determine whether 

one ecological (sex-ratios) and two biological (gender and body size) characteristics 

of populations co-varied with observed patterns of personality phenotypes. 

1.4. Ethical Note 

Housing conditions for all squid in all experiments conformed to the standards 

set by the University of Tasmania Animal Ethics Committee (2003).  Threat testing 

did not involve pain for subjects, and housing conditions allowed for ‘typical’ 

behaviours to be expressed at all ages.  To minimize distress or pain at the end of 
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testing, squid were either euthanized by chilling (Anderson 1996), used in other 

experiments, or released when possible.  
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Chapter 2. Personality traits in dumpling squid 

(Euprymna tasmanica):  context-specific traits and their 

correlation with biological characteristics 

Sinn, D.L., Moltschaniwskyj, N.A.  (2005).  Journal of Comparative 

Psychology. 119(1):  99-110 

2.1. Abstract 

Personality traits are a major class of behavioural variation often observed 

within populations of animals.  However, little is known of the integration between 

personality and an individual’s underlying biology.  To address this, we measured 

personality traits in squid (Euprymna tasmanica) in 2 contexts while also describing 

trait correlates with biological parameters.  Four traits (shy avoidance-bold 

aggression, activity, bury persistence, and reactivity) were reliably measured; 

however, trait expression between contexts was not correlated and thus was context-

specific.  Trait variation was not a function of gender or of somatic or reproductive 

condition but was explained partially by a squid’s sexual maturity and its size. 

Results are discussed in terms of the interplay between personality variation and 

resulting life history strategies in animals. 

 

2.2. Introduction 

Variation in behavioural phenotypes, maintained by natural selection on 

individuals (Sober & Lewotin 1982; Sober 1984), is frequently observed in wild 

populations of animals.  This individual behavioural variation normally involves 

either discrete (qualitative) or continuous (quantitative) trait expression.  It is evident 

that individual differences in discrete behavioural traits, such as polymorphic mating 

strategies (Taborsky 1994; Brooks & Endler 2001) and non-plastic behavioural 

‘states’ (e.g., rovers and sitters in fruit flies, de Belle & Sokolowski 1987), play a 

role in shaping population demographics through time.  However, less is known 
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about the relationship between continuous behavioural variation, population 

dynamics, and life history parameters (Wilson 1998). 

 

Personality traits are an example of continuous intraspecific behavioural 

variation and describe individuals’ consistent behavioural styles, as opposed to their 

discrete behavioural acts (Goldsmith et al. 1987; Rothbart et al. 2000). In nonhuman 

animals, personality trait constructs can be invoked to meaningfully summarize 

aggregate behaviour and to describe an individual’s tendency to behave in a 

particular way (Buss & Craik 1983).  A number of major axes of variation, including 

activity, shy-bold, reactivity, and aggressive measures, continue to be identified in 

nonhuman animals across a wide range of taxa in a number of contexts (for reviews 

see: Gosling & John 1999; Gosling 2001).  For example, bolder animals tend to show 

a greater propensity to take risks than do shyer ones, and more active individuals 

undertake more movements, in both frequency and duration, than do their less active 

counterparts.  The reactivity continuum quantifies differences in the magnitude of 

response between individuals and can be a reflection of internal arousal states (Stifter 

& Fox 1990).  Finally, aggression measures describe how often and to what extent 

individuals display agonistic or attacking behaviours.  Although the range of taxa 

studied previously highlights the importance and widespread occurrence of 

personality traits amongst animals, there is still a lack of studies concerning 

invertebrates, despite the high degree of behavioural (Barnes 1987) and neural 

(Corning et al. 1976) complexity in this group. 

 

Context-specific versus domain-general expression of personality traits has 

recently received greater attention in human (Kagan 2003) and nonhuman (Coleman 

& Wilson 1998) studies.  Personality traits are considered domain-general if 

expression levels of a trait are similar for an individual across a range of contexts.  

Domain-generality can indicate that similar selective regimes are operating across 

the examined contexts or that mechanistic constraints are limiting the expression of 

context-specific behavioural optima (Sih et al. 2004a).  Conversely, context-

specificity occurs when an individual’s expression levels of a trait vary depending on 

the context.  Context-specific trait structure highlights the importance of situation-

specific selective regimes (Coleman & Wilson 1998).  For nonhuman animals, both 

domain-general (Huntingford 1982; Lyons et al. 1988; Tulley & Huntingford 1988; 

Capitanio 1999) and context-specific (Coleman & Wilson 1998; Reale et al. 2000) 
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personality traits have been reported.  Among octopuses, close relations to squid, two 

studies have described domain-general traits (Mather & Anderson 1993; Sinn et al. 

2001), but neither explicitly tested for context-specificity. 

 

Psychological and biological processes occur together within an organism, and 

an individual’s biology or personality will reflect the dynamic interplay between 

behavioural expression, physiologic and neural makeup, and associated feedback 

systems (Kagan et al. 1988).  Understanding the integration of biological and 

personality processes is central to understanding the relationship between continuous 

behavioural variation and life history strategies in animals.  For example, personality 

expression by gender (i.e.Budaev 1999) and maturity stage (i.e.Rochette et al. 2001; 

Mathisen et al. 2003) may be informative of life history strategies (i.e. sex-specific 

reproductive effort) tied to gender-specific behavioural strategies (Magurran & 

Garcia 2000).  Furthermore, growth and body size of animals may be linked to 

personality trait expression.  Growth of some schooling fishes appears to be 

correlated with boldness measures (Ward et al. 2004), but boldness does not appear 

to be a direct result of RNA levels and thus growth rate (Sundström et al. 2004).  

Instead, bold behaviour in brown trout predicts dominance in feeding hierarchies, 

thus indicating the importance of behaviour (boldness) in determining biological 

outcomes (growth rate).  Two other biological parameters, somatic and reproductive 

condition, may also be linked to phenotypic selection in animals (Hoey & 

McCormick 2004).  Activity measures can reflect the interplay between metabolic 

demand, energy gain, and body condition in animals (McNamara & Houston 1994).  

However, outside of measures of activity, little is known regarding personality trait 

expression and measures of an individual’s physical condition. 

 

Euprymna tasmanica, the southern dumpling squid, is an excellent invertebrate 

species with which to study the relationship between personality, biology, and 

resulting life history in animals.  Euprymna tasmanica is a small (~ 4-7 cm), 

relatively solitary, benthic squid with complex behaviour and a short lifespan (5-8 

months).  Unlike true squid (order: Teuthida), dumpling squid (order: Sepiolida) do 

not school but spend their lives associated with soft substratum, burying into sand or 

mud during daylight hours and emerging at night to ‘sit’ on the bottom to feed.  They 

can be held individually in the laboratory under seminatural conditions while 

maintaining their normal range of behaviours.  Cephalopods have highly variable and 
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complex life history traits related to growth and reproduction; these factors are 

particularly sensitive to environmental conditions (Boyle et al. 1995; 

Moltschaniwskyj 1995).  Little is known about how behaviour mediates these 

relationships in squid and contributes to fitness-related outcomes, especially 

reproduction and survival.  From a comparative psychological standpoint, 

cephalopods are invertebrates that potentially display similar psychological 

characteristics to vertebrates (Mather & Anderson 1993; Sinn et al. 2001).  

Understanding the processes by which these similarities have arisen, both proximate 

and ultimate, should be informative of the evolution of personality itself. 

 

In summary, the three major aims of this study were as follows:  (a) to examine 

whether observable, discrete behaviours in a sepiolid squid could be reliably grouped 

to describe personality traits; (b) to assess whether these traits were expressed in a 

domain-general or context-specific manner; and (c) to examine the relationship 

between personality trait expression and several biological measures:  sex, maturity 

stage, body size, reproductive condition, and somatic condition. 

 

2.3. Methods 

2.3.1. Subjects 

Dumpling squid (Euprymna tasmanica) were collected from a wild population 

on four different occasions at Kelso, Tasmania (41° 06'S x 146° 47'E), by snorkel or 

SCUBA, between February 16, 2002 and June 10, 2002.  All squid (including those 

that were partially buried) encountered during dives were collected, with the 

exception of obvious juveniles (< 1 cm mantle length [ML]). Squid were transported 

to the University of Tasmania, Launceston, Tasmania, Australia, and held in separate 

plastic test containers (34 cm long x 29 cm wide x 13 cm deep) floating in a larger, 

2,000-L recirculating seawater system.  Of the 97 mature adults used in this study, 33 

were females and 64 were males.  Mean ML and wet weight (WW) of subjects (N = 

97) was 24.2 mm (SD = 5.41) and 6.09 g (SD = 5.25), respectively.  Seawater was 

maintained at 33 – 34 ppt and 18°C.  Individual test containers were opaque on all 

sides and contained a thin layer (3-4 mm) of sand, allowing squid to partially bury 

themselves while being visible to an observer.  Squid were not moved for testing, 

they were held and tested in the same plastic containers.  The system received 
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overhead lighting maintained on a 14:10-hour day-night cycle and was continuously 

illuminated with low levels of red light (0.22 x 1014 quanta s-1cm–2) to allow for 

visual observation during night-time hours.  After capture, squid were allowed to 

acclimate for 48 hr and were then fed once (mysid shrimp: Tasmanomysis oculata 

and Paramesopodopsis rufa) and given another 48 hr before testing began.   

Maintenance and growth rations of mysid shrimp for dumpling squid have been 

determined previously (Fox-Smith 2002), and feeding during the present study met 

or exceeded growth rations.  During acclimatization and experimentation, human 

interaction with squid was minimized through the use of visual barriers surrounding 

the experimental system.  At the end of testing, squid were euthanized by chilling 

(Anderson 1996) and then were frozen.  Within 72 hr of freezing, squid were thawed 

and the following parameters were measured:  gender, ML (distance from centre of 

eye to distal portion of mantle; see Figure 2.1A), total WW, and gonad complex 

weight (GW). 

 

 

 

 
Figure 2.1.  The southern dumpling squid, Euprymna tasmanica.  A:  In a sitting position atop 
sand substrate.  Black line indicates mantle length measurement.  B:  In the wild at Kelso, 
Tasmania, using mantle fins to swim in a stationary position in the water column (i.e. the 
behaviour fin swim).  C:  Partially buried in sand substrate.  D:  Arm flower posture.  Photo 
credits:  David Mitchell (A), John Forsythe (B), Mike Steer (C), and Rebecca van Gelderen 
(D). 
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2.3.2. Behavioural test procedures 

Six to 12 hr before testing, all test containers were covered with opaque plastic 

lids, which allowed for testing of each squid without disturbing neighbouring 

individuals.  All testing began 1-2 hr after the start of the dark phase in the 

laboratory.  All squid were subject to two tests on each testing day, with each test 

designed to simulate a different ecological context.  The first test was a threat, in 

which the experimenter (DLS) lifted the lid of the test container and touched the 

squid on its arms with one end of a 50-ml plastic eyedropper that was moved towards 

the subject at approximately 3 cm/s.  The end of the plastic eyedropper was coloured 

to enhance visual acuity.  Squid were touched until they moved away from the threat 

or up to 10 times, whichever came first.  Behaviours were recorded for 5 min from 

the time of movement from the threat or the 10th touch.  The second test was a 

feeding event that occurred 60-90 minutes after the threat test and consisted of the 

experimenter presenting live food (25-35 mysid shrimp).   

 

Shrimp were placed in the corner of the test container farthest from the squid; 

when squid were located centrally, shrimp were placed in the right-hand corner of 

the test container closest to the observer.  Behaviours in this test were recorded for 5 

min or until the capture of five prey items.  Frequency and duration of behaviours 

were recorded with an audiocassette recorder and handheld timer.  An a priori 5-s 

rule was used for all frequency counts, in which a behaviour was scored as a multiple 

frequency only if there was at least a 5-s break between occurrences.  The variable 

feeding distance was measured from feeding strikes filmed during testing with a 

Sony digital video camera (DCR-TRV900E).  Only the variable feeding distance was 

measured from videotape because filming in the dark and background noise made 

recording other variables from videotape unreliable.  Squid were normally sitting on 

the sand substrate when a feeding strike began; to capture a mysid the squid swam to 

the prey, performed a tentacular strike, and then returned to the bottom substrate.  

The distance from the sitting position to the tentacular strike was defined as the 

feeding distance; a ruler on the side of the test container provided a scale for 

measurements.   

 

Each squid was tested twice weekly for 2 weeks. Within a given week, squid 

were given both tests on 2 different days separated by at least 48 hr.  Although the 
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order of tests remained the same (i.e. threat first, then feed), squid were tested in a 

different order each test day.  In order to increase the between-individual variance in 

our behavioural measures and to account for within-individual variability (Fleeson 

2004), data from the two threat periods within a week were combined for analysis; 

the same procedure was applied to feed test observations.  Combined frequencies and 

times from the first week of testing were used to define potential personality traits.  

Combined results from the second week of testing were used for test-retest 

comparisons. 

2.3.3. Data Analysis:  Aims 1 and 2 

Principal components analysis (PCA) and reliability and stability 

measurements on PCA data were used to address the first aim:  Can observable 

behaviours in squid be reliably grouped to reflect behavioural styles or personality 

traits?  PCA scores were used to address the second aim:  Are personality traits 

expressed in squid in a context-specific or in a domain-general manner? 

 

Twelve behaviours were recorded during threat testing and were used in 

analyses to define possible personality trait dimensions (see Table 2.1).  A 

categorical variable (first behaviour after touch) describing the squid’s first reaction 

to the threat stimulus was included in the threat analysis.  This variable ranged from 

1 to 9.  Lower numbers indicated a more shy or reactive response, whereas on the 

opposite end of the scale an individual’s reaction would have been more bold and 

aggressive and less reactive:  1 = jet, 2 = fin swim, 3 = amble, 4 = ink, 5 = bury, 6 = 

no reaction, 7 = colour change, 8 = arm flower posture, and 9 = grab.  This scale 

was based on observations made over a period of 1 month during preliminary tests 

on Euprymna.  Eleven behaviours were recorded during feed testing (see Table 2.1).  

Variables from both tests were screened for distributional characteristics and 

intercorrelations.  The time variables time to first feed and time to first bury blow 

reflected latency scores; a squid received a ‘300’ (i.e. 300 s or 5 min.) for this 

variable if it did not perform either of these behaviours in a given test.  Both 

variables were also log transformed to approximate normal distributions.  No other 

transformations were necessary. 

 

 Data from each test were analysed by using SPSS Version 10.0 to conduct a 

PCA with Varimax rotation (Tabachnick & Fidell 1996).  Orthogonal rotation was 



Chapter 2                                                                                   Squid personality traits 

 16

chosen on empirical grounds, as it allowed a unique set of scores to be generated 

from the data set.  Oblique rotation was performed as well and produced the same 

outcome as the orthogonal methods for each analysis.  The number of components 

interpreted for each analysis was based on (a) a scree test (Cattell 1966), (b) a 

parallel analysis (Montanelli & Humphreys 1976), and (c) interpretability of the 
Table 2.1 
Definitions of behaviours measured in threat and feeding tests and used in principal 
components analysis (N=97). 
Behaviour M; SD 

(Threat) 
M; SD 
(Feeding) 

Operational definition and type of variable 

Bury blow 2.86; 3.33 0.36; 0.88 Squid attempts to bury, by directing water 
blasts through the funnel into the sand 
substrate (frequency count). 

Colour change 1.88; 2.41 not included At least 50% of squid’s overall skin colour 
pattern is changed (frequency count). 

Jet 1.46; 1.07 0.14; 0.46 Squid moves by jet propulsion, with no 
contact to the bottom or sides of the 
container (frequency count). 

Arm flower 
posture 

0.62; 1.45 not included Squid spreads all the arms out, with 
ventral suckers facing the direction of the 
stimulus (Fig. 1D).  Performed while 
swimming or stationary (frequency count). 

Number of 
touches 

6.57; 6.29 did not 
occur 

Number of times that threat eyedropper 
touches squid before the squid moves 
away (frequency count). 

Time spent 
moving 

27.24; 33.09 7.28; 28.62 Total time squid moves during testing.  
This includes time spent ambling, fin 
swimming, and jetting (s). 

Ink 2.19; 2.98 0.23; 1.93 Squid ejects ink blob into water column 
(frequency count). 

Amble 2.79; 3.05 0.45; 0.93 Squid moves across test container while 
maintaining contact with the arms on the 
bottom substrate (frequency count). 

Fin swim 0.76; 1.72 0.31; 1.06 Squid hovers in the water column while 
using the mantle fins to maintain position 
(frequency count). 

Grab 1.32; 3.03 did not 
occur 

Squid uses more than one arm to initiate 
contact with the threat stimulus 
(frequency count). 

First behaviour 
after touch 

6.50; 5.26 did not 
occur 

The first behaviour that occurred after the 
threat eyedropper contacts squid 
(categorical variable). 

Time to first 
bury blow 

468.74; 
139.60 

537.75; 
131.36 

Time elapsed from the start of the test 
until the first bury blow was recorded (s). 

Number of 
feeding strikes 

did not occur 4.61; 4.17 Number of times the squid captured prey 
item (frequency count). 

Average 
feeding 
distance 

did not occur 25.18; 
24.36 

Average distance travelled to capture 
prey item (mm). 

Time to first 
feeding strike 

did not occur 391.18; 
194.99 

Time elapsed from the start of testing until 
squid captured its first prey item (s). 

Feeding rate did not occur 235.04; 
288.11 

Total time spent feeding divided by the 
total number of feeding strikes 
(S/number of strikes). 

 

components themselves (Zwick & Velicer 1986).  For component interpretation, 

behaviours with a loading of at least ±.32 were considered to contribute to the 
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meaning of a component (Tabachnick & Fidell 1996).  A regression method, which 

results in the highest correlations between components and component scores 

(Tabachnick & Fidell 1996), was used to compute scores for both PCA solutions.  

For example, to calculate a threat reactivity score for Week 1, all frequency counts 

and time measurements of behaviours from Week 1 were multiplied by their 

respective PCA loadings for the component threat reactivity (see Table 2.2) and 

added together to create a regression score.  In this way, behaviours that contributed 

the most to the meaning of a component (i.e. high loadings equal high regression 

coefficients) also contributed the most to an individual’s score on that trait.  Thus, at 

the end of PCAs on Week 1 data, there were two solution matrices, one per test 

situation, with unique component scores for each individual squid for each trait 

measured. 

 

To assess the consistency of trait expression levels across time, a PCA was run 

for each test with the data obtained from Week 2 observations and scores were 

generated as described for Week 1.  One-way random effects intraclass correlation 

coefficients (hereafter referred to as repeatability; e.g.(Sokal & Rohlf 1995) were 

computed to measure consistency and agreement of individual scores between the 

test (Week 1) and retest (Week 2) results (n = 71).  Repeatability is a measure of 

change in trait expression of individuals across time, relative to the change of the 

study population.  Values approaching 1 indicate that relative change of individuals 

is low, whereas values approaching 0 indicate that within-individual variance is high 

relative to the group (Lessells & Boag 1987; Falconer & Mackay 1996).  Convergent 

and divergent stability, both of the Week 1 results and across Weeks 1 and 2, was 

also examined to assess the validity of aggregate trait measures (see Appendix A). 

 

To examine whether traits were expressed in a context-specific or domain-

general manner, Pearson correlations between threat component scores and feed 

component scores were calculated.  If personality traits were domain-general, then 

component scores with similar meanings from each test should be correlated across 

test scenarios.  If scores for traits having the same meaning but derived from the two 

tests were not correlated, then this would indicate context-specific trait expression. 
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2.3.4. Aim 3:  Correlates between personality traits and biological parameters 

The relationship between gender and maturity stage on the variability in 

personality scores from the PCA solutions was assessed with a two-way multivariate 

analysis of variance (Tabachnick & Fidell 1996) and SPSS 10.0 (n = 71).  Eight 

continuous personality trait measures (traits were context-specific; see Results) were 

entered into the model as dependent variables, whereas sex (two levels: male and 

female) and maturity stage (three levels: immature, maturing, and mature) were the 

independent variables.  The reproductive maturity stage of individual squid was 

classified according to (Lipinski 1979) on the basis of the size and structure of the 

reproductive organs.  Canonical discriminant analysis was used post hoc on 

transformed scores to examine any significant interactions or main effects from this 

model (Tabachnick & Fidell 1996).  All continuous variables satisfied the criterion of 

normality and bivariate linearity. 

 

Pearson correlations between personality trait scores and two measures of body 

size—ML and WW—were used to examine the relationship of body size on trait 

expression levels (n = 88).  A Bonferroni-corrected Type I P value of .003 was used 

as a cut-off to indicate a significant correlation. 

 

Size-independent measures of somatic and reproductive condition were 

obtained as residuals from regression analysis (Garcia-Berthou 2001).  Somatic 

condition was a studentized residual (difference between observed and predicted 

values) from a regression of log ML versus log WW (n = 88; see Figure 2.2).  

Individuals with positive residuals would be in better somatic condition (heavier) 

than individuals with negative residuals.  In the case of reproductive condition, a 

regression of GW versus WW was used (n = 71).  Squid allocating more energy have 

positive residuals, whereas animals with a lower reproductive condition would have 

negative residuals.  For both regression equations, the slopes for males and females 

were compared by means of t tests (Zar 1984).  If the slopes of the lines were not 

different, residuals were calculated from a regression using all individuals.  

Conversely, if the slopes were different, then residuals from the sex-specific lines 

were used for residual calculations.  Studentized residuals of condition were then 

entered into two regression equations (Tabachnick & Fidell 1996) with the eight 

personality trait scores; the first equation used somatic condition as the dependent 
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variable (n = 88), and the second equation used reproductive condition as the 

dependent variable (n = 71).  All variables in this analysis were first screened for 

distributional properties and bivariate linearity.  SPSS 10.0 for Windows was used in 

all correlation, residual computation, and regression calculations.
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Figure 2.2.  Calculating somatic condition in dumpling squid (n = 88).  A least squares 
regression between log mantle length (mm) and log wet weight (g) provided a predicted 
value for each point.  Studentized residuals measured the deviance from a predicted weight, 
given a particular size, for each individual. 
 

2.4. Results 

2.4.1. Aims 1 and 2:  Defining personality traits and assessing their expression 

structure and reliability 

Four components from the PCAs were chosen as a best fit of the data (75.2% 

of the variance accounted for in the threat test; 78.4% of the variance accounted for 

in the feed test).  The component names shy avoidance-bold aggression, activity, 

reactivity, and bury persistence were chosen in both test situations to describe 

behaviours that loaded highly on each component in each PCA solution (see Tables 

2.2 and 2.3).  Thus, squid that had higher scores on the shy avoidance-bold 

aggression component in the threat test moved only after multiple touches with the 



Chapter 2                                                                                   Squid personality traits 

 20

eyedropper, grabbed or performed arm flowers (see Figure 2.1D) towards the 

stimulus, and moved for less time but not by jetting away. 
 

Squid at the opposite end of this continuum jetted away from the eyedropper 

after fewer touches, spent more time moving away, and did not grab the threat or 
Table 2.2 
Component loadings of behaviours observed during threat tests on four orthogonally rotated 
principal components (N=97). 

Principal Component 

Behaviour 

Shy avoidance-
bold aggression 

Activity Bury persistence Reactivity 

Number of 
touches 

.802 -.201 -.095 -.338 

First behaviour 
after touch 

.864 .111 .001 -.282 

Jet -.638 .150 -.134 .562 
Grab .845 .000 -.043 .140 
Arm flower 
posture 

.424 .683 -.174 .264 

Log time spent 
moving 

-.434 .684 .366 .019 

Amble -.128 .569 .613 -.326 
Colour Change -.032 .561 .143 -.089 
Fin Swim -.037 .863 -.047 -.051 
Log time to first 
bury 

-.023 -.035 -.859 -.171 

Bury -.038 .057 .941 -.017 
Ink -.210 -.140 .129 .823 
% variance 
explained 

29.3 22.6 14.4 8.8 

% total 
variance 

75.1    

Note.  Boldface type indicates the highest component loading(s) for each behaviour. 
 
 

perform arm flowers toward it.  Similarly, the continuum of shy avoidance-bold 

aggression in the feeding context described differences among individuals in the 

number of feeding strikes, distance travelled to feed, handling time of food, and time 

to first feeding response.  An increase in the number of feeding strikes and distance 

travelled, a quicker response to the first food item, and less time spent per item 

described bolder or more aggressive individuals in this test (a lower PCA score due 

to the sign of loadings).  Shyer, less aggressive individuals in the feed test took 

longer to feed, did not feed as quickly or as much, and travelled shorter distances to 

do so (a higher PCA score).  Active squid in both tests spent more time moving by 

ambling and fin swimming than did less active individuals.  More reactive squid 
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jetted and inked more than did less reactive individuals and in the threat test 

performed these behaviours after fewer touches with the stimulus. 

 

Week 2 PCA solutions from the threat and feed tests produced solutions with 

identical meaning to that obtained during Week 1 (for empirical measures of this 
Table 2.3 
Component loadings of behaviours observed during feed tests on four orthogonally rotated 
principal components (N=97). 

Principal Component 

Behaviour 

Shy 
Avoidance/Bold 
Aggression 

Activity Bury Persistence Reactivity 

Time to first 
feeding strike 

.932 -.115 .040 -.022 

Number of 
feeding strikes 

-.963 .071 .034 .043 

Average 
distance 
travelled 

-.880 -.078 .010 -.011 

Feeding rate .937 -.070 .011 .006 
Amble -.044 .809 -.008 -.324 
Fin swim -.026 .661 -.006 .335 
Log time spent 
moving 

-.069 .911 .010 .228 

Bury .095 .016 .901 .136 
Log time to first 
bury 

.104 .018 -.886 .051 

Jet -.194 .149 -.149 .794 
Ink .150 .030 .253 .708 
% variance 
explained 

32.8 18.7 15.6 11.3 

% total 
variance 

78.4    

Note.  Boldface type indicates the highest component loading(s) for each behaviour. 
 

association, see Appendix A).  Similar amounts of variation were also explained by 

the four component solutions from Week 2 (79% variance for threat test; 72% 

variance for feed test).  There was also a high degree of within-individual 

consistency for six personality traits between the two test weeks.  For threat tests, 

repeatability for shy avoidance-bold aggression was ρ = .68, F(70, 71) = 3.10, P < 

.001; for activity, ρ = .57, F(70, 71) = 2.35, P < .001; and for reactivity, ρ = .63, 

F(70, 71) = 2.68, P < .001.  Week 1 to Week 2 feed test repeatabilities for shy 

avoidance-bold aggression were ρ = .54 F(70, 71) = 2.20, P < .001; for activity, ρ = 

.43 F(70, 71) = 1.75, P < .05; and for reactivity, ρ = .39 F(70, 71) = 1.64, P < .05.  

Bury persistence repeatabilities were lower than the other trait measurements within 

each context, indicating less consistency in this measure (for the threat test, 
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repeatability was ρ = .19, F(70, 71) = 1.24, P = .20; for the feed test, ρ = .33, F(70, 

71) = 1.49, P < .001.  These results, along with the convergent and divergent stability 

analyses (see Appendix A), suggest that the PCA solutions were measuring 

consistent aspects of personality. 

  

With the exception of bury persistence (r = .35, P < .001), correlations within 

traits but across tests generated from the Week 1 data were weak (r = .090-.196) and 

not significant (see Table 2.4).  For Week 2 data, traits were again context-specific, 

with no within-trait across context correlation greater than .28 (for shy avoidance-

bold aggression).  Therefore, trait expression levels in the two tests, as measured by 

PCA scores, were not correlated and thus were expressed in a context-specific 

manner.
Table 2.4 
Pearson correlations between four personality traits measured for dumpling squid in a threat 
and feeding test (N=97). 
Personality Trait Threat shy 

avoidance/bold 
aggression 

Threat 
activity 

Threat 
reactivity 

Threat bury 
persistence 

Feed shy 
avoidance/bold 
aggression 

.196 .003 .128 -.136 

Feed activity -.076 .090 -.006 .090 
Feed reactivity -.066 -.155 .162 .218 
Feed bury 
persistence 

.212 -.103 .318 .354 

Note.  Boldface indicates within-trait across-test correlations 
 

2.4.2. Aim 3: Are there biological correlates of squid personality traits? 

A two-way multivariate analysis of variance indicated a significant difference 

in the suite of trait scores dependent on maturity stage, Pillai’s trace(16, 118) = .417, 

P < .05, but not on sex, Pillai’s trace(8, 58) = .142, P = .315, or a sex by maturity 

stage interaction, Pillai’s trace(16, 118) = .309, P = .182.  The canonical discriminant 

analysis indicated the importance of two personality trait groupings in discriminating 

between maturity stages (see Figure 2.3).  Fully mature squid were more threat 

active, threat bold, and less feed reactive in the sample.  Maturing and fully mature 

squid were also less feeding bold and more threat reactive than immature squid. 

 

Univariate correlations between the two measures of body size (ML and WW) 

and eight personality trait scores yielded one significant correlation.  Shyer, or more 

avoidant squid in the feed test – those that fed fewer times, took longer to take the 
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first feeding strike, travelled less distance to do so, and handled food longer – were 

larger (r = .36, n = 88, P = .001).  All other correlations between the personality traits 

and measures of body size were small and not significant. 

 

No significant difference between slopes of lines for sexes was found for the 

relationship between ML and WW.  Thus, residual scores for the somatic index are 

based on a sex-independent prediction line, R2 = .851, F(1, 87) = 490.4, P < .001.  

For the relationship WW versus GW, a significant difference was found between 

sex-specific regression lines, t(66) = 25.9, P < .05.  Thus, two separate regression 

equations were used to compute residuals for the reproductive index, one for each 

sex:  for females R2 = .416, F(1, 27) = 18.51, P < .001; for males R2 = .886, F(1, 42) 

= 319.65, P < .001.  The results from the two regression equations between the set of 

behavioural variables (eight PCA personality trait scores, four from each test 

scenario) and the biological indices (one somatic and one reproductive) were non-

significant, indicating that there was not a relationship in the sample between an 

individual’s personality expression and its current somatic and/or reproductive 

condition (for somatic condition R2 = .130, F(8, 79) = 1.48, P = .179;  for 

reproductive condition R2 = .107, F(8, 62) = 0.925, P = .502). 
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Figure 2.3.  Post hoc canonical discriminant analysis from significant interaction between 
squid maturity stage and personality traits (n = 71).  Circles represent 95% confidence 
intervals for maturity stage group centroids (1 = immature, 2 = maturing, and 3 = mature).  
Percentage of variance explained by each discriminant function is given in axis parentheses.  
CDA = canonical discriminant axis. 
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2.5. Discussion 

Squid reacted to tests in a very individualized manner.  Extremely reactive 

squid were immediately apparent, as they jetted and inked numerous times from 

stimuli.  In threat tests, some acted boldly or aggressively, grabbing, performing arm 

flowers, or ignoring the stimulus.  Shy or avoidant squid in threat tests moved away 

from the stimulus, usually after only one or two touches.  Feeding differences were 

apparent as well, with bold individuals feeding quickly and over long distances; 

others were shyer, taking short-distance feeding strikes interspersed over longer time.  

Of course, there was a wide range of intermediate individuals in both tests that 

reacted to stimuli but did not do so in such an extreme manner.  The naming of the 

components, although subjective, captured the essence of these aggregate behaviours 

in squid.   PCA results, an objective measure of these aggregates, were stable and 

allowed characterization of behavioural continuums in squid through the use of PCA 

scores. 

 

With the exception of bury persistence, measures of repeatability of threat traits 

were high (ρ = .59-.67) and, along with the convergent and divergent measures over 

time (see Appendix A), indicate that personality traits in threatening situations for 

squid were reliable.  Feed test repeatabilities were lower (ρ = .38-.54) but perhaps 

reflect differences in plasticity, learning, or both in feed personality traits.  

Repeatabilities in this study were measured over a 1-week period.  Given that the 

lifespan of a dumpling squid can be as short as 20 weeks, this period represented 

close to 5% of its total life, an equivalent of ~4 years in a long-lived primate.  

Testing over longer time periods for short-lived species can confound interpretations 

of repeatabilities because of processes of maturation and development.  Consistent 

trait variation between individuals is an essential component of selection regimes 

(Endler 1986), and the repeatability measures in this study satisfy the criterion of 

measuring consistency within individuals relative to the study population as a whole 

(Lyons et al. 1988; Fleeson 2004). 

 

These results indicate that for the southern dumpling squid, personality trait 

expression is context-specific, at least within the scenarios of a threat and a feeding 

test.  This was indicated by the low within-trait across-context correlations, and this 
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relationship was maintained for both weeks of testing.  Thus, active squid in the 

threat test were not necessarily active in the feeding one.  This was also the case for 

the other three traits under study.  From an ecological standpoint, every important 

situation that affects survival and reproduction potentially requires a different 

adaptive response (Coleman & Wilson 1998).  However, domain-generality also 

appears to be widespread (Sih et al. 2004a).  The notion of domain-generality implies 

limited behavioural plasticity, which can arise if selection drives a trait in the same 

direction across contexts or if traits are constrained through genetic relationships 

(Falconer & Mackay 1996).  It is evident that selection has resulted in both context-

specific (mammals: (Reale et al. 2000; Seaman et al. 2002); reptiles: (Yang et al. 

2001); fishes: (Coleman & Wilson 1998)) and domain-general (mammals: (Lyons et 

al. 1988; Visser et al. 2001; Kooij et al. 2002); fishes: (Huntingford 1982; Ward et al. 

2004)) personality trait structure in animals.  Further research is needed to determine 

what ecological (i.e. social systems, habitat, phylogeny, etc.) and psychological (i.e. 

trait type and context and genetic bases) patterns have resulted in particular 

personality trait structures.  The current results reinforce the need for researchers to 

explicitly examine context-specific versus domain-general trait expression instead of 

assuming one or the other (Sih et al. 2004a). 

 

Sex and somatic and reproductive condition did not explain significant 

personality trait variation in squid.  However, fully mature squid were more active 

and bold in threatening situations, while also being less reactive in feeding situations.  

Likewise, there was a decrease in feeding boldness and an increase in threat 

reactivity measures in more mature squid.  Reproductive maturity, and its associated 

metabolic costs, should be reflected in an individual’s behavioural approach to 

situations involving survival, because of the influence of energetic state on decisions 

regarding feeding and predation risk (Aeschlimann et al. 2000).  The increases that 

were observed in boldness and activity for sexually mature squid in the face of 

threatening scenarios may indicate a need to increase foraging rates because of 

increased metabolic demands as well as a need to find potential mates.  For both 

sexes, finding mates and encountering food during the last few weeks of life are 

critical because mating and egg laying in sepiolid squid occurs over a period of 2-3 

weeks prior to death (Steer et al. 2004).  If the benefits of increased activity and 

boldness during this life stage in squid outweigh the costs of increased encounter 

rates with predators (Werner & Anholt 1993), then becoming more active and bold 
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may be an adaptive strategy for squid that are ready to reproduce.  Becoming more 

willing to flee from lethal encounters (higher threat reactivity) and less likely to jet 

away and leave potential food sources (lower feed reactivity) may also complement 

survival strategies under increased activity levels, if increased movement increases 

predator interaction.  This pattern of increasing threat boldness with increasing 

maturity has been demonstrated in another marine mollusc, the common whelk 

(Rochette et al. 2001), and these results fit well with foraging behaviour and predator 

avoidance theory (Lima & Dill 1990). 

 

An interesting result of this study was the link between larger, more mature 

squid and increased levels of feeding shyness.  Increased boldness is correlated with 

body size in fish (Magnhagen & Staffan 2003) and may result in increased growth 

(Sundström et al. 2004; Ward et al. 2004).  Body size also has consequences for an 

individual’s survival and fitness (Werner & Gilliam 1984; Quinn & Peterson 1996), 

explaining why larger bold feeders are observed in some populations.  Bolder 

individuals feeding first and more often may also suffer greater mortality because of 

increased exposure to predation (Johnsson 1993), thus allowing the maintenance of 

shy strategies in populations.  Furthermore, social systems may help explain the 

observed patterns of shyness and body size in squid.  Little is known about shy-bold 

feeding strategies in non-social species, such as sepiolid squid.  Dominance 

hierarchies are prominent in those species exhibiting increasing boldness with 

increasing body size (Huntingford et al. 1990; Sneddon 2003; Ward et al. 2004).  

Sepiolid squid form loose aggregations in the field, but their social systems most 

likely lack feeding dominance hierarchies ( but see: Mather 1986; Boal 1996a).  

Species that do not exhibit strong social ties then may have differing patterns of 

feeding boldness and body size.  Higher metabolic costs and predation risks 

associated with bolder feeding approaches may help explain why shyer feeding squid 

were larger.  Further work is needed on the relationship between the life history of 

non-gregarious species and adult behavioural outcomes, a relationship that has 

received some attention in some schooling fishes (Rodd et al. 1997). 

 

The absence of correlations between squid personality traits and somatic and 

reproductive status may be a function of flexible strategies of somatic and 

reproductive energy allocation in squid (Boyle & Boletzky 1996; Pecl 2001).  Squid 

are able to quickly (on the order of weeks) adjust energy allocation and growth rates 
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according to changing ambient conditions, such as temperature and day length 

(McGrath Steer & Jackson 2004).  Thus, we interpret this aspect of the results with 

caution.  Further studies incorporating time and ration effects are needed to 

understand the relationship between personality and condition indices in animals. 

 

Three of the personality traits in this study could be broadly interpreted as shy 

avoidance-bold aggression, activity, and reactivity, and represent major axes of 

variation witnessed across many animal taxa (Gosling 2001; Sih et al. 2004a).  The 

final trait, bury persistence, may be a species-specific trait or may have resulted from 

the test procedures (squid could not bury completely, so they tried to bury more or 

less often, depending on the individual).  For the first principal component, we chose 

to use the terminology of shy avoidance-bold aggression to denote that tests could 

not discriminate between these two traits.  This component is defined by behaviours 

that could be interpreted as either aggressive, shy-bold, or both.  Most studies treat 

these traits separately (i.e. Bakker 1986; Wilson et al. 1993; Forkman et al. 1995), 

whereas other studies choose a trait dimension name that could encompass the 

meaning of both traits (i.e. Fairbanks 2001).  Several studies have found that 

aggressiveness is correlated with boldness (Huntingford 1982; Riechert & Hedrick 

1993), and both traits appear to be linked ecologically and/or psychologically in 

sepiolid squid.  Further tests should determine whether these traits are indeed linked 

in squid or whether they form meaningfully different traits, as they do in octopuses 

(Sinn et al. 2001). 

 

This is the third study on temperament or personality amongst the coleoid 

cephalopods that has identified activity as a trait dimension (the other two: Mather & 

Anderson 1993; Sinn et al. 2001).  The identification of this trait across three 

different studies, in addition to its low correlates with shy-bold measures (the present 

study andSinn et al. 2001), leads us to believe not only that activity is a personality 

dimension in cephalopods but that it is separate from an individual’s willingness to 

take risks, or its boldness.  Activity is a simple and straightforward measure that is 

important for survival, growth, and dispersal (Werner & Anholt 1993).  However, 

many researchers implicitly subsume activity (and sometimes reactivity) under the 

trait construct shy-bold (e.g. Sneddon 2003; Bell 2004b) or exploratory behaviour 

(Dingemanse et al. 2003), and its utility in direct comparisons between animal 

personality traits and the human Big Five factors (McCrae & Costa 1999) is weak 
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(Gosling & John 1999).  Notably, in both human and nonhuman primate 

temperament research (i.e. juvenile studies), activity is considered a major axis of 

variation (Byrne & Suomi 1995; Kagan 2003).  However, the role of activity in 

explaining adult primate variation is greatly diminished, as it is thought to become 

only a component of adult extraversion (Buss 1989).  Is activity an important 

behavioural trait for some taxa and/or life stages (e.g. invertebrates, reptiles, and 

juvenile vertebrates) but not for others (e.g. adult primates, including humans)?  Is it 

truly a lower order trait subsumed under a higher order shy-bold substrate within 

some animals’ psychological makeup (i.e. birds and fishes) but not in others’ (i.e. 

invertebrates and reptiles)? 

 

Given the reliability of trait measures in this study, the convergence across 

cephalopod studies, and the links between personality traits and biological 

parameters in squid, we conclude that quantifying personality traits in cephalopods 

can be done with the same reliability as what is normally considered for higher 

vertebrates.  Further studies on invertebrate personality structure and function should 

continue to contribute to our knowledge of evolutionary origins and patterns of 

personality traits across phylogeny. 

 

A central tool for formulating hypotheses about the significance or function of 

any trait is examining its morphological, physiological, ecological, environmental, or 

other correlates (Hayes & Jenkins 1997).  This study begins to illustrate potential 

correlates in squid, and these results illustrate how integrating personality trait 

expression with an individual’s biology may be useful towards understanding the 

interplay of behaviour and life history strategies.  Comparative studies have already 

begun to illustrate the relationship between personality and an individual’s survival 

and fitness (i.e. boldness: (Godin & Dugatkin 1996; Cavigelli & McClintock 2003); 

activity or exploration: (Dingemanse et al. 2004), and the current results illustrate 

further areas of research in squid and other animals that may be fruitful toward 

understanding personality traits and fitness-related consequences.  In our opinion, 

this is the ultimate utility of nonhuman personality study, as comparative studies are 

especially well suited to providing information as to how continuous behavioural 

variation and natural selection interact (Endler 2000) and the resulting influence of 

personality on population dynamics (Biro et al. 2003; Mougeot et al. 2003).
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Chapter 3. Development of squid personality in 

association with growth and sexual maturity 

3.1. Abstract 

Recent studies have begun to document widespread consistent inter-individual 

differences in behavioural styles or tendencies in a number of animal populations.  

The study of these ecologically relevant styles, such as shyness-boldness and 

activity, are providing a useful means for characterizing individual-level behavioural 

trait variation that is under selection and thus may have consequences for population 

dynamics.  Despite this, little is known concerning the proximate mechanisms that 

result in adult trait variation.  In order to address this, six context-specific 

‘personality’ traits (shyness-boldness, activity, and reactivity in two contexts) in 

forty-one dumpling squid (Euprymna tasmanica) were tracked across the majority of 

the squid lifespan.  Behavioural trait variation in lab-reared squid was similar to that 

measured previously in wild-caught adults, but patterns of lifetime and age-specific 

repeatability of traits differed according to context, with threat traits generally 

becoming more predictable with age, while feeding traits became less so.  Sexual 

maturity marked a period of significant developmental differences between bold and 

shy feeders, with bold feeders remaining bold and shyer squid expressing higher 

levels of phenotypic change through time.  Because behavioural and biological 

factors develop simultaneously in organisms, growth and body size were also 

measured to help develop hypotheses regarding squid behavioural strategies in the 

context of their energetic needs and predation risks.  Results are discussed in terms of 

the life history of dumpling squid, highlighting the developmental processes resulting 

in adult squid personality trait variation. 

 

3.2. Introduction 

A number of major axes of consistent behavioural variation, such as shyness-

boldness, activity, and aggression, have been described in a wide range of animal 

taxa , including mammals, birds, reptiles, fishes, and molluscs (Gosling 2001).  

These consistent inter-individual behavioural tendencies are alternatively called 
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‘personality’ or ‘behavioural’ traits, but regardless of the terminology, studies have 

begun to document how an animal’s behavioural individuality can help explain 

variation in important ecological and biological phenomenon.  For example, adult 

personalities in animals interact with a number of life history variables, including 

growth (Ward et al. 2004), body condition (Mikolajewski et al. 2004), reproductive 

maturation (Chapter 2), dispersal (Dingemanse et al. 2003), recruitment (Armitage & 

Van Vuren 2003), and population abundance (Mougeot et al. 2003).  Thus, 

understanding how individual behaviour is correlated with life history properties 

should have significant power in understanding the individual-level properties of 

populations (Werner 1992; Sutherland 1996).  Despite this, little is known 

concerning the proximate development of personality traits in animals resulting in 

adult behavioural variation, even though processes generating consistent phenotypic 

variation have important consequences for survival and reproduction (Endler 1986; 

Stearns 1989).   

 

While human studies of personality development have well-established 

methods and a long history of study (for recent reviews, see:Caspi & Roberts 1999; 

Caspi et al. 2005), understanding the ontogeny of an animal’s unique behavioural 

disposition and relationship to life history outcomes is in its infancy (Wilson 1998; 

Sih et al. 2004b).  However, there are a number of studies that have begun to 

document personality trait development in nonhuman animals (e.g.Clarke & Boinski 

1995, Francis, 1990 #74; Suomi et al. 1996; Sinn 2000; Sinn et al. 2001; Fairbanks et 

al. 2004).  These studies have shown that functionally similar traits, including 

shyness-boldness, activity, aggression, and reactivity, are useful for describing 

individual differences across many taxa (Gosling 2001; Gosling & Vazire 2002).  

Furthermore, these behavioural traits show significant age-related patterns that may 

be linked to important life history variables.  For example, studies of age-dependent 

feeding boldness strategies help explain variation in natal dispersal of birds 

(Dingemanse & de Goede 2004), and variation in activity between individuals 

mediates the size-specific response by animals towards the ecological trade-off 

between metabolic needs and predation avoidance (Werner & Hall 1988; Anholt & 

Werner 1995).   

 

Euprymna tasmanica is a small (adult size:  ~4-7 cm), benthic, inshore squid in 

southern Australia and Tasmania, with a short lifespan (~5 months), a solitary 
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lifestyle, and a semelparous life history.  Dumpling squid are highly precocial, and 

their offspring display a wide variety of behaviours from an early age, similar to 

other cephalopod species (e.g.Sinn et al. 2001).  Consistent inter-individual variation 

along three behavioural axes, or personality traits, has been described previously in 

adult wild-caught dumpling squid (Euprymna tasmanica; Chapter 2).  Adult squid 

consistently differed in their approach to two separate test stimuli, and these 

differences amongst individuals could be described along the trait continuums shy 

avoidance-bold aggression (hereafter referred to as ‘shy-bold’), activity, and 

reactivity.  Bolder squid, when confronted with a threat stimulus (an eyedropper), 

tend to attack, aggressively signal or act in an ambivalent fashion; shyer squid tend to 

flee or move away.  Boldness in foraging was defined by shorter latencies to feed, 

higher feeding rates, and a willingness to travel further distances when feeding.  

Shyer squid tended to have lower feeding rates, longer latencies to feed, and travelled 

shorter distances during feeding bouts.  More active squid in both contexts tended to 

move more, and for longer periods of time, while highly reactive squid jet and ink 

more than their less reactive counterparts.  Trait expression was sex-independent, 

context-specific (i.e. squid that were bold in threat tests were not bold in the feeding 

ones), and select behaviours were related to an individual’s body size and 

reproductive maturity.  The current study was designed to begin to describe 

developmental processes which may result in the observed phenotypic variation in 

adult squid personality. 

   

Behavioural development is an extremely complex process, involving 

interactions and feedback loops at a number of organismal (e.g. genetic, physiologic, 

neural) and environmental levels (for more extensive reviews, see:Hinde & Bateson 

1984; Bateson 1987; Bateson 2001; Johnston & Edwards 2002; Kagan 2003).  This 

study examined squid personality development in light of three factors:  context-

specific versus domain-general traits, individual behavioural trajectories, and 

population growth. 

 

Context-specific versus domain-general traits (Coleman & Wilson 1998) and 

behavioural syndromes (Sih et al. 2004b) are two patterns of behavioural expression 

that reveal high degrees of phenotypic plasticity or alternatively, help explain 

constraints on optimum behaviours (Sih et al. 2004a).  Context-specific traits indicate 

high degrees of within-individual behavioural flexibility, that is, trait expression in 
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one context (e.g. foraging behaviours) is not dependent on trait expression in another 

(e.g. encounters with predators).  Domain-general traits, on the other hand, indicate 

trait couplings, and therefore physiologic or genotypic constraints across situations 

(i.e. animals that are bold in social encounters will also be bold in feeding ones, even 

when levels of boldness in one context appear maladaptive).  Behavioural syndromes 

also reflect behavioural correlations across situations or contexts, but can occur 

between functionally different traits as well (e.g., antipredator boldness and foraging 

activity, see: Sih et al. 2004b).  In a previous study, adult squid expressed boldness, 

activity, and reactivity in a context-specific manner across two situations, a threat 

and a feeding test.  Larger, more mature squid were also less feeding bold and more 

threat active (Chapter 2).  However, patterns of behavioural correlations may be age-

dependent, reflecting developmental processes and current selective regimes (Bell & 

Stamps 2004).  Thus, the first aim was to document whether squid personality traits 

were context-specific through development, as well as to further understand the 

development of particular behavioural correlations identified in Chapter 2 (i.e. 

between threat activity and feeding boldness). 

 

During ontogeny, patterns of phenotypic stability should be indicative of the 

potential for age- and context-specific phenotypic selection to occur, since selection 

requires consistent differences between individuals (Endler 1986; Boake 1989).  

Individual rates of trait variation through time, or developmental rates, can also result 

from and maintain phenotypic selection, if within-individual rates of development 

show consistent between-individual differences.  For example, extremely shy and 

bold marmots (Armitage & Van Vuren 2003) and human children (Kagan et al. 

1988) show less variation through time (i.e. are more predictable in their responses) 

than their intermediate counterparts who show greater developmental variation.  

These developmental ‘types’ then are a function of the level of response as well as 

the level of developmental variance (e.g.,Asendorpf & van Aken 1991).  From an 

evolutionary ecology standpoint, these types of magnitude/variance trait strategies 

can arise, if environments are unpredictable and result in different costs and benefits 

associated with each strategy depending on developmental environments.  For 

example, a particular magnitude of behavioural expression coupled with 

developmental consistency through time may benefit from behaving optimally in a 

particular environment, but with limited ability to exploit changing ones.  On the 

other hand, individuals with a different level of response for a behavioural trait but 
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who are able to change their response through time may be able to exploit changing 

environments, but pay the cost of potentially not behaving optimally in any given 

one (see: Orzack & Tuljapurkar 2001).  The second aim of this study, then, was to 

examine patterns of personality trait repeatability and rates of individual 

development resulting in adult squid personality trait variation.   

 

Behaviour does not develop in isolation, but instead occurs in association with 

morphological and hormonal processes (Hayes & Jenkins 1997).  Individual growth, 

a result of metabolism and the key life history trade-off between energy acquisition 

and predation risk (Werner & Anholt 1993; Anholt & Werner 1995), is an important 

component of an individual’s fitness, since animals which grow faster through 

smaller body sizes should incur lower mortality rates (Sogard 1997) and potentially 

increased fecundity (e.g. Simmons 1988; Schwarzkopf 1994).  Examining the 

development of behaviour with regards to growth rates can begin to inform us how 

individual physiology and behaviour interact in animals as they face the 

growth/predation risk trade-off through different life history stages (Werner & Hall 

1988; Biro et al. 2005). Cephalopod growth is characterized by high individual 

variation, some of which can be explained by gender and environmental conditions 

(Boyle et al. 1995; Moltschaniwskyj 2004); however, nothing is known concerning 

how behaviour may result from and contribute to patterns of growth in cephalopods. 

3.3. Methods 

3.3.1. Subjects 

Adult Euprymna were collected from the wild at Kelso, TAS (41º 6' S, 146º 47' 

E) on SCUBA during multiple dives in June 2002.  Squid were transported to a 

2500L closed-seawater system at the University of Tasmania, Launceston, Australia, 

where they were subjected to behavioural tests and allowed to mate.  Matings were 

haphazard between pairs of squid, and not chosen on the basis of any biological or 

behavioural characteristics.  Eggs were deposited on PVC pipe within 3-7 days of 

mating and were incubated at 18º C for 35-40 days.  F1 generation squid from eight 

different egg broods provided 71% of subjects for this study.  F1 individuals were 

tested from July – September 2002 until December 2002 – February 2003.  The other 

29% of subjects were F2 generation squid produced through mating of the F1 cohort.  
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F2 animals were from four different broods and were tested from February 2003-

March 2003 until June 2003.  A final brood of F2 generation squid was hatched 

during July 2003 and tested until November 2003.  A random number generator was 

used to select 5-6 experimental and 2-3 control animals from each brood within 2-3 

days of hatching.  Subjects and controls were housed individually for the entirety of 

experimentation.  Environmental conditions in the laboratory were maintained at 

constant temperature (18º C), salinity (33-35ppt), and light cycle (14:10 hour 

day/night cycle).  Squid completed their entire life-cycle in 18-22 weeks.  Mean wet 

weights of squid during experimentation ranged from 0.06g in 3 week old hatchlings 

to 6.8g in 16 week old adults.  Timing of sexual maturity was variable among 

broods, with diffuse gonad appearing internally in 9 week old squid and external 

signs of sexual dimorphism (i.e. the male hectocotylus) apparent at 15-17 weeks of 

age. 

 

Feeding protocols were dependent on testing.  During non-test weeks squid 

were fed ad libitum every 2-3 days with either mysid shrimp (Tasmanomysis oculata 

and Paramesopodopsis rufa) or when these were unavailable, enriched brine shrimp 

(Artemia parthenogenetica and Artemia franciscana).  During test weeks individuals 

were fed only mysid shrimp and only during the two feed tests.  Feeding amounts 

varied according to age.  Five to seven mysids were given to young squid, but this 

amount increased with the age of the squid until it reached 25-35 mysids per feeding 

test for adults.  Feeding levels at all ages exceeded maintenance rations for dumpling 

squid (Fox-Smith 2002). 

 

Squid were initially housed and tested in individual circular black plastic 

containers (14cm diameter; 13 cm deep).  When 10 weeks old squid were moved into 

larger (34cm long x 29cm wide x 13cm deep) blue opaque containers to provide 

more space as individuals grew.  Both types of containers contained a thin layer of 

sand (1-3 cm) for burying, and were housed behind black cloth to minimize 

disturbance during non-test periods.  All containers were floated in the larger 2500-L 

system and were continuously illuminated with low levels of red light (0.22 x 1014 

quanta s-1 cm –2) to allow visual observation during night-time hours when squid 

were most active.  Behavioural learning controls were also housed individually and 

fed in the same way. 
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3.3.2. Behavioural Test Procedure 

Behavioural test procedures were identical to that described in Chapter 2.  

Squid were not fed or disturbed for maintenance for 48 hrs. prior to testing.  Six to 12 

hours before testing all test containers were covered with opaque plastic lids and 

testing began 1-2hrs after the start of the dark phase in the laboratory.  All squid were 

subjected to two tests on each testing day, with each test designed to simulate a 

separate ecological context.  The first test was a threat in which the experimenter 

(DLS) touched the squid on one of its arms.  For juveniles (3, 6, and 9 week old 

squid) the threat stimulus was a 5mm wide black cable tie, while for adults (12 and 

16 weeks old) the threat consisted of a 50ml plastic eyedropper.  Feeding tests were 

conducted 30-90 min. after threat tests, and consisted of a live food presentation 

(mysid shrimp).  In order to minimize systematic differences between squid due to 

differences in hunger levels, all squid were starved for 48 hours previous to testing 

and squid were tested in a different order on each test day.  Frequency and duration 

of behaviours was recorded for 5 min. post-stimulus in both tests using an audio 

cassette recorder and hand-held timer.  Tests were given on two separate days within 

the same week, when the squid were 3, 6, 9, 12, and 16 weeks of age.  Test days 

within a week were separated by at least 48hr.  Results within each week were 

summed to create weekly results for each squid for each test, allowing us to account 

for within-individual within-test variability (Fleeson 2004) and to increase between-

subject variance in discrete behavioural measures.  Forty-one squid completed all 

behavioural tests for this study. 

3.3.3. Data analysis:  Personality trait scores and behavioural correlations through 

time 

Previous to assessing personality trait correlations across and within test 

contexts, continuity of behavioural ‘definitions’ of traits through time was examined 

to assess the validity of the aggregate trait measures (see Appendix B).  Briefly, 

behavioural loadings on PCA components through time was invariant (i.e. the same 

behaviours consistently loaded on the same components at roughly the same 

magnitude) and matched that reported in Chapter 2.  Thus, we used the solution 

matrix from our previous study to create trait scores for the current developmental 

subjects.  Trait scores for the component ‘bury persistence’ were not computed for 
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the current study, because the biological meaning of this PCA component is unclear 

(Chapter 2).  To create personality trait scores, behavioural loadings from the PCA 

solution reported in Chapter 2 were multiplied with behavioural results at each time 

point from each individual in the present study.  These weighted behaviours were 

then summed to generate a unique personality trait score for each squid at each time.  

For example, to calculate a threat reactivity score for a 3 week old squid, 

standardized (z-scores) frequency counts and time measurements of behaviours for 

an individual from week 3 tests were multiplied by the PCA loadings for the 

component ‘threat reactivity’ reported in Chapter 2 and summed, e.g. threat 

reactivity at week 3 = -.338*(number of touches) - .282*(first behaviour after touch) 

+ .562*(jet) + .140*(grab) + .264*(arm flower posture) + .019*(log time move) - 

.326*(amble) - .089*(colour change) - .051*(fin swim) - .171*(log time to bury) -  

.017*(bury) + .823*(ink).  In this way, behaviours that contributed the most to the 

meaning of a component (i.e. high loadings) also contributed the most to an 

individual’s score on that trait.  Six trait scores (shyness-boldness, activity, and 

reactivity for each test context) were created, resulting in scores for each squid for 

two contexts at five separate times.   

 

In order to examine age-specific patterns of context-specific personality traits, 

Pearson correlations were computed between PCA scores for the same traits but 

across-contexts at each time point (5 times, 4 comparisons at each time point, N = 41 

for each comparison).  If traits were context-specific at a given age then the within-

trait across-context correlations would be low; conversely, high correlations between 

similar traits across tests at a given time point would indicate traits that were 

phenotypically coupled.  Pearson correlations between threat activity and feeding 

boldness were also computed at each time point to examine ontogenetic patterns of 

this trait coupling observed in adults from Chapter 2 (N = 41 for each pairing).   

3.3.4. Data Analysis:  Characterizing individuals’ personality trait development 

Predictability of individuals through time was assessed using a one-way 

random effects intraclass correlation coefficient (hereafter referred to as 

‘repeatability’, i.e.Boake 1989).  Repeatability values are large and positive when 

scores are consistent within individuals relative to the group variation across time.  

Repeatability has a maximum value of 1 and values approaching 0 indicate low 

sample predictability (Lessells & Boag 1987).  Repeatabilities for each trait were 
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computed between PCA scores for all pairings of time points (e.g. week 3 to 6, week 

6 to 9, etc.) and for all time points combined (e.g. week 3 to 6 to 9 to 12 to 16) (N = 

41 for each comparison).  Age-specific pairings and overall repeatability were 

performed for all traits in both contexts separately. 

 

When repeatability values were low, indicating low predictability for 

individuals, we used a second statistic, the individual stability statistic (Asendorpf 

1990; Asendorpf & van Aken 1991), to determine whether this low repeatability was 

due to the presence of distinct, developmental ‘groups’ (for further discussion on this 

method, see Asendorpf 1992).  

   

The individual stability statistic (ISS) assesses rates of change through time at 

the level of individuals, and coupled with magnitude of response for a given trait, can 

be indicative of developmental groups based on developmental variance and 

magnitude of response.  A raw score ISS for each trait and each individual across 

two ages was computed as: 

ISSxy = 1 – (zx – zy)2 / 2 

 

where x and y equal z-scores at times 1 and 2, respectively.   ISS scores are normally 

skewed (Asendorpf 1990), therefore, the following transformations were applied to 

all ISS scores to approximate normal distributions: 

 

.5 * ln [1.001 + ixy / 1.001 – ixy] for 0</= ixy </= 1 and 

ln [1 / 1 – ixy] for ixy < 0 

Transformed ISS scores range from +/- ∞ and are a relative measure; small 

scores indicate less stability (i.e. greater developmental variance) and high scores 

indicate more stability (i.e. lower developmental variance).  For periods of low 

sample predictability (ρ < 0.4), Pearson correlations were calculated between the 

transformed ISS scores and PCA scores for the appropriate time pairing to 

investigate potential developmental ‘groups’ (N = 41 for all pairings).  Thus, this 

analysis examined whether low age-specific sample repeatability could be explained 

by developmental ‘groups’ which differed in their magnitude (PCA scores) and 

variance (ISS) through time.   
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3.3.5. Data Analysis:  Mean development of personality traits 

In order to examine sex-specific personality trait development and to facilitate 

comparisons with population growth parameters (see below), mean-level personality 

development for each trait was analysed separately using repeated-measures 

ANOVA.  PCA scores through time for each trait were entered as dependent 

variables into a 1-way repeated-measures ANOVA with sex as a fixed factor for each 

context (n = 36 for each context, as 5 squid were unsexed).  If there was no effect of 

sex on trait development, then the 5 unsexed squid were re-added and the analysis re-

run as a repeated measures ANOVA (N = 41 for each context).  Repeated contrasts 

were used to compare pairings of time points that were significantly different from 

other ages within each trait model.  Only five personality traits were included in this 

analysis because sample repeatability for feeding reactivity was low (see Results), 

indicating that changes in mean responses for this trait were not necessarily good 

descriptors of individual development, since patterns of continuity in means could 

result from large but mutually cancelling changes at the individual level (Caspi & 

Roberts 1999).   

3.3.6. Data analysis:  Learning controls 

Test-naïve squid were used at two separate time points as behavioural controls 

(weeks 9 (n = 17) and 16 (n = 17)) to assess the role of learning in test subjects.  

Control squid were given behavioural tests twice at the appropriate age, and results 

were grouped within week and by test.  After being tested, control squid were not re-

used (i.e. week 9 controls were independent of week 16 controls). 

 

Trait scores for control individuals at weeks 9 and 16 were calculated as 

described previously.  Mean differences in trait scores between controls and subjects 

were compared using two 1-way MANOVAs, one for each time point, with the 6 

personality traits as dependent variables and control versus subject as the 

independent variable.  Of particular interest were differences between the two groups 

in reactivity and boldness scores; significantly lower reactivity or higher boldness 

scores in subjects relative to controls could be considered as potential indicators of 

learning. 
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3.3.7. Data analysis:  Physical growth and body size 

An independent sample of squid was grown to measure somatic growth thereby 

minimizing disturbance to test squid and increasing precision of growth measures.  

This sample was reared concurrently with test squid in the same environmental and 

feeding conditions.  For logistic reasons these squid were housed in groups in larger 

test containers (34 x 29 x 13cm) throughout their lifetime.  The density of squid in 

the containers was 10 squid/container until 9 weeks of age, after which time squid 

were moved into containers containing 5 squid/container.  At 3, 6, 9, 12, and 16 

weeks 9-12 squid were sacrificed by chilling, and mantle length (ML; to 0.1 mm) 

and wet weight were measured (WW; to 0.1 g).  To characterize age-specific growth 

rates in the study population, mean instantaneous growth rates (IGR) of squid 

expressed as % body weight day-1 at each age were calculated. 

 

 At the end of testing, ML and WW were measured for test squid, and Pearson 

correlations were computed with week 16 PCA scores to examine any relationships 

between adult behaviour and body size (n = 26).  Further age-specific correlations 

were made between threat activity, feeding boldness, and adult body size to 

characterize this trait grouping through time (n = 26). 

 

     SPSS 10.0 for Windows and SAS version 9.1 were used for all statistical 

analyses. 

 

3.4. Results 

Twelve discrete, observable behaviours were recorded during threat tests; 11 

discrete behaviours were recorded during feed testing (Table 3.1).  All discrete 

behaviours and personality trait definitions were identical to those described in adult 

squid (for discrete behavioural definitions and personality trait definitions see 

Chapter 2 and Appendix B, respectively).  For example, threat boldness regardless of 

age was defined by an increased number of touches before movement away from the 

threat stimulus, a bolder or more aggressive first behaviour towards the threat (i.e. 

grabbing and aggressive signalling), and less jetting and time spent moving.  At all 

ages, squid that were more active in threat tests spent more time moving, 

predominantly by ambling and fin swimming (and not jetting).  Highly reactive squid 
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in the threat tests jetted and inked more after fewer touches with the threat than their 

less reactive counterparts.  Increases in feeding shyness were marked by longer 

latencies to attack mysids, fewer feeding strikes, and lower feeding rates (i.e. 

increases in this scale equalled increased shyness).  Active squid in the feeding test 

ambled and fin swam more times and for longer than less active squid.  Feeding 

reactive squid jetted and inked more than less feed reactive squid when presented 

with food. 

3.4.1. Context-specific traits and behavioural correlations through time 

Correlations between the same trait scores across threat and feed contexts (i.e. 

threat activity with feed activity, threat reactivity with feed reactivity, etc.) through 

time indicated context-specific expression for all traits at all ages.  Only one of 15 

correlations (3 comparisons at each time point) was > 0.3 (between threat and feed 

activity for 16 week old squid, r = .33).  The absence of correlations between traits in 

different contexts across all ages indicated that individual squid had the flexibility to 

express traits according to the context that they were in, and this was the case for all 

age groups.  There was no evidence of a behavioural correlation between threat 

activity and feeding shyness at any stage of development, with no Pearson 

correlation exceeding .14 at any age. 

3.4.2. Characterizing individual personality development 

Repeatabilities for traits in the threat test were large (ρ ≥ 0.5, Table 3.2).  

Repeatability for threat traits varied throughout development, but in general, was 

lowest during juvenile stages (3 to 6 weeks old, ρ = 0.2-0.4).  Repeatabilities for 

threat traits increased after 6 weeks of age as squid matured (ρ ~ 0.6), except for 

during early sexual maturation (age 9 to 12 weeks) for threat shyness-boldness (ρ = 

0.14). 
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Table 3.1 
Mean and standard deviation of discrete responses by Euprymna tasmanica in threat and feeding tests at 5 time points across their entire lifespan (N = 41). 

Week 3 (M; SD) Week 6 (M; SD) Week 9 (M; SD) Week 12 (M; SD) Week 16 (M; SD) Behaviour 
Threat Feed Threat Feed Threat Feed Threat Feed Threat Feed 

Number of touches 2.4; 1.5 * 3.2; 2.8 * 2.3; 1.4 * 2.9; 2.1 * 4.9; 5.6 * 
First behaviour after 
touch 

3.4; 2.0 * 3.9; 3.1 * 2.7; 1.8 * 3.4; 2.6 * 6.3; 5.2 * 

Jet 1.7; 1.0 1.0; 2.0 1.9; .8 .3; .6 2.4; 1.0 .3; .7 1.9; 1.0 .4; 1.2 1.8; 1.1 .2; .6 
Colour change 2.4; 2.3 4.8; 4.0 3.4; 3.2 2.9; 3.9 2.8; 2.7 1.8; 1.8 2.2; 2.4 2.3; 3.3 3.8; 4.0 2.5; 3.4 
Fin swim 1.4; 1.2 3.7; 2.6 .8; 1.2 1.6; 1.9 .7; 1.0 .9; 1.2 .8; 1.1 1.2; 2.0 .9; 1.6 .9; 1.3 
Ink 1.7; 2.2 .2; .5 3.6; 3.0 .8; 1.3 6.9; 5.5 .4; .9 7.5; 5.8 .2; .7 8.1; 6.7 .3; 1.3 
Amble 1.0; 1.5 2.2; 3.2 .6; .8 2.7; 2.1 .9; 1.6 2.5; 2.5 .8; 1.2 3.3; 3.3 1.3; 1.8 2.2; 1.8 
Arm flower posture ** ** .3; 1.1 ** .5; 1.1 ** .8; 1.5 ** 1.3; 1.9 ** 
Bury blow .9; 2.1 1.1; 1.8 .4; .8 .7; 1.3 .6; 1.5 1.0; 1.5 .6; 1.3 .8; 1.5 1.3; 2.0 .8; 1.3 
Grab ** * .2; .7 * ** * .1; .4 * 1.0; 2.1 * 
Log time spent moving 1.3; .63 2.2; .7 1.0; .4 1.3; .8 1.1; .3 .9; .5 1.0; .3 .9; .5 1.1; .4 .9; .5 
Log time to first bury 
blow 

2.7; .2 2.7; .2 2.7; .1 2.7; .1 2.7; .2 2.6; .3 2.7; .2 2.7; .2 2.6; .3 2.6; .2 

Number of feeding 
strikes 

* 3.6; 2.2 * 6.3; 3.0 * 8.8; 2.3 * 7.6; 3.3 * 5.8; 3.9 

Time to first feeding 
strike 

* 233.0; 
180.0 

* 153.6; 
152.9 

* 115.3; 
136.9 

* 237.4; 
157.0 

* 308.1; 
203.1 

Feeding rate * 89.4; 
171.9 

* 46.9; 
93.1 

* 30.0; 
92.0 

* 60.6; 
157.1 

* 140.1; 
247.1 

Total behaviours entered 
into PCA 

10 11 12 11 11 11 12 11 12 11 

* Behaviour did not occur in this context 
** Not used in analyses:  behaviour made up less than 5% of total responses in a test 
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Table 3.2 
Repeatability between pairs of times and among all times for four context-specific personality 
traits (N = 41 for each comparison). 
 Intraclass Correlation Coefficient 
Behaviour Wk 3 to 6 Wk 6 to 9 Wk 9 to 12 Wk 12 to 16 All 

times 
   Threat test 
Shy-bold .275 .566 .143 .682 .511 
Activity .195 .682 .652 .409 .581 
Reactivity .367 .685 .721 .629 .760 
   Feed test 
Shy-bold .482 .488 .178 -.064 .526 
Activity .524 .190 .036 .283 .421 
Reactivity .082 .514 .278 -.043 -.115 

 

 

In comparison, repeatabilities for feed personality traits outside of feeding 

reactivity were moderate (ρ = 0.4 – 0.5), but were lower than their respective threat 

traits (Table 3.2).  In general, the age-related pattern of repeatabilities for feed traits 

was also opposite to that of threat traits.  Feed trait repeatabilities were highest (ρ = 

~0.5) during juvenile periods (3 weeks old to 9 weeks old), and then decreased in 

magnitude for sexually maturing adults (9 week old to 16 weeks old, ρ = 0.04 - 0.3).  

Within this general pattern, feed activity was not predictable during late juvenile 

periods (6 weeks old to 9 weeks old, ρ = 0.20), and the repeatability of reactivity 

measures in feeding tests was generally poor (ρ < 0.3, except from ages 6 to 9, ρ = 

0.5).   

 

Pearson correlations between ISSs and PCA scores for time pairings with low 

trait repeatability revealed two age-specific relationships between an individual’s 

variability in response and its magnitude of expression for that trait (Table 3.3).  The 

first involved threat boldness during juvenile periods (ages 3 to 6) and early sexual 

maturation (ages 9 to 12).  Squid that were more threat shy at week 6 also changed 

the most during development from 3 to 6 weeks of age (r = -0.49, P < 0.001), while 

shyer 12 week old squid were also those that changed the most during weeks 9 to 12 

(r = -0.60, P < 0.001).  The second age-specific relationship between an individual’s 

phenotype and its developmental variability through time occurred for feeding 

shyness-boldness across sexual maturity (ages 9 to 16 weeks).  Squid that were more 

feeding shy squid at week 9 were also the most variable in their response during 9 – 

12 weeks of age (r = -0.59, P < 0.001), and those that were more feeding shy at 12 

weeks old were also more variable than bolder squid across weeks 12 - 16 (r = -0.48, 

P < 0.001).  Levels of feeding shyness in 12 week old squid were also related to  
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Table 3.3 
Pearson correlations between average and age-specific individual stability statistic and 
personality trait scores (N = 41 for each comparison). 
 PCA score 
Week 3-6 ISS Week 3 Week 6 
Threat shy-bold -.344 -.486* 
Threat activity -.214 -.361 
Threat reactivity -.346 -.242 
Feed reactivity -.378 -.355 
 
Week 6-9 ISS Week 6 Week 9 
Feed activity -.022 -.156 
 
Week 9-12 ISS Week 9 Week 12 
Threat shy-bold  -.439 -.596* 
Feed shy-bold  -.592* -.462 
Feed activity -.157 -.353 
Feed reactivity -.273 -.296 
 
Week 12-16 ISS Week 12 Week 16 
Feed shy-bold aggression -.482* -.365 
Feed activity -.420 -.102 
Feed reactivity -.252 -.335 
* P < .001 
 

greater variability in responses across the 9 – 12 week period (r = -0.46, P = 0.002), 

and squid that were the shyest at 16 weeks old also tended to be the most variable in 

response from weeks 12 - 16 (r = -0.36, P = 0.02).  Since the inverse of these 

relationships is that feeding bold individuals tended to remain feeding bold through 

sexual maturity, the overall pattern was that feeding shy squid changed more (in the 

direction of increased shyness, see mean-level results) while bolder individuals 

tended to show greater stability through sexual maturation (Figure 3.1).  Most squid 

at age 16 that were feeding shy were male (77%), while most squid that were feeding 

bold at this age were female (69%).  However, mean differences between the sexes 

for feeding shyness at 16 weeks of age approached, but did not reach significance, at 

P < 0.05 (t = -1.991, df = 34, P = 0.06).  Females, however, were significantly 

heavier than males as adults (t = -2.101, df = 24, P = .046).  No other age-specific  

trends were found between ISS scores and levels of personality trait expression for 

pairings of times of low trait repeatability. 
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Figure 3.1.  Proportion of individuals changing through development during weeks 9 through 
16 for feeding shyness-boldness.  Change was classified according to classes defined by 
the frequency distribution of PCA scores for feeding shy-bold at week 16 (pictured in inset; 
shy =PCA scores  > 1; intermediate = PCA scores 1 to -0.5; bold = PCA scores < -0.5).  
Class change was then characterized by switching phenotype across these categories 
through sexual maturity,  i.e. being classified as ‘shy’ at one age and ‘intermediate’ or ‘bold’ 
at another (N = 41).  Five squid were of unknown gender. 
 

3.4.3. Mean-level responses 

Personality trait development was not dependent on gender for any of the 5 

traits examined across the two contexts, as all time by sex interactions were non-

significant for all ANOVA’s.  Therefore, the five squid of unknown gender were 

included and all analyses re-run with sex removed as a between-subjects factor.  

During juvenile periods, squid as a whole became increasingly feeding bold (weeks 3 

to 6:  F(1, 40) = 12.55, P < .001; weeks 6 to 9:  F(1, 40) = 13.66, P < .001), threat 

reactive (weeks 3 to 6:  F(1, 40)=10.77, P = 0.002; weeks 6 to 9:  F(1, 40)=24.92, P < 

.001), and less active in feeding tests (week 3 to 6 F(1, 40) = 11.82, P < 0.001) (Figure 

3.2).  During sexual maturation, squid became more feeding shy (from weeks 9 to 

12; F(1, 40) = 8.56, P = 0.006) and threat bold (weeks 9 to 12; F(1, 40) = 4.73, P = 0.04; 

week 12 to 16; F(1, 40) = 16.44, P < 0.001).  Mean levels of threat activity did not 

change throughout the study (F(4, 160) = 1.20, P = 0.315). 



Chapter 3                                                                   Development of squid personality 

 45

Week

IG
R

 (B
W

/d
ay

-1
)

0

2

4

6

8

10

P
C

A
 s

co
re

-2

-1

0

1

2

3

4

5

6

igr 
threat shy-bold
threat activity
feeding shy-bold
feeding activity

3 6 9 12 16

 
Figure 3.2 
Instantaneous growth rate and means of threat boldness, threat reactivity, feeding boldness, 
and feeding activity through time.  Increases in PCA scores indicate increasing threat 
boldness, threat reactivity, feeding activity, but decreasing feeding boldness (i.e., increases 
in feeding shyness).  Traits which did not show mean change (threat activity) or were 
unreliable (feed reactivity) are not shown.  Error bars represent standard errors (N = 41). 

 

3.4.4. Behavioural learning controls 

Nine week old test squid were significantly more feed active (F(1, 56) = 9.74, P 

= 0.003) and less feed reactive (F(1, 56) = 7.26, P = 0.009) than naïve control squid of 

the same age.  Test squid at 16 weeks of age were also significantly less active in 

feed tests than their control counterparts (F(1, 56) = 4.29, P = 0.04).  Test squid were 

not bolder than their control counterparts in either test at 9 (threat:  F(1, 56) = .986, P = 

.325; feed:  F(1, 56) = .916, P = .343) or 16 weeks of age (threat:  F(1, 56) = 0, P = .991; 

feed:  F(1, 56) = 1.27, P = .265).  While lowered reactivity towards food stimuli (i.e. 

less jetting and inking) at 9 weeks of age may indicate early learning by test squid, 

overall this evidence is equivocal given the lack of significant behavioural 

differences between controls and test squid for reactivity at 16 weeks of age and 

boldness at both ages.  It appeared that the temporal spacing of behavioural tests 

resulted in minimal habituation by subject squid to test situations.   
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3.4.5. Growth and body size 

Instantaneous growth rates from the population of experimental squid were 

initially high and decreased concurrently with the onset (weeks 9 to 12) and full 

realization (weeks 12 to 16) of sexual maturation (Figure 3.2).  Juvenile periods 

(weeks 3 to 9) were marked by high IGR (7 – 9 % body weight day-1), while during 

sexual maturation IGR decreased 3-fold between weeks 9 and 12, and again between 

weeks 12 and 16.   

 

No correlations between adult body size and 16 week old personality trait 

scores exceeded 0.30, and none was significant.  However, age-specific relationships 

between body size and personality traits indicated that squid that were larger (WW) 

as adults tended to be less threat active at 12 weeks of age (r = -.44, P = .023) and 

shyer in feeding responses at the onset of sexual maturity (age 9 squid, r = .43, P = 

.029).  

 

3.5. Discussion 

Three traits (shy-bold, activity, and reactivity) described consistent inter-

individual differences in two different contexts (a threat and a feeding test) in 

dumpling squid, but rates of development and predictability of response for traits 

were both context- and age-specific.  Adult body size was not related to any adult 

behavioural traits, but age-specific comparisons revealed that larger body sizes of 

adult squid resulted from behavioural strategies that were more feeding shy at 9 

weeks of age and less threat active at 12 weeks old.  Juvenility in squid was 

characterized by high growth rates and high levels of feeding boldness with respect 

to adulthood, when squid tended to be shyer as a whole; this increased shyness was 

associated with a 6-fold decrease in growth rates.  Sexual maturity marked a distinct 

change in approaches between individuals towards foraging.  While all squid became 

more feeding shy, individuals that were feeding bold at 9 weeks of age tended to 

remain bold through maturity, while squid that were shyer at 9 weeks of age tended 

to become shyer; these shyer squid thus expressed greater amounts of developmental 

variability (or flexibility) than bold squid.  While no traits developed across juvenile 

and adult periods in a sex-dependent manner, the majority of shy ‘changers’ through 

sexual maturity were also male, who tended to be smaller than consistently bold 
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females.  Taken together, these results begin to highlight the role of metabolic 

processes, gender, sexual maturity, and individual-level behaviours (especially 

boldness and activity) in shaping squid life histories (Table 3.4). 

 
Table 3.4 
Significant developmental patterns in personality trait development during juvenile (ages 3–9 
weeks old) and sexually maturing (ages 9–16 weeks old) life stages for dumpling squid, 
Euprymna tasmanica. 
 Juveniles Sexually maturing adults 

Threat behaviours • Lower predictability (i.e. more 
flexibility observed) in response to 
threat through time 
• Shyer squid are more variable, 
i.e. bold squid tend to remain bold 
• Group as a whole becomes 
more reactive towards threats 

• Greater predictability 
towards threat stimulus 
• Group as a whole becomes 
bolder towards threat 

   
Feeding 
behaviours 

• Higher predictability (i.e. less 
flexibility observed) in responses 
to food 
• Group as a whole becomes 
bolder and less active in feeding 
bouts 

• Less predictability in 
responses, but mainly by shyer 
squid, who became shyer with 
age 
• Bolder squid tended to 
maintain levels of feeding 
boldness 
• Mean of the group becomes 
more feeding shy 

   
Growth rates and 
body sizes 

• High growth rates (close to 
10% BW day -1) 
• Shyer squid at 9 weeks of age 
tend to become the largest squid 
as adults 

• A 6-fold decreases in growth 
rates across sexual maturity 
• Less active squid at 12 
weeks of age tend to become 
the largest squid as adults  
• Female squid tend to be 
larger than males 

 

 

From a very early age individual squid expressed levels of shyness-boldness, 

activity, and reactivity that were context-specific and this lack of correlation between 

similar traits but across contexts was maintained throughout their lifespan.  For 

example, squid that were active in threat tests were not active in feeding ones, and 

this was the case for all traits and times.  Thus, it appears that in feeding and threat 

contexts squid have the necessary neural, physiological, and behavioural flexibility 

from birth to adjust to situation-specific selective regimes, rather than adult 

behavioural phenotypes differentiating from earlier, constrained, domain-general 

traits (i.e., differentiation, see: Berridge 1994).  While in a previous study larger, 

more mature, wild-caught squid were more threat active and feeding shy than their 

less mature counterparts, age-specific behavioural expression of threat activity and 

feeding boldness in the current study was not correlated within any time through 
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ontogeny or adulthood.  However, the largest squid resulted from strategies involving 

these two traits, albeit at different ages (i.e. threat activity at 12 weeks and feed 

shyness at 9 weeks characterized larger 16 week old squid).  These results reinforce 

the idea that squid personality traits are indeed context-specific throughout 

development with regards to antipredator and foraging behaviours, and indicate the 

importance of environmental conditions and age-specific selection regimes in 

resulting behavioural correlations in adults (Wilson et al. 1993; Bell & Stamps 

2004).  That is, couplings between threat activity and feeding boldness in a previous 

wild population (Chapter 2) most likely resulted from the developmental conditions 

which shaped the behaviour of that cohort of squid; lab reared squid in the current 

study did not experience the same environmental conditions, which resulted in 

different patterns of behavioural correlations with body size amongst adults. 

  

Squid also displayed age- and context-specific patterns of individual 

consistency in trait expression.  Individual variability in responses to the threat 

stimulus was highest in juveniles, while responses to feeding situations were marked 

by increasing variability and flexibility with age.  This pattern of differential 

repeatability according to context and age might best be explained by different 

context-specific, biological mechanisms responsible for trait expression (e.g., 

genetic, hormonal, neural, etc., see:Stamps 2003; Bell & Stamps 2004).  Increasing 

variability with age for feeding personality traits fit well with foraging theory, where 

responses to foraging situations need to be more flexible in animals with increasing 

age, enabling them to cope with the changing qualities and abundances of prey, and 

allowing them to exploit a variety of habitats (Stephens & Krebs 1986; Hedrick & 

Riechert 1989; Gibbons et al. 2005).   In antipredator contexts, age-specific 

interactions also play a major role in shaping relationships between predators and 

prey as a function of increasing body size and changing morphologies (Werner & 

Gilliam 1984; Sogard 1997).  Under this scenario, precocial life histories in squid 

could drive selection for increasingly consistent antipredator behaviours.  For 

example, if a successful strategy ensures survival at an early age, there would 

presumably be no reason to change this strategy in subsequent encounters with the 

same predator (or threat stimulus, in this case).  The main idea here is that our results 

suggest that phenotypically, developmental responses in threatening situations are 

quite distinct to those in feeding ones for squid, and this may be a result of 

significant interactions between contextual properties of situations and developing 
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hormonal profiles responsible for adaptive responses in these contexts.  These results 

further reinforce the notion that antipredator and foraging contexts are functionally 

separate ecological contexts for squid, requiring different types of appropriate 

adaptive behavioural expression (Coleman & Wilson 1998).        

 

Periods of lower repeatability (or higher variability) in squid expression of shy-

bold traits in both contexts was partially explained by the presence of developmental 

‘groups’.  Low sample repeatability for threat boldness (ages 3 to 6 weeks and ages 9 

to 12 weeks) could be partially explained by a group of shyer squid who also 

changed more than their bolder counterparts, who tended to remain bold.  Feeding 

boldness through sexual maturity (ages 9 to 16 weeks old) was characterized by 

shyer squid that were less consistent in their responses over time, and bolder, more 

consistent squid that tended to remain bold.  In stochastic and unpredictable 

environments, trait magnitude/variance foraging strategies may evolve, such that 

distinct personality types can exist that have different approaches to the ecological 

trade-off between growth and survival (Orzack & Tuljapurkar 2001; Dall et al. 

2004).  In the current example, bolder feeders, which were also more consistent, are 

able to exploit an optimal environment (i.e. few predators and a high food supply).  

Shyer squid, on the other hand, which were also more variable and flexible in their 

approach, risk not being optimal in any given situation, but perhaps could exploit a 

variety of changing environments.  Our results from an earlier study on adult squid 

from the wild indicated that larger body size was associated with shyer feeding squid 

(Chapter 2).  In the current study, the majority of bold consistent individuals were 

female, and females tended to be heavier than males as adults.  Squid from our 

previous study, who developed in the wild, presumably encountered a changing, 

unpredictable environment.  Thus, shyer and more flexible strategies could result in 

an overall larger pay-off (i.e. larger body size) in stochastic conditions.  Squid in the 

current study, however, encountered an unvarying environment; in this case bolder 

squid were ‘paid-off’ for remaining bold, because there was a consistent food supply 

and no predators present.  These results begin to explain how adult variation in 

foraging strategies may be created and maintained through developmental processes 

in squid.  Given stochastic environments, couplings may arise between a particular 

phenotype and its developmental variance if equivalent trade-offs between growth 

and mortality exists for different strategies (Mangel & Stamps 2001).  Thus, not only 

may selection result in appropriate age- and size-specific trait expression, but it also 
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could act on developmental variability.  Of course, these ideas need further testing in 

squid, with quantified costs and benefits to different magnitude/variance strategies.  

Testing under different environmental conditions may also reveal different patterns, 

for example, whether bolder squid are able to adaptively change their phenotype 

under conditions (such as increased predation) that do not favour boldness?   

 

Growth rates during sexual maturity were characterized by two three-fold 

drops as squid slowed growth in preparation for reproduction (Moltschaniwskyj 

2004).  Thus, juvenile squid, presumably more susceptible to predation (e.g. Sogard 

1997;  but for an exception, see Johansson et al. 2004), were more active and bold in 

feeding situations, but also more reactive to threats relative to adults in the study.  As 

adults, squid became bolder in threat tests, while also becoming shyer and less active 

in feeding tests relative to smaller juveniles (weeks 9 through 16; Figure 2).  

Personality trait expression should change with ontogeny, reflecting the perceived 

risk to individuals (based on size and predation levels, see: Werner & Gilliam 1984), 

prey resources, and individuals’ current metabolic status (Sih 1997).  Predation from 

fishes has been implicated as a major force in the evolution of behavioural strategies 

in cephalopods (Packard 1972), but species-specific metabolism and growth also is a 

major proximate factor in development (Biro et al. 2005).  While there are clear 

mortality costs for being small that is independent of behaviour (ie. background 

mortality, Werner & Anholt 1993), there is also evidence in fishes that predation 

mortality depends largely on food-dependent risk-taking, that is, food-dependent risk 

taking by prey is the proximate factor that largely determines the availability of prey 

to predators (Biro et al. 2003; Biro et al. 2004).  For squid, smaller juveniles with 

higher growth rates that are more active and more likely to ‘risk’ feeding are 

consistent with behaviours indicating that squid behaviours during juvenile periods 

may be dominated by metabolic needs rather than predation risks.  Unfortunately, 

little is known concerning juvenile life history of squid in the wild.  This is 

unfortunate, since they constitute a major trophic level in many oceanic food webs 

(e.g. Evans & Hindell 2004) and are a significant fishery in many countries.  Our 

results suggest that further understanding of energy acquisition and allocation in 

juvenile squid, combined with alternative foraging strategies in adults, should be 

particularly fruitful towards understanding population-level phenomena relevant to 

fisheries and some important oceanic communities.  Of course, these ideas need 

further testing and exploration under a wider variety of developmental conditions. 
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All of these results contribute to our knowledge of how adult behavioural 

variation in adult squid is manifest, and shed light on the general processes involved 

in the creation and maintenance of behavioural variability.  Knowledge of the 

mechanisms and developmental patterns resulting in phenotypic variation is crucial 

to the understanding of important evolutionary phenomena (Stearns 1989; West-

Eberhard 1989). However, the processes generating phenotypic variation have not 

been a focus of the traditional evolutionary disciplines, even though its existence is 

central to the ideas of natural selection.  Selection may have resulted in different 

developmental approaches to stochastic environments in squid, with particular 

behavioural strategies coupled with particular levels of flexibility or variability 

through time.  These results also highlight the flexibility squid have in their 

behavioural expression, the importance of the context in which these behaviours are 

expressed, and the age-specific nature of behavioural correlations.  Energetic needs 

appear to drive squid foraging behaviours rather than predation costs, but adults may 

take alternative strategies which may approach trade-offs between mortality, growth, 

and metabolic needs differently.  Incorporating behavioural results with physical 

parameters, such as growth, is a powerful method of understanding behavioural 

strategies squid may take in response to unpredictable environments.  This study 

contributes to evidence that indicates that developmental processes serve to guide, 

constrain, and create phenotypic variation, thereby directly influencing how selection 

can affect organisms and resulting life history approaches (West-Eberhard 1989; 

Lickliter & Honeycutt 2003).
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Chapter 4. Genetic analysis and reproductive 

consequences of squid personality traits 

4.1. Abstract 

Recently, studies have begun to document widespread consistent inter-

individual differences in aggregate behavioural traits (e.g., shyness-boldness and 

activity) in a number of animal populations.  Generally, studies have previously 

established:  a) the existence of consistent phenotypic variation between individuals 

that, b) has fitness-related consequences (i.e. fecundity, recruitment, growth, etc.).  

However, relatively less is known concerning the genetic basis of behavioural styles 

and its contribution to observed phenotypic variation in wild populations of animals.  

Dumpling squid, Euprymna tasmanica, show consistent inter-individual differences 

in behaviour that can be classified along the axes of shyness-boldness, activity, and 

reactivity.  Using a nested full-sib, half-sib mating design, this study estimated 

patterns of additive genetic and residual variance in these behavioural traits from 

wild-caught squid in two contexts.  Patterns of mating behaviour and reproductive 

output associated with behavioural trait expression were also documented.  Results 

indicate that patterns of genetic contributions to behavioural expression were 

dependent on squid age and context.  No direct links between traits and reproductive 

output were observed, but there was an indirect link between female squid foraging 

boldness, body size, and hatching success.  Patterns of foraging boldness also 

appeared to contribute to reproductive success, and results are discussed in terms of 

mechanisms contributing to the maintenance of phenotypic variation in squid 

behavioural individuality.   

 

4.2. Introduction 

In a wide variety of taxa, animals show consistent individual differences in 

behaviour in a number of contexts related to fitness, including mating, antipredator, 

and foraging situations.  Consistent individual differences in behavioural tendencies 

can be described along a number of behavioural axes, such as shyness/boldness (e.g., 

Wilson et al. 1993; Wilson et al. 1994), activity (e.g.Werner & Anholt 1993; Anholt 
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& Werner 1995), reactivity or fear (e.g.Boissy 1995), and exploratory behaviour 

(e.g.Verbeek et al. 1994).  In many animal taxa, these suites of behavioural traits are 

referred to as ‘personalities’, and are important determinants of an individual’s 

dispersal (Dingemanse et al. 2003), growth (Ward et al. 2004), and reproduction 

(Godin & Dugatkin 1996).  Widespread phenotypic variation in animal personality 

traits across a wide variety of taxa and in a number of populations (reviewed in: 

Gosling 2001) implies that, instead of eroding variation about an adaptive mean, 

variation amongst personality traits in wild populations of animals has been 

maintained by natural selection (Clark & Ehlinger 1987; Dingemanse et al. 2004).  

Despite this, the mechanisms for the inheritance of traits across generations and the 

potential fitness-related consequences of animal personalities are largely unknown in 

wild populations of animals (for an exception, see: Dingemanse et al. 2002; 

Dingemanse et al. 2004; van Oers et al. 2004b). 

 

In previous studies, consistent phenotypic differences in behavioural 

tendencies between individual dumpling squid were quantified along three axes in 

two contexts (Chapter 2).  Differences in boldness, activity, and reactivity amongst 

squid in threatening and feeding tests was context-specific, that is, squid that were 

bold in threatening situations were not necessarily bold in the feeding one.  

Behavioural trait expression in squid was related to an individual’s reproductive 

maturity and body size (Chapters 2, 3, and 5), and developmental processes have the 

capacity to generate substantial adult trait variation, especially with regards to an 

individual’s levels of boldness in foraging situations (Chapter 3).  In general, there is 

substantial short-term (on the order of weeks) and long-term (on the order of months) 

repeatabilities for traits, but threat traits were more phenotypically consistent through 

time than feeding ones, and thus have greater potential for substantial heritable 

components (Dohm 2002).  These studies highlight the role of developmental 

processes in producing adult squid behavioural variation, the potential for significant 

genetic variation in resulting trait expression, and the potential link between squid 

personality and fitness-related characters (i.e. body size).  However, the underlying 

genetic structure and heritability of these traits, as well as the potential links between 

traits and reproductive parameters (e.g. fecundity, hatching success, and mating 

success) is unknown.  Thus, the current study was designed to further examine the 

life history consequences of squid personality traits by examining a) the genetic 
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structure of traits, and b) whether traits are related to fitness components associated 

with squid reproduction.   

 

For these questions, it is a prerequisite to understand patterns of heritability of 

personality traits and their underlying genetic structure (i.e. additive and nonadditive 

components of variation (Dingemanse et al. 2002; van Oers et al. 2004a; van Oers et 

al. 2004b).  Additive genetic variation is often considered the sine qua non of 

evolution, since traits with significant additive genetic components can respond to 

selection in a predictable manner (Falconer & Mackay 1996).  However, this does 

not exclude inheritance by other mechanisms (i.e., nonnuclear genes, cytoplasmic 

effects, maternal hormones, trait-linkages with heritable factors, etc., for further 

discussion, see: King & West 1987; Mazer & Damuth 2001a), and measures of 

variance components contributing to heritability estimates (i.e. additive, nonadditive, 

and residual) can reflect the history of selection pressures on a trait and related 

characters within the organism (Houle 1992).  There are also a number of factors 

which can influence behavioural heritability estimates, including age-related effects 

(Plomin 1990; Bateson & Martin 2000; Mazer & Damuth 2001b), the number of 

physiologic and morphologic components involved in the expression of a behaviour 

(i.e., ‘level of integration’:Stirling et al. 2002), and learning (e.g.Gibbons et al. 

2005).   

 

Dumpling squid have a semelparous, approximately bi-annual life-history 

strategy, with oviparity, no parental care of offspring, and non-overlapping 

generations (Boyle & Boletzky 1996).  This life history leads to certain expectations 

regarding estimates of heritability of behaviours in squid.  Since offspring are 

expected to survive from birth with no parental care, we should expect potential age-

related effects on heritability estimates, especially for foraging behaviours (Gibbons 

et al. 2005).  For example, some aspects of offspring foraging (e.g. visual or 

olfactory cues) should be strongly influenced by genetic effects, while optimality 

theory predicts that individuals should become more flexible in their behavioural 

responses in foraging contexts with age (Pyke et al. 1977; Stephens & Krebs 1986).  

Indeed, since successful foragers should be more flexible and influenced by learning 

experiences genetic effects on foraging traits may be especially difficult to detect in 

adults, even though heritable mechanisms are still operating (Gibbons et al. 2005).   
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While patterns of age-related heritabilities may differ according to context, in 

general, cephalopod learning capabilities are well-documented (Boal 1996b; Hanlon 

& Messenger 1996), and thus should influence estimates of heritability of behaviours 

taken from experienced individuals across many situations.  Furthermore, for 

oviparous animals, maternal effects in the form of nutritional contributions to the egg 

cytoplasm and maternal hormones also have the potential to contribute to 

behavioural expression of offspring; these nongenetic factors also have the potential 

to evolve (Mousseau & Fox 1998; Mazer & Damuth 2001b).  Thus, we examined 

patterns of additive genetic variation and residual variation in context-specific 

personality traits as a function of age in squid, and modelled maternal effects to 

determine what contribution, if any, they made to observed nonadditive genetic 

variation.   

 

An animal’s evolutionary fitness is determined by the number of reproductive 

descendants it produces.  Since lifetime reproductive success in the field is difficult 

to measure due to unknown relatedness of individuals and emigration, measures of 

short-term reproductive output are usually made (Armitage 1986; Reed & Bryant 

2004).  Two studies have reported evidence for an influence of an individual’s 

personality on its subsequent reproductive output.  In marmots, boldness in females 

during conspecific encounters was not directly related to reproductive output, but 

was associated with the recruitment of female yearlings (Armitage 1986; Armitage & 

Van Vuren 2003) who increase the chances of survival for young in the group 

(Armitage & Schwartz 2000).  In great tits, a bird’s lifetime reproductive success is a 

function of its exploratory behaviour, but this relationship changes between years 

and is dependent on gender (Dingemanse et al. 2004).  Since fitness is also related to 

the number of times an individual successfully mates, mating behaviour is another 

potential avenue for selection to occur on personality traits.  Almost nothing is 

known concerning the mating consequences of personality traits, but reactivity, 

anxiety, and fear appear to have a negative impact on the mating success of many 

animals (Boissy 1995; Wielebnowski 1999).  Personality phenotypes may also have 

the potential to drive assortive mating; female guppies, after observing males in 

predator encounters, choose bolder male fish regardless of colouration (Godin & 

Dugatkin 1996).  These studies indicate the reproductive consequences of an 

animal’s unique behavioural style, and imply that these behavioural mechanisms may 

have consequences for the genetic structures of populations.  The final aim of this 
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study then was to begin to document whether female personality traits in squid had 

an impact on their reproductive output, and to describe the patterns of behaviours in 

male and female squid which contributed to successful mate pairings.   

 

4.3. Methods 

4.3.1. Subjects 

Adult Euprymna tasmanica were collected from two wild populations (Kelso 

(41° 06'S x 146° 47'E) and Margate (43° 1S x 147° 16E), Tasmania, Australia) 

collected on multiple dives between June 2002 and January 2004.  Squid were 

transported to a 2500L closed-seawater system at the University of Tasmania, 

Launceston, Australia, where they were housed individually, subjected to 

behavioural tests (see below), and then mated. Egg deposition on PVC pipe occurred 

within 2-3 days of mating; eggs were then incubated at 18º C for 35-40 days, at 

which time they began to hatch.  Environmental conditions in the laboratory during 

experiments were maintained at constant temperature (18º C), salinity (33-35ppt), 

and light cycle (14:10 hour day/night cycle).  Sixty-two females (mean mantle length 

(ML) = 25.0 mm; mean wet weight (WW) = 7.48 g) were mated with 21 males 

(mean ML = 27.3 g; mean WW = 8.67 g) in a nested full-sib, half-sib mating design 

(Lynch & Walsh 1998).  Each male was mated to several females, and 5-6 subjects 

from each resulting egg brood were used in testing.  Twenty-seven crosses were 

successful, and 147 total offspring were tested.  Twenty-three broods contributed 4-6 

siblings for testing, and 4 broods contributed 3 or less squid.  Behavioural results 

from adult squid that successfully reproduced and their progeny were used for 

genetic analyses.  Reproductive parameters were also measured for successful mate 

pairings, and along with behavioural results obtained for all adult squid (including 

those that did not successfully reproduce) were used in reproductive analyses (see 

below).  Unlike loliginid squid, dumpling squid do not school per se, but are loosely 

aggregated in field populations in Tasmania (pers. obs.).  Thus, squid were housed 

individually, and all experiments occurred in the same containers that squid were 

housed in.  For adults, containers were blue opaque rectangular plastic tubs (34cm 

long x 29cm wide x 13cm deep) while for offspring plastic tubs were circular, 

opaque, and black (14cm diameter; 13 cm deep).  Both types of containers contained 
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a thin layer of sand (1-3 cm) for burying, and were housed behind black cloth to 

minimize disturbance during non-test periods.  All containers were floated in the 

larger 2500-L system and were continuously illuminated with low levels of red light 

(0.22 x 1014 quanta s-1 cm –2) to allow visual observation during night-time hours 

when squid were most active.   

4.3.2. Behavioural testing 

Methods of behavioural testing for adults and juveniles were the same, and 

identical to that described in (Chapter 2).  Briefly, squid were subjected to two 

behavioural tests on two separate days within a week, with test days separated by at 

least 48hr.  For adult squid the first test day was given 48hr after capture; offspring 

hatched in the lab were given behavioural tests during their third week of life.  Two 

tests, a threat and a feeding test were given to each individual squid, and 12 discrete, 

observable behaviours from both tests were measured using an audiocassette 

recorder and handheld timer.  The threat test consisted of the experimenter (DLS) 

touching the squid with an eyedropper on one of its arms, up to 10 times, or until the 

squid moved away; feeding tests were conducted 30-90 min. after threat tests, and 

consisted of a live food (mysid shrimp) presentation in the presence of the 

experimenter.  Each test was for 5min., and frequency and duration of behaviours 

were recorded.  The same two tests were given on each test day, and results were 

summed for individuals within each test across the two test days.  Definitions of the 

twelve behaviours recorded in each test are given elsewhere (Chapter 2).  Since 

sepiolid squid are not gregarious, adults were housed individually in test containers 

from the time of capture, and offspring were housed individually from 2-3 days post-

hatching.  Individual housing allowed for individual identification, and experimental 

methods involved testing while not disturbing neighbouring subjects (see Chapter 2).  

For the duration of all experiments, squid were fed mysid shrimp ad libitum, except 

during test weeks, when squid were fed only during feeding tests. 

4.3.3. Personality trait scores 

Definitions of personality traits (i.e. behavioural loadings in PCA solutions) are 

remarkably stable for squid, and generally do not vary as a function of age or 

population (Appendix B and C).  That is, shyness-boldness, activity, and reactivity 

can be measured by the same discrete observable behaviours for squid at any age  
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Figure 4.1  
The southern dumpling squid, Euprymna tasmanica. A:  While juveniles express different 
mean-levels of behaviours than adults, they display a similar repertoire of discrete, 
observable behaviours.  Juvenile (3-4mm ML) feeding on a mysid shrimp, which is also a 
component of the diet in adults.  B: Egg brood attached to PVC pipe.  Each egg contains one 
embryo.  Photo credits:  Tom Fox-Smith (A) and Natalie Moltschaniwskyj (B). 
 

(Figure 4.1A) and from multiple populations.  Therefore, personality trait scores 

were generated for all squid in the current study by computing regression scores 

based on the two PCA solutions reported in Chapter 2.  These solution matrices, one 

from each test context, were originally derived from PCA results on behavioural 

responses during threat and feed tests given to a large sample of adult squid from the 

wild, and short-term reliability and validity of a context-specific, three-component 

solution was established.  The three components were named shy avoidance-bold 

aggression (hereafter ‘shy-bold’), activity, and reactivity, and all three could be 

measured in both tests, resulting in six trait scores for each squid (e.g. threat activity, 

threat reactivity, feed activity, feed reactivity, etc.).  Traits were context-specific 

because squid that were bold in the threat tests were not necessarily bold in feeding 

ones, and this was true for all traits and ages measured (Chapters 2 and 3).  To create 

trait scores for the current study loadings for each behaviour from the PCA solutions 

reported in Chapter 2 were multiplied with the respective behavioural results for each 

squid in the present study.  These weighted behaviours were summed to generate a 

unique personality trait score for each squid.  For example, to calculate a threat 

reactivity score, standardized (z-scores) frequency counts and time measurements of 

behaviours for a squid from the present study were multiplied by the PCA loadings 

for the component ‘threat reactivity’ reported in Chapter 2 and summed:  threat 

reactivity = -.338(number of touches) - .282(first behaviour after touch) + .562(jet) + 
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.140(grab) + .264(arm flower posture) + .019(log time move) - .326(amble) - 

.089(colour change) - .051(fin swim) - .171(log time to bury) -  .017(bury) + 

.823(ink).  In this way, behaviours that contributed the most to the meaning of a trait 

(i.e. high loadings equal high regression coefficients) also contributed the most to an 

individual’s score on that trait.  This method characterizes individual tendencies in 

the following manner:  shyer squid tend to flee from the threat stimulus, by jetting, 

while their bolder counterparts tend to remain stationary when being threatened, or 

even attack the threat stimulus.  In feeding tests, bolder feeders feed quicker, travel 

longer distances to do so, and feed more times than shyer squid.  More active squid 

spend more time performing locomotor movements, i.e. ambling (a type of crawling) 

and fin swimming (hovering in the water column); these behavioural ‘definitions’ of 

activity are the same for both tests.  Threat reactive squid ink and jet more after 

fewer touches with the threat stimulus than their less reactive counterparts; feed 

reactive squid jet and ink more when presented with food items in the presence of an 

observer, therefore, reactivity measures an aspect of ‘fleeing’ in squid. 

4.3.4. Data analysis:  Genetic analysis of squid personality traits 

Phenotypically, squid personality traits are expressed in a sex-independent 

manner (Chapter 2), and development of personality traits is also sex-independent 

(Chapter 3).  The significance of sex on personality scores for adults in the current 

sample was assessed using a one-way ANOVA (Sokal & Rohlf 1995), with sex as a 

fixed factor and the 8 personality traits as dependent variables (n = 41) using SPSS 

10.0.  The effect was not significant, so sex was not included in any genetic analyses. 

  

Because of small sample sizes, we chose to retain a number of squid from the 

Margate site (n = 22), even though they were collected from a separate population.  

Potential differences between population means were accounted in the model 

through a fixed site factor.  We estimated additive genetic ( 2
aσ ), maternal ( 2

mσ ) and 

residual ( 2
eσ ) variances in the 8 squid personality traits using the following mixed 

linear model: 

y = Xb + Z1a + Z2m + e   

 

where y is the vector of phenotypic observations, b is the vector of fixed 

effects (overall mean and site), a is the vector of random additive genetic effects, m 
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is the vector of random maternal effects, and e is the vector of random residuals 

(environmental and non-additive effects).  X, Z1 and Z2 are design matrices linking 

the phenotypic observations with the fixed and random effects.  Random effects are 

assumed to follow a multivariate normal distribution: 
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where 2
aσAG = , 2

mσIM = , 2
eσIR = , A is the numerator relationship (Lynch 

& Walsh 1998), and I and 0 represent identity and null matrices of appropriate sizes 

respectively.  Narrow-sense heritability (h2) estimates were then calculated for each 

trait by: 

22

2
2
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ah
σσ

σ
+

=   

 

In order to account for the potential influence of age-specific variation in traits, 

genetic analyses were modelled in a number of ways.  First, the genetic models 

described above were run for each trait for progeny only (n = 147), and then for the 

total sample (N = 210).  To examine the effects of age-specific variance on the full 

model, raw PCA scores for adults and offspring were standardized by subtracting 

individual scores from the mean of the age-class and dividing by the standard 

deviation.  This resulted in age-specific trait scores with a mean of 0 and a SD of 1.  

Genetic models for each trait including all subjects were then run on standardized 

scores (N = 210) and used as comparison with the full model above. 

 

The statistical genetic analyses were conducted using ASReml (Gilmour et al. 

2002).  The significance of random (additive genetic and maternal) components were 

tested using a log-likelihood ratio test comparing the full model with its appropriate 

restricted version (i.e. dropping the effect and comparing the fits of the models).  

Critical values of chi-square used to test significance of model log likelihood 

differences were χ2 1, .05 = 3.84 and χ2 1, .01 = 6.63 (Self & Liang 1987). The 

significance of fixed site effects was tested using a Wald test.  For all models, a 

maternal and site effect was included in the overall model first, and then removed if 

it did not make a significant contribution. 
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4.3.5. Data analysis:  Reproductive consequences of squid personality traits 

Three factors related to reproduction were used as ‘fitness surrogates’ (sensu 

Reed & Bryant 2004) to examine potential fitness consequences of squid personality 

traits: fecundity, hatching success and reproductive success.  Fecundity was 

measured by counting the number of eggs that were laid by a female after successful 

mating by a male.  Euprymna eggs are small and cylindrical (~5 mm diameter), and 

laid singly, attached to substrate, in batches of up to 200 individuals (see Figure 

4.1B).  Females normally laid eggs within two weeks of mating (mean gestation:  11 

days, SD = 9.1), and at that time, individual eggs were counted either by eye or using 

a low-powered (10x) dissecting microscope.  To examine the effects of female 

personality traits on their reproductive output a sequential multiple linear regression 

model was used (Tabachnick & Fidell 1996), with fecundity as the dependent 

variable and female body size (WW) in a first step followed by the addition of the six 

female personality trait scores in a second step, to explain any variation not already 

accounted for by body size (n = 27).  Hatching success, expressed as percentage of 

eggs hatched to those laid, was measured by counting all unhatched eggs 5 days after 

the first squid hatched from a given egg batch.  In most cases only 5 days were 

necessary in order to determine which eggs had been unfertilized or had ceased 

development.  To examine the effects of female personality traits on offspring 

developmental factors, hatching success as a dependent variable and female wet 

weight (WW) were entered in a first step of a sequential linear regression, with the 

addition of the six female personality trait scores in a second step (n = 22). 

 

Female squid are able to store sperm (Hanlon et al. 1997), however, this 

mechanism has not been studied in Euprymna; thus, the length of time sperm can be 

stored by females is unknown.  Females in our experiments had up to 2 weeks prior 

to mating in which to lay eggs; combined with the fact that egg batches were 

normally laid within 11 days after successful matings, it is reasonable to assume that 

no females were carrying sperm when captured from the wild (over three years of 

observations, no female captured from the wild laid eggs in our laboratory prior to 

observed mating).  Matings between squid with known phenotypic values for 

personality trait scores were then run, and successful or unsuccessful pairings were 

then characterized to understand the influence of squid personality on resulting 

reproductive success.  To perform matings, females were moved into a males’ 
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container, and observed for up to 30min., or until copulation.  If mating was not 

observed, females were left in males’ containers for 24 hours, and checked 

approximately every 3 hours for mating (Euprymna mating can last up to 8 hours, 

pers. obs.).  If mating during this 24 hr time period was not observed, the pairing was 

repeated up to three times, but with a 48hr period between pairings, during which 

time squid were housed separately.  Matings were haphazard between pairs of squid, 

and not chosen on the basis of any biological or behavioural characteristics.  To 

characterize the successful versus unsuccessful pairings, two separate logistic 

regressions were used (one for each gender) with mating success/non-success as the 

dependent variable and WW and six personality trait scores as independent 

predictors (n for males = 20; n for females = 58).  Pearson correlations between 

males and females were used to describe the pattern of body size and trait scores 

between the sexes of successful (n = 29) pairings versus those pairings that were 

unsuccessful (n = 34).  Due to the large number of comparisons and the exploratory 

nature of this analysis, we did not interpret P values for correlations; instead, only 

those correlations that exceeded .5 were examined.  Three one-way ANOVAs were 

used to investigate whether there were mean differences in personality trait scores 

and body size between successful and unsuccessful females (n = 61), and between 

males and females of successful (n = 27) and unsuccessful pairings (n = 35).  SAS 

9.1 was used for all reproductive analyses. 

 

4.4. Results 

Bolder squid in the behavioural tests tended to perform riskier behaviours than 

their shyer counterparts.  In threatening situations, bolder squid were ambivalent 

towards or even attacked the threat stimulus, while boldness in feeding contexts was 

characterized by shorter latencies to feed, more feeding attempts over longer 

distances, and higher rates of feeding.  More active squid swam and ambled (a type 

of squid ‘crawling’) more, and did so for longer periods of time than less active 

squid, who tended to move less during tests. Reactivity differences, often 

characterized by anxiety-like behaviours in animals (Boissy 1995), are measured in 

squid through fleeing responses.  Highly reactive squid inked and jetted away more, 

regardless of the stimulus (i.e. a threat or a feeding one).  Greater detail on the 

behavioural definitions of squid personality traits is given elsewhere (Chapter 2). 
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4.4.1. Genetic analyses of squid personality 

The observed group means and variation in trait scores used in all genetic 

models are shown in Table 4.1.  In no case did a significant improvement in fit occur 

when modelling either the maternal component or site as a fixed factor (i.e. Margate 

and Kelso).  Thus, each genetic model used to estimate variance components and 

heritability was considered only with a grand mean, additive genetic, and residual 

effect.  The results of the variance components analyses are shown in Table 4.2.  

Threat trait heritabilities were moderate to high (.2 - .9), and shyness-boldness, 

activity, and reactivity all displayed significant additive genetic components in both 

offspring only models as well as the full pedigree ones.  Age-related estimates of 

additive genetic variation for threat traits indicated that genetic contributions to trait 

expression were also a function of the age of the squid.  For threat activity and 

reactivity there was higher additive genetic and lower residual contributions to traits 

in three-week old squid; for threat shyness-boldness, this pattern was reversed, with 

full pedigree models indicating an increase in additive genetic components while 

residual components remained unchanged.  Genetic analyses on feed traits indicated 

that feed traits had lower heritabilities (0.05 – 0.1), and for feeding shyness-boldness 

(full model only) and reactivity (full model and offspring only model), estimates 

were not different from zero.  Residual values for feed traits were also higher than 

their threat trait counterparts for each model, and no age-specific patterns of residual 

variation or heritability for feed traits was apparent.  For traits from both contexts, 

heritabilities derived from use of standardized scores reinforced results obtained 

using raw PCA scores, and did not indicate a potential bias in the overall pedigree 

models on raw PCA scores due to age-specific variation.  
 
Table 4.1 
Mean and standard deviation of six personality trait scores for offspring only and the full 
pedigree models linear mixed model analyses.   

Threat traits (M; SD) Feed traits (M; SD) Group 
Shy-bold Activity Reactivity Shy-bold  Activity Reactivity 

Offspring (n 
= 147) 

-1.45; .58 .83; 1.32 -.33; .70 .04; .88 5.18; 2.88 1.24; 2.75 

All Subjects 
(N = 228) 

-.81; 1.74 .70; 1.55 .08; 1.17 .10; 1.35 3.98; 3.28 .75; 2.20 
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Table 4.2 
Three models of estimation of additive genetic and heritability components of variation and associated standard errors for six squid personality traits 

Threat Feed Trait 
Shy avoidance-bold 
aggression 

Activity Reactivity Shy avoidance-
bold aggression 

Activity Reactivity 

Progeny Only 
Additive genetic 0.072 ± 0.052* 1.173 ± 0.488** 0.556 ± 0.192** 0.062 ± 0.092 0.389 ± 0.794 Not different 

from zero 
Residual .267 ± 0.049 0.567 ± 0.288 0.068 ± 0.100 0.716 ± 0.114 7.927 ± 1.166 7.565 ± 0.886 
Heritability .213 ± 0.143 0.674 ± 0.197 0.891 ± 0.174 0.079 ± 0.117 0.047 ± 0.095 Not different 

from zero 
Everyone 
Additive genetic 1.024 ± 0.340* 0.827 ± 0.320** 0.286 ± 0.164 Not different from 

zero 
0.353 ± 0.459 Not different 

from zero 
Residual 1.110 ± .216 1.321 ± 0.229 0.951 ± 0.143 1.058 ± 0.099 6.812 ± 0.754 5.820 ± 0.547 
Heritability .480 ± 0.122 0.385 ± 0.124 0.231 ± 0.122 Not different from 

zero 
0.049 ± 0.064 Not different 

from zero 
Standardized scores, everyone 
Additive genetic 0.486 ± .219** 0.294 ± 0.155** 0.312 ± 0.140** Not different from 

zero 
0.064 ± 0.084 Not different 

from zero 
Residual 0.806 ± 0.154 0.940 ± 0.138 0.718 ± 0.112 1.108 ± 0.104 1.240 ± 0.014 1.147 ± 0.108 
Heritability 0.376 ± 0.142 0.238 ± 0.115 0.303 ± 0.119 Not different from 

zero 
0.049 ± 0.064 Not different 

from zero 
Note:  Residual term includes both nonadditive genetic effects and environmental effects.  The probabilities of the estimates refer to significant log-likelihood ratio 
tests. 
*P<.05 
**P<.01 
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4.4.2. Reproductive consequences of squid personality traits 

There was a wide variation in the number of eggs laid by each female (mean 

brood size = 95.4, SD = 40.1), however, no personality traits or body size measures 

in females explained significant variation in fecundity, with neither step from the 

sequential model reaching significance levels set at P = 0.05 (WW only:  F(1, 25) = 

.30, P = 0.59; WW and personality traits:  F(7, 19) = .55, P = 0.79).  Egg broods had a 

hatching success rate of approximately 50%, and displayed high variation between 

broods (mean % hatched successfully = 49.5; SD = 21.4).  A female’s wet weight 

alone explained small but significant levels of variation in hatching success (R2 = 

0.24, F(1, 21) = 6.21, P < 0.05).  The addition of the six female personality trait scores 

did not explain significant variation above and beyond that explained by wet weight 

(R2 change = .09, F(6, 14) = .318, P = .917). 

 

Twenty-nine pairings of squid were successful (i.e. produced viable eggs), 

while 34 were unsuccessful.  Unsuccessful pairings were due to lack of mating 

(32%), complete embryo death during development (23%), or females which mated 

but died previous to egg laying (44%).  Fourteen males were successful, 15 were not, 

and 8 males were both.  Within either sex there was no relationship between the odds 

of successful mating, body size, and personality trait phenotype (for females:  χ2
(7) = 

5.83, P = .56; for males:  χ2
(7) = 2.8, p = .90).  However, successful mating pairs were 

characterized by pairings between squid that had similar levels of feeding boldness (r 

for feeding shy-bold between sexes = 0.53) and body size (r for WW between sexes 

= 0.52).  In successful pairings, shyer males were larger than bolder successful males 

(r between feeding shyness and WW = 0.88) but there was not a general association 

between feeding shyness and body size in successful females (r between feeding 

shyness and WW = 0.33).  This pattern was also apparent then in unsuccessful 

pairings, with shyer males tending to be larger (r between feeding shyness and WW 

= 0.51) while there was a weak association between feeding shyness and body size in 

unsuccessful females (r between feeding shyness and WW = 0.30).  This body size 

and feeding shy-bold relationship did not exist between unsuccessful pairings (r for 

feeding shy-bold between sexes = 0.21; r for WW between sexes = 0.25). 

 There were no mean differences in body size measures (ML and WW) or 

personality trait scores between successful and unsuccessful females or between 
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successful and unsuccessful males.  There were no mean level differences in 

personality trait scores or body size between males and females in mating pairs, from 

either successful or unsuccessful pairings.  Successful pairings, then, appeared to 

arise from a combination of phenotypic values for feeding boldness and body size, 

which were coupled in males but not necessarily in females (Figure 4.2).    

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 
Figure 4.2 
Personality and body size trait characteristics within sexes and between mate pairs of 
successful (n = 29) and unsuccessful reproducers (n = 34).  Between pair correlations > 0.5 
are represented by direction (sign) and trait of male: direction (sign) and trait of female, i.e. 
+FS:+FS represents an increase of feeding shyness in males corresponding with an 
increase of feeding shyness in females. 
FSB = feeding shy avoidance-bold aggression 
FR = feeding reactivity 
TA = threat activity 
TSB = threat shy avoidance-bold aggression 
 

 

4.5. Discussion 

Assuming that lower bound heritabilities in natural environments can be 

determined from genetic analyses on offspring of parents raised in nature (see: Riska 

et al. 1989), our study is one of the first attempts to measure heritability and fitness-
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related consequences of personality traits within the same wild animal population.  

Personality trait variation in squid was not a function of sex-specific expression of 

traits, nor did maternal effects make significant contributions to genetic models.  

There were significant additive genetic components underlying phenotypic variation 

in boldness, activity, and reactivity expressed during antipredator contexts in squid.  

Substantial heritabilities in feeding traits were not detectable in the current sample; 

this resulted from the combination of extremely small additive genetic and large 

residual (i.e. nonadditive and environmental) components of phenotypic variation.  

Activity across our two contexts, while not phenotypically linked, appeared to have a 

substantial negative genetic correlation.  Shy-bold foraging behaviours in both sexes 

was related to body size, and female squid body size contributed to the hatching 

success of her offspring, indicating a potential indirect link between shy-bold 

behaviours on fitness.  Finally, our results suggest that shy-bold behaviours in squid 

may contribute to their mating success: successful pairings of mates in our study 

were a result of positively assortive matches along the foraging shy-bold axis.  These 

results imply that different mechanisms are involved in the evolution of squid 

personality traits in different contexts, while the fitness-related consequences of traits 

may act through co-variation with body size and have consequences for successful 

reproduction.    

   

Heritability estimates from traits expressed in threat tests ranged from .21 - .89, 

depending on the trait and the genetic model used.  These results are consistent with 

studies on heritability of personality traits in humans, which normally range from .34 

- .42 (McGue & Bouchard 1998), as well as the average heritability for behaviours 

(mean = .31) reported in many behavioural ecology studies (Stirling et al. 2002).  For 

threat traits, these results indicate that there is substantial additive genetic variation in 
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Euprymna personality expression to respond to selection, and that genetic variation 

in antipredator behaviours is partially responsible for the observed phenotypic 

variation observed in squid personality threat traits.  On the other hand, additive 

components for feed traits were small (0.05 – 0.08), and measurable only in sibling 

models.  Levels of residual components for feed traits, which included nonadditive 

components and environmental effects, were also substantially greater for feed traits 

than their threat trait counterparts. 

 

There are a number of alternate possibilities that may explain these heritability 

results.  Firstly, the strength of the relationship between fitness and a trait is often 

assumed to be negatively correlated with its heritability (e.g. the elimination 

hypothesis, see: Jones 1987; Merilä & Sheldon 1999), and directional selection for a 

trait closely related to an individual’s fitness is assumed to erode additive genetic 

variation (Houle 1992; Stirling et al. 2002).  However, if foraging traits do have an 

underlying genetic basis, we find this explanation unlikely, given the consistent inter-

individual variation in shy-bold foraging traits in squid from wild populations 

(Chapter 2).  A more likely explanation is that traits associated with foraging simply 

have smaller heritabilities, which are heavily influenced by learning and ‘level of 

integration’ (i.e. Stirling et al. 2002) compared to predator escape responses in squid.  

Foraging behaviours are predicted by optimal foraging theory to be highly flexible 

and subject to learning, in order to cope with changing metabolic requirements and 

environments as animals grow (Stephens & Krebs 1986).  Learning effects, unless 

they are heritable, will also confound estimates of heritability of foraging behaviours 

in experienced animals (Gibbons et al. 2005).  Foraging behaviours also integrate a 

number of physiological and morphological traits, and a high degree of integration of 

traits across biological levels can lower measured heritability for behavioural traits 
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(Stirling et al. 2002).  Thus, while certain components of foraging behaviour, such as 

sensory and chemical prey preferences may be highly heritable (e.g. Luthardt-Laimer 

1983), measuring an aggregate behavioural trait such as foraging boldness in squid 

may obscure estimates of heritability, even at three weeks of age.  These mechanisms 

may explain the negative results from our genetic analyses:  the probability of 

obtaining a negative heritability, given 25 families and 5 offspring per family, is high 

(0.4) if the trait has a heritability of .2 or less (Lynch & Walsh 1998).  Of course, 

trait integration and the role of learning in a particular behaviour are not the only 

mechanisms that could explain the patterns of low additive genetic variation in 

feeding personality traits in squid.  For example, three other mechanisms, not wholly 

unrelated, would be measuring behaviours near crossing reaction norms (Stearns 

1989), genotype-environment interactions (Hoffmann 1994), and a lack of 

environmental variation in feeding tests (Bateson 2001). 

 

The key point is that in most animals we would expect behaviours involved in 

foraging and antipredator responses to have substantial fitness-related consequences; 

thus, we would expect them also to be heritable to some extent (Turkheimer 1998; 

Stirling et al. 2002).  However, behaviours are also substantially influenced by 

nongenetic factors (Plomin 1990), and the relative influence of genetic factors, the 

level of morphological and physiological integration, and age-related learning 

mechanisms will affect researchers’ ability to detect substantial heritability estimates 

in personality traits of animals from wild populations, even though these traits may 

be heritable and undergoing evolutionary change (Mazer & Damuth 2001a; Gibbons 

et al. 2005).  Unfortunately, our small sample sizes did not allow further examination 

of nonadditive sources of variation in feeding traits (i.e. dominance and epistasis).  

There are also a number of unconventional mechanisms that can result in similarities 
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between parents and their offspring, including cultural inheritance (e.g.Ritchie 1991; 

Richard-Yris et al. 2005) and heritable developmental systems (defined by an 

individual’s genes and the developmentally relevant features of the organism’s 

species-typical environment, see: Bateson 1987; West & King 1987; Lickliter 2000; 

Johnston & Edwards 2002).  Given the central importance of foraging in many 

behavioural ecology and evolutionary studies, these results suggest that more 

extensive studies are needed to understand the explicit mechanisms of transmission 

of personality traits associated with foraging, especially for evolutionary ecologists 

interested in predicting evolutionary change in foraging tactics (Mazer & Damuth 

2001b). 

 

While we were unable to detect any relationship between female squid 

personality traits and subsequent fecundity, two indirect links between squid 

behaviour and reproductive success were found.  The first of these links was between 

a female’s shy-bold foraging strategy and her brood hatching success.  Larger female 

squid, who were also the shyest foragers in our sample, produced broods of eggs 

with higher hatching success rates.  Biologically, larger body size in female squid 

can result in increased nutritional resources being partitioned to offspring eggs, 

which result in higher hatch success rates (Steer et al. 2004).  Thus, squid personality 

traits related to foraging may have fitness-consequences with regards to an 

individual’s body size, but this relationship between behaviour and body size also 

varies through space and time in squid (Chapter 5), and successful phenotypes are 

most likely dependent on current environments (Clark & Ehlinger 1987; Dingemanse 

et al. 2004).  While Euprymna can lay multiple clutches of eggs (up to 3), successive 

egg batches have fewer eggs and higher mortality rates of embryos (Steer et al. 

2004).  Still, our data is limited because a true measure of lifetime fecundity for 
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female squid would be to measure egg counts from all batches of eggs.  Furthermore, 

we did not assess the reproductive output associated with male personality traits.  For 

promiscuous squid, male phenotypes linked with multiple mating and fertilization 

would have potential implications for population genetic structure and persistence.  

Finally, fitness-associated links between personality traits expressed in contexts 

associated with predation encounter and escape may be better resolved through 

measures related to survival (Reale & Festa-Bianchet 2003); more field studies are 

sorely needed on this.  While behavioural ecologists consider many behavioural traits 

associated with foraging to be closely related to fitness, the link is rarely directly 

demonstrated and is often unclear (Houle 1992; Perry & Pianka 1997).  Due to their 

short lifespan and consistent intra-individual behaviour, further studies on the 

lifetime reproductive success of both male and female personality phenotypes in 

squid may be especially useful in further exploring links between foraging behaviour 

and fitness.   

 

Finally, an unexpected result from our reproductive experiments was that 

successful matings were characterized by pairings between individuals with similar 

levels of feeding boldness, and these same trait correlations were absent in 

unsuccessful mate pairings.  While our experimental design did not allow for female 

choice through behavioural mechanisms, 68% of the unsuccessful mate pairings 

copulated, indicating that internal mechanisms related to fertilization were most 

likely responsible for unsuccessful pairings.  Mating in Euprymna has not been 

described previously, but our observations in the laboratory suggest that many males 

may force copulations.  In systems where forced copulations occur, competition 

between the sexes can result in strong selection for female cryptic (i.e. physiologic) 

choice (Clutton-Brock & Parker 1995), and evidence from many loliginid squid 
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species suggests these mechanisms are widespread in cephalopods (Maxwell & 

Hanlon 2000; Shaw & Sauer 2004).  Female squid store are able to store sperm, and 

it has been suggested that they use to bias paternity by selectively storing or using 

sperm from different males (Hanlon et al. 1997).  The basis for internal choice is 

unknown, but there is growing evidence that female cryptic choice in general may be 

based on genetic compatibility between male and female genotypes (Tregenza & 

Wedell 2000; Puurtinen et al. 2005).  This is the third report of assortive mating 

based on ‘personality’ phenotype in three divergent taxa ( fishes: Godin & Dugatkin 

1996; the other two:  birds: Both et al. 2005).  Given the significant role assortive 

mating could play with regards to population genetic and/or spatial structure 

(Bolnick et al. 2003), further studies are needed on the role of animal personality 

traits on female mate choice in resulting mating systems and population genetic 

structure.   

 

A number of studies have begun to document heritable personality variation in 

a number of vertebrate taxa (e.g. Bakker 1986; Reale et al. 2000; Drent et al. 2003; 

van Oers et al. 2004a), but estimates of heritable behavioural traits and their fitness-

related consequences in wild populations of animals are rare.  The current results 

begin to provide evidence of an evolutionary basis for shyness-boldness, activity, and 

reactivity in wild populations of animals.  It is likely that in squid, as in other 

animals, fitness-related consequences for behavioural traits will fluctuate through 

time, and be mediated by current environmental conditions (Dingemanse et al. 2004; 

Dingemanse & Reale in press).  Thus, the salient issue will be to identify the 

mechanistic bases through which environmental heterogeneity maintains behavioural 

diversity (Kassen 2002).  In order to accomplish this task, there is still a basic need to 

understand genetics and fitness-related consequences of ‘personality’ traits in wild 
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populations of animals.  Through doing so, we stand to significantly contribute to our 

knowledge of how individual behaviours relate to the genetic structure of populations 

(Sutherland 1996), as well as the processes responsible for the maintenance of 

genetic and phenotypic variability in wild populations, a major issue in evolutionary 

biology (Drent et al. 2003; Dall et al. 2004).  
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Chapter 5. Spatial and temporal patterns of squid 

personality traits 

5.1. Abstract 

There has been recent interest in the ecological significance of a number of 

major axes of behavioural variation in animals, referred to alternatively as 

‘behavioural’ or ‘personality’ traits or syndromes.  These axes represent consistent 

inter-individual differences in behavioural styles or tendencies, and studies have 

begun to show their importance in explaining a number of life history variables, 

including growth, body size, and dispersal.  Thus, animal personality traits may have 

significant explanatory power in understanding how individuals relate to populations.  

Despite this, there is little information on the spatiotemporal patterns of variation in 

these behavioural axes in wild populations of animals.  This study examined patterns 

of means and frequency distributions of personality phenotypes in squid in two 

separate populations across three years.  Population densities, sex-ratios, and body 

sizes were also documented in order to help explain any patterns in the data.  Means 

and frequency distributions of phenotypes were site and year specific; however, there 

were no clear relationships between patterns in the behavioural data and the 

biological and ecological characteristics of the populations.  The mechanism of 

population mean-change in personality traits through time, however, did differ across 

populations.  Results are discussed in terms of frequency- and density-dependent 

selection regimes on behavioural strategies and the maintenance of personality trait 

variation in squid.   

 

5.2. Introduction 

In many wild populations of animals, individuals show consistent inter-

individual differences in their behavioural styles in a number of ecological scenarios, 

such as foraging or mating behaviour (Wilson et al. 1994; Gosling 2001).  In 

humans, these individual differences in aggregate behavioural traits or styles are 

referred to as personalities, while non-human studies have begun to show that 

individual differences on a number of behavioural axes such as shyness-boldness, 
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activity, aggression, and reactivity can explain important ecological outcomes for 

individuals which contribute to population demographics, including dispersal 

(Dingemanse et al. 2003), spatial structure (Johnson et al. 2004), and abundance 

(Mougeot et al. 2003).  In general, these individual behavioural styles are often 

heritable (Benus et al. 1991; Dingemanse et al. 2002), and have either direct or 

indirect fitness consequences (Armitage & Van Vuren 2003; Dingemanse et al. 

2004).  Thus, consistent individual differences in behavioural styles, or animal 

personalities, have the potential to play a central role in the relationship between 

individual-level behaviours and population-level processes (Werner 1992; Sutherland 

1996; Anholt 1997).  Unfortunately, little is known concerning patterns of 

spatiotemporal variation in animal personality traits in wild populations (but 

see:Dingemanse et al. 2004).  While variation in personality trait expression amongst 

individuals in populations appears to be widespread, the processes by which this 

variation in fitness-related behaviours is maintained are largely unknown. 

 

There are a number of non-selective (e.g. developmental processes (Fusco 

2001), assortive mating (Gilbert 1984), mutation (Nei 1988), random environmental 

processes (Maynard Smith 1978), etc.) and selective regimes which can maintain 

variation in a trait.  Amongst the latter, two which are widespread in maintaining 

discrete polymorphisms (Allen 1988; O'Donald & Majerus 1988; Brockmann 2001) 

and have been invoked to explain variation in personality phenotypes (e.g.Wilson et 

al. 1994; Dingemanse et al. 2004) are frequency – and density- dependent selection.  

Frequency dependent processes often arise because the relative value or success of a 

particular behavioural phenotype will depend on the number of associates who are 

also using the same strategy (Maynard Smith 1982).  Density-dependent processes 

occur when the relative fitness of a strategy depends directly on the number of 

individuals in a site or population.  Frequency- and density-dependent processes are 

also closely linked, because rare-type disadvantage can change to rare-type 

advantage (or vice-versa) as densities rise (Dunbar 1982b; Brockmann 2001).  Take 

for example an individual’s levels of activity, which is thought to mediate the 

ecological trade-off between food acquisition and predator encounter rates (Werner 

& Anholt 1993; Sih 1997).  For a particular environment, there may be an optimum 

level of activity which would maximize food intake while also minimizing predation 

risk, and we would expect selection to result in animals that would express levels of 

activity that approach this optimum level (i.e., optimality theory, Maynard Smith 
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1978).  However, as the number of individuals adopting this optimum-level strategy 

increase, the pay-off for this strategy may decrease due to competition, and a number 

of ‘risky’ phenotypes (i.e. increased or decreased levels of activity) may arise if the 

pay-offs of a different activity strategy outweigh the costs associated with competing 

with conspecifics expressing ‘safer’ levels of activity.  While studies continue to 

invoke density- and frequency-dependent processes as explanations for observed 

variation in personality phenotypes, to my knowledge, no studies have examined the 

spatiotemporal patterns of personality trait frequencies in wild populations of 

animals with known densities. 

  

Southern dumpling squid (Euprymna tasmanica) are small (5-8 cm), relatively 

solitary benthic squid which are found associated with sand flats in shallow 

continental shelf areas of the Southern Ocean.  Dumpling squid have a semelparous, 

approximately bi-annual life-history strategy, with oviparity, no parental care of 

offspring, and non-overlapping generations (Boyle & Boletzky, 1996).  Squid 

generally are intermediately placed in many marine food-webs, predating on a 

number of smaller mobile invertebrates and fishes (Lee, 1994), and represent 

substantial portions of the diet of many larger fishes and marine mammals (Packard, 

1972; Evans & Hindell, 2004; see Chapters 1-4 for further life history information).  

In previous experiments, consistent phenotypic differences in behavioural tendencies 

between individual wild-caught dumpling squid were quantified along three axes in 

two contexts (Chapter 2).  Differences amongst squid in levels of boldness, activity, 

and reactivity could be reliably measured both in a threat and a feeding situation.  

Bolder squid tended to perform riskier behaviours than their shyer counterparts.  In 

threatening situations, bolder squid were ambivalent towards or even attack threat 

stimulus, while boldness in feeding contexts was characterized by shorter latencies to 

feed, more feeding attempts over longer distances, and higher rates of feeding.  More 

active squid swam and ambled more (ambling is a type of squid ‘crawling’), and did 

so for longer periods of time than less active squid, who tended to move less during 

tests. Reactivity differences, often characterized by anxiety-like behaviours in 

animals (Boissy 1995), are measured in squid through fleeing responses.  Highly 

reactive squid inked and jetted more, regardless of the stimulus (i.e. a threat or a 

feeding one).  Expression of these traits was context-specific across the two 

scenarios, that is, squid that were bold in threatening situations were not necessarily 

bold in the feeding one.  Traits may also have fitness-related consequences, either 
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through indirect relationships with body size or through mate choice (Chapter 2, 3, 

and 4). However, nothing is known with regards to spatiotemporal variation in 

personality trait phenotypes of squid in field populations. 

 

Body size is an important biological character with respect to individual fitness 

and size-structured population processes (Werner & Gilliam 1984), influencing 

survival and reproductive output (e.g., Simmons 1988; Sogard 1997).  Previous 

studies indicated that environmental conditions encountered by Euprymna during 

development may alter the relationship between personality trait expression and body 

size (Chapters 2 and 3).  Adult wild-caught squid that were shyer in foraging bouts 

were also heavier, while squid reared under laboratory conditions did not exhibit this 

trait relationship.  Instead, the heaviest adults reared under lab conditions had age-

specific patterns of personality trait correlations with body size.  Squid that were 

more foraging shy at 9 weeks old (the onset of sexual maturity) and more active in 

threat tests at 12 weeks old were also the largest at 16 weeks of age.  While the 

spatial relationship between body size and boldness has been examined in some 

fishes (e.g.Brown & Braithwaite 2004), our results suggest that temporal variation in 

environmental parameters could influence the association between personality trait 

expression and body size in squid.   

 

Sex differences in behaviour are hypothesized to be driven largely by variation 

in mating success between the genders, with the sex that experiences increased 

variance in mating success generally performing more risk-prone behaviours 

(Magurran & Garcia 2000).  While previous studies on Euprymna personality trait 

expression suggest that trait expression and development is sex-independent 

(Chapters 2, 3, and 4), all squid from previous studies were largely from one 

population.  Sex-ratios may also be a potential environmental effect that may interact 

with density-dependent effects to help explain frequency distributions of personality 

phenotypes.  For example, gender composition of conspecifics in mammals can have 

long-term effects on individual growth and aggressiveness, even though the 

mechanisms underlying these effects are not well understood (Mendl & Paul 1990; 

D'Eath & Lawrence 2004).   

 

Thus, the aims of the current study were to examine the mechanisms resulting 

in adult squid personality variation by examining whether patterns of frequencies of 
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behavioural classes of squid personality ‘types’ varied through time and across 

populations in a non-random fashion.  In order to help explain any patterns in 

behavioural data, we also documented biological (gender and body size) and 

ecological (sex-ratios) characteristics that may contribute to any non-random patterns 

of behaviours.  This included examining spatiotemporal correlations between body 

size and personality trait expression, as well as patterns of correlations of personality 

traits within and across contexts. 

   

5.3. Methods 

5.3.1. Subjects 

Squid were collected from two separate populations located approximately 

531km apart by sea in Tasmania, Australia.  Collections were made from Kelso (41º 

6' S, 146º 47' E) in January, February and March of 2002, 2003, and 2004, and 

Margate (43° 1S x 147° 16E) in the same months in 2003 and 2004.  Squid were 

collected by two divers on SCUBA; during collection, all squid were counted by 

each diver, but only individuals > 1cm mantle length were collected.  Squid were 

collected by placing a small aquarium net over the individual, followed by transfer of 

the squid into an individual plastic zip-lock bag.  While there is evidence to suggest 

that sometimes the ‘shyest’ individuals are missed during collections (Wilson 1998), 

we were unable to identify any controllable bias at either site in our collection 

methods with regards to behavioural phenotypes.  Using this method, all squid that 

were sighted that satisfied size requirements were collected, and less than 10 

individuals escaped over the three years of collection.  Squid were transported to a 

closed-seawater system at the University of Tasmania, Launceston, Australia within 

either 2 (Kelso) or 12 (Margate) hours of collection, where they were subjected to 

behavioural testing.  Squid were housed separately in the laboratory at ambient 

conditions (18 C, 33-34ppt), not fed except for feeding tests (see below), and were 

not disturbed during non-testing periods.  Behavioural testing occurred in the 

containers that squid were housed in (34cm long x 29cm wide x 13cm deep blue 

opaque plastic tubs) and began 48 hrs after capture.  Squid were given behavioural 

tests for one week and then released in areas removed from field sites (Kelso squid 

were released at Georgetown, TAS; Margate squid were released at Snug, TAS) or 
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used in other experiments; squid were tested for only one week because inter-

individual differences in personality traits in squid are relatively consistent over time 

(Chapters 2 and 3).  During testing, all housing conditions and test procedures 

conformed to the standards set by the University of Tasmania Animal Ethics 

Committee (2003).  Behavioural testing did not involve physical pain for squid, and 

housing conditions allowed for ‘typical’ behaviours of squid to be expressed. 

5.3.2. Behavioural test procedure 

Behavioural test procedures were identical to that described in Chapter 2.  Six 

to 12 hours before testing all test containers were covered with opaque plastic lids 

and testing began 1-2hrs after the start of the dark phase in the laboratory.  All squid 

were subjected to two tests on each testing day, with each test designed to simulate a 

separate ecological context.  The first test was a threat in which the experimenter 

(DLS) touched the squid on one of its arms; feeding tests were conducted 30-90 min. 

after threat tests, and consisted of a live food presentation (mysid shrimp).  

Frequency and duration of behaviours were recorded for 5 min. post-stimulus in both 

tests using an audio cassette recorder and hand-held timer.  The two tests were given 

on two separate days within the same week, with at least 48hr. between test days.  

Results within tests but across days were summed, allowing us to account for within-

individual within-test variability (Fleeson 2004) and to increase between-subject 

variance in discrete behavioural measures.  The number of squid given behavioural 

tests varied for each site and year combination (Table 5.1). 

 
Table 5.1  
Number of Euprymna tasmanica, relative density, sex ratio, body size, and immaturity ratio 
for two sites and across two (Margate) or three (Kelso) years. 
 
Site and 
year 

n  Density of 
squid 
(squid/hour) 

Sex ratio 
(male: 
female) 

Body size in 
grams 
(mean WW; 
SD) 

Temperature 
(mean( SD)) 
and salinity 
(mean(SD)) 

Immaturity 
ratio 
(immature:
mature) 

Kelso 2002 71 20.83 1.5 3.76; 1.62 unavailable 0.07 
Kelso 2003 63 16.03 1.4 2.86; 1.93 37(0); 

19.3(0.6) 
0.52 

Margate 
2003 

48 7.87 1.0 2.71; 2.93 36(1.4); 
18.3(0.6) 

1.37 

Kelso 2004 60 20.42 0.6 3.21; 1.74 36.2(1.5); 
17.7(1.5) 

0.62 

Margate 
2004 

43 6.66 0.6 3.55; 3.68 34(1.4); 17(1) 1.67 
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5.3.3. Data analysis:  Personality trait scores and behavioural correlations 

Previous to assessing the temporal and spatial patterns of personality trait 

expression, continuity of behavioural definitions of personality traits was examined 

to assess the validity of aggregate trait measures (i.e. PCA scores, see below) in 

characterizing squid personality through space and time.  Previously, a large sample 

of wild-caught adult squid in 2002 from Kelso were used to define potential 

‘personality’ traits in Euprymna (Chapter 2), and these same behavioural definitions 

of personality traits can be used to characterize squid regardless of age (Chapter 3 

and Appendix B).  Thus, the first step was to compare personality trait definitions 

(i.e. PCA solution matrices) between all site and year combinations, with special 

reference to our results obtained from Kelso in 2002 (i.e. Chapter 2).  Briefly, 

behavioural loadings on PCA components across sites and through time was 

invariant (i.e. the same behaviours consistently loaded on the same components at 

roughly the same magnitude) and matched those reported in Chapter 2 (see Appendix 

C).  Thus, we used the solution matrix from our previous study to create trait scores 

for the current subjects.  Trait scores for the component ‘bury persistence’ were not 

computed for the current study, because the biological meaning of this PCA 

component is unclear (Chapter 2).  To create personality trait scores, behavioural 

loadings from the PCA solution reported in Chapter 2 were multiplied with 

behavioural results obtained during behavioural testing from the current site-year 

samples.  These weighted behaviours were then summed to generate a unique 

personality trait score for each squid at each site and year.  For example, to calculate 

a threat reactivity score for a Margate squid collected during 2003, standardized (z-

scores) frequency counts and time measurements of behaviours for that individual 

from the two threat tests given in the lab after its collection were multiplied by the 

PCA loadings for the component ‘threat reactivity’ reported in Chapter 2 and 

summed, e.g. threat reactivity  = -.338*(number of touches) - .282*(first behaviour 

after touch) + .562*(jet) + .140*(grab) + .264*(arm flower posture) + .019*(log time 

move) - .326*(amble) - .089*(colour change) - .051*(fin swim) - .171*(log time to 

bury) -  .017*(bury) + .823*(ink).  In this way, behaviours that contributed the most 

to the meaning of a component (i.e. high loadings) also contributed the most to an 

individual’s score on that trait.  Six trait scores (shyness-boldness, activity, and 

reactivity for each test context) were created, resulting in unique scores for each 

squid for two contexts.   
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To examine if context-specific expression of traits occurred across populations 

and years correlations were computed between PCA scores for the same traits but 

across-contexts for each year and site combination (5 site*year combinations, 3 trait 

comparisons for each, N according to Table 5.1).  If traits were context-specific at 

any given site and year combination, then the within-trait across-context correlations 

would be low; conversely, high correlations (r > 0.5) between similar traits across 

tests would indicate traits that were associated.  Spearman rank correlations were 

used because distribution of PCA scores for each trait was non-normal. 

 

To help explain behavioural expression and potential patterns in means and 

frequencies, Spearman rank correlations were computed between personality traits 

within each test context (3 comparisons within a context) and across contexts for 

those correlations not examined earlier in the context-specific analysis (i.e. threat 

boldness with feeding activity, threat boldness with feeding reactivity, etc.; 6 

comparisons total) for each site and year combination.  All behavioural correlations 

were considered non-independent within each site*year, thus, a Bonferroni-corrected 

Type I P value of 0.004 was used to indicate a significant correlation. 

5.3.4. Spatial and temporal patterns of personality trait expression 

Patterns of personality trait expression across years and sites was characterized 

by both mean and frequency analyses.  To examine frequency distributions of 

personality phenotypes it was first necessary to create a discrete variable from 

continuous personality trait scores.  While there are methodological issues involved 

in categorizing continuous variation (see:Asendorpf 2002; Pittenger 2004), there is 

evidence that extreme behavioural phenotypes are often distinct behaviourally and 

physiologically from their intermediate counterparts (Kagan et al. 1988; Koolhaas et 

al. 1999).  Additionally, distributions of extreme phenotypes can often be used to 

detect selection regimes and population structure (Danks 1983).  Thus, we chose to 

categorize continuous personality scores into discrete measures in the following 

manner.  First, we standardized traits according to the grand mean and standard 

deviation for a particular trait across all site and year combinations.  Next, the 15th 

and 85th percentiles of trait distributions based on all sites and times were used to 

demarcate lower extremes (1 = < 15th percentile), intermediate behaviour (2 = 15 – 

85th percentile) and higher extremes (3 = > 85th percentile) within each site and year 
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combination.  Because feeding shyness-boldness had a tri-modal distribution, we 

used the 33rd and 66th percentile as cut-offs to demarcate behavioural classes for this 

behavioural trait.  Chi-square tests of independence (Quinn & Keough 2002) were 

used to test the null hypothesis that frequency distributions of behavioural classes (3 

levels) were independent of site and year combinations (5 levels).  Standardized 

Pearson residuals > 2 or < -2 were used to indicate cells which were responsible for 

any non-independence observed in chi-square tests.  Of particular interest for these 

tests was whether trait frequency distributions changed across years for a given site, 

or if there was a detectable difference in the pattern of frequency distributions across 

the two sites.  

 

For each site and year combination, mean differences in sex-specific 

expression of personality trait scores within each site and year were examined with 

separate Mann-Whitney U tests (Kelso 2003 N = 56; Kelso 2004 N = 47; Margate 

2003 N = 32; Margate 2004 N = 24).  Because sex-specific expression in squid from 

Kelso in 2002 has been analysed previously (Chapter 2), it was not re-analysed for 

gender differences here.  If means between the sexes were not different, scores were 

grouped across gender and the analysis re-run between site-year combinations using 

a Kruskal-Wallis test for k independent groups (N = 285).  Post-hoc analyses for any 

overall significant Kruskal-Wallis tests were done by examining non-overlapping 

95% confidence intervals for a trait mean at each site*year combination. 

5.3.5. Data analysis:  Biological and ecological characterizations of populations 

The Kelso site is located at the mouth of the Tamar River in Northern 

Tasmania.  This area is characterized by high freshwater inputs from the river 

system, and also high water flows due to tidal influences from Bass Strait.  Thus, 

while not estuarine, this site is characterized by high water flow and productivity due 

to the mixing of fresh and salt water in the area.  Potential food items for Euprymna 

at this site included small zooplankton (mainly copepods and small crustacean 

shrimp), fishes (silversides and unidentified larval fishes), and worms (phylum 

nemertea, nematoda, and annelida), but densities of these items was dependent on 

tidal regimes (i.e. low densities at incoming or outgoing tides, high densities at slack 

tides).  As the site was on the side of the river basin, it consisted of a shallow, tidally 

exposed rocky reef (1-3m) which gave way abruptly to a sandy bottom substrate; this 

sand bottom began at approx. 3m depth and sloped gradually towards the centre of 
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the river to depths of 7-9m.  This site during all three field seasons was mainly sand, 

with patches of seagrass and a fringing rock reef.  Squid were collected throughout 

the habitat but mainly on pure sand beds (55% of squid); fewer squid were associated 

with seagrass (14%) or rock rubble (31%).  Nothing is known concerning potential 

predators of Euprymna specifically, but likely candidates present at Kelso were 

mainly teleost fish species (rock flathead species, greenback and long-snouted 

flounder, and sea mullet).  

 

The Margate site is a relatively calm shallow inlet of Storm Bay in southern 

Tasmania.  Depths at this site where squid were collected were similar to Kelso (2-

5m), but overall depth at this site was shallower (not greater than 6m), and tidal 

range and water flow was noticeably less than at Kelso.  Due to this reduced flow we 

did not witness temporal variation in potential prey items at this site during dives, 

and once again, food appeared abundant, with a similar fauna of zooplankton, marine 

worms, and small fish.  Margate, in contrast to Kelso, was mainly covered in 

seagrass, with patches of rock reef and sand flats.  Seventy-seven percent of squid at 

this site were collected on or adjacent to the seagrass beds, 10% of squid that were 

collected were on or near rock reef, while 12% of squid were found in the open 

‘sitting’ on the sand substrate.  Margate as a shallow bay was a larger area of 

potential squid habitat than Kelso, and squid collected at this site were not as 

‘clumped’ as those found at Kelso.  Observations of potential predators were higher 

at this site, and included the bony fishes mentioned previously as well as skates, rays, 

and larger cephalopod species (Octopus maorum and O. pallidus).   

 

Information regarding the population parameters of sex ratio, body size, and 

density were collected at each site and time.  During collections, divers followed 

straight-line dive paths; at both sites, divers swam for approximately 30 min. due 

south from entry points (which did not differ between dives), returning along a 

parallel path.  Relative densities of the two populations of squid were characterized 

by summing the number of squid seen but not collected along with the number of 

squid collected across both divers for all months in a given year.  This number was 

then divided by the total dive time (i.e. summed across both divers) in hours, 

resulting in a relative measure of squid per hour for each site and year combination.  

We used squid/hour as a relative measure of squid density across the two sites, not as 

an absolute density measurement.  However, diving at Kelso was performed only at 
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slack tide (for safety reasons), so currents at the two sites during actual dives were 

similar.  After collection but prior to behavioural testing squid were sexed and 

mantle length (ML) and wet weight (WW) were measured.  Sex ratios of site/year 

combinations were characterized as males:females, while immaturity ratios were 

calculated as the number of immature:mature animals observed during dives (Table 

5.1).  

 

Differences in body size for sexually mature squid by site-year and sex were 

analysed using a 2-way ANOVA, with the site and year combination and sex as 

independent variables, and log WW as the dependent variable (N = 230).  Wet 

weight was log transformed previous to analysis to satisfy assumptions of ANOVA.  

Spearman rank correlations between personality trait scores and wet weight within 

each site and year combination were also assessed, with the exception of Kelso in 

2002, which has been analysed previously (Chapter 2).  As correlations between 

body size and trait scores were not independent within each site-year combination, a 

Bonferroni-corrected Type I P value of 0.01 was used to indicate significance. 

SPSS 10.0 for Windows was used for all statistical analysis. 

 

5.4. Results 

Twelve discrete, observable behaviours were recorded during threat tests; 11 discrete 

behaviours were recorded during feed testing (Table 5.2).  All discrete behaviours 

and personality trait definitions were identical to those described in Chapter 2 (see 

Appendix C).  For example, bolder squid in threat tests regardless of site or year 

were characterized by an increased number of touches before movement away from 

the threat stimulus, a bolder or more aggressive first behaviour towards the threat 

(i.e. grabbing and aggressive signalling), and less jetting and time spent moving.  For 

all sites and years, squid that were more active in threat tests spent more time 

moving, predominantly by ambling and fin swimming (and not jetting).  Highly 

reactive squid in the threat tests jetted and inked more after fewer touches with the 

threat than their less reactive counterparts.  Increases in feeding shyness were marked 
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Table 5.2 
Mean and standard deviation of discrete responses by Euprymna tasmanica in threat and feeding tests at five site and year combinations (n varies between sites 
and years, see Table 5.1). 
 

Kelso 2002 (M; SD) Kelso 2003 (M; SD)  Margate 2003 (M; SD) Kelso 2004 (M; SD) Margate 2004 (M; SD) Behaviour 
Threat Feed Threat Feed Threat Feed Threat Feed Threat Feed 

Number of touches 6.3; 6.4 * 4.4; 4.2 * 5.9; 5.4 * 4.0; 4.0 * 3.8; 4.0 * 
First behaviour after 
touch 

5.9; 4.9 * 5.9; 4.5 * 5.6; 4.5 * 5.3; 3.9 * 4.4; 3.6 * 

Jet 1.5; 1.1 .2; .5 1.5; 1.1 .2; .8 2.0; 1.4 .4; .8 1.7; 1.1 .1; .4 2.6; 1.9 .7; 1.3 
Colour change 1.9; 3.1 1.3; 1.9 4.0; 3.7 3.5; 3.8 3.4; 2.7 2.4; 2.4 5.3; 3.6 4.2; 3.2 6.4; 4.4 3.7; 3.5 
Fin swim .6; 1.9 .3; 1.1 1.5; 1.6 1.4; 1.3 1.4; 1.7 .8; 1.1 1.3; 1.3 1.3; 1.6 2.1; 2.8 1.7; 2.2 
Ink 2.3; 3.0 .3; 2.2 3.1; 4.1 .2; .9 6.7; 5.3 .5; 1.8 3.3; 3.5 .2; .9 5.7; 5.4 .9; 2.4 
Amble 2.7; 3.0 .5; .9 1.5; 2.0 2.9; 2.8 1.1; 1.8 1.4; 1.7 1.1; 1.8 2.6; 2.3 .9; 2.0 1.7; 2.0 
Arm flower posture .5; 1.4 ** .3; .7 ** .6; 2.1 ** .4; .8 ** .3; .6 ** 
Bury blow 3.3; 3.6 .4; 1.0 1.5; 2.2 .8; 1.5 1.3; 1.9 .7; 1.2 1.3; 2.4 1.0; 1.7 .9; 1.5 1.1; 1.8 
Grab 1.2; 3.0 * .6; 1.9 * 1.6; 3.5 * .4; 1.1 * .6; 1.8 * 
Log time spent moving 1.1; .5 .3; .5 1.3; .6 1.0; .6 1.2; .5 .7; .7 1.2; .6 .9; .6 1.2; .6 1.0; .8 
Log time to first bury 
blow 

2.6; .2 2.7; .3 2.5; .4 2.5; .4 2.6; .2 2.7; .2 2.6; .3 2.7; .2 2.7; .2 2.7; .2 

Number of feeding 
strikes 

* 5.1; 4.2 * 6.4; 4.2 * 3.7; 3.9 * 5.6; 3.7 * 3.9; 3.8 

Time to first feeding 
strike 

* 367.2; 
198.2 

* 265.0; 
217.4 

* 400.1; 
209.1 

* 302.0; 
206.7 

* 380.8; 
204.6 

Feeding rate * 235.6; 
288.2 

* 171.6; 
247.2 

* 301.3; 
279.4 

* 160.7; 
222.7 

* 269.2; 
271.6 

Total behaviours entered 
into PCA 

12 11 12 11 12 11 12 11 12 11 

* Behaviour did not occur in this context 
** Not used in analyses:  behaviour made up less than 10% of total responses in a test 
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by longer latencies to attack mysids, less feeding strikes, and more time spent per 

feeding strike (i.e. increases in this scale equalled increased shyness).  Active squid 

in the feeding test ambled and fin swam more times and for longer time than less 

active squid.  Feeding reactive squid jetted and inked more than less feed reactive 

squid when presented with food.  Of course, there was a wide continuum of 

behaviours observed among individual squid for each of these traits within each site 

and year collection. 

 

There were both spatial and temporal differences in context-specific behaviour.  

Kelso squid consistently expressed all three traits in a context-specific manner (no 

within-trait across-context r > 0.2 for 2002, 2003, and 2004).  Margate squid also 

expressed all three personality traits in a context-specific manner in 2004.  However, 

in 2003 squid from Margate that were more reactive in threat tests were also more 

reactive in feeding ones (r = 0.43, n = 58, P = 0.001).  Only one behavioural 

correlation outside of context-specific comparisons was significant.  A squid’s 

feeding activity expression was negatively correlated to its feeding shy-bold levels, 

and this correlation was consistent across both sites in 2003 and 2004.  Squid that 

were more feeding shy also tended to be more feeding active (Kelso 2003:  r = -.64, 

n = 67, P < .001; Kelso 2004:  r = -.56, n = 60, P < .001; Margate 2003:  r = -.68, n = 

58, P < .001; Margate 2004:  r = -.50, n = 43, P = .001). 

 

5.4.1. Spatial and temporal patterns of personality traits 

Patterns of frequency distributions of the squid behavioural classes were 

dependent on location and year for both activity and reactivity responses during 

threat tests (χ2
activity = 25.3, df = 8, P = 0.001; χ2

reactivity 
 = 23.5, df = 8, P = 0.003), but 

not for boldness (χ2 = 9.8, df = 8, P = 0.278).  Changes in relative frequencies for 

threat activity behavioural classes occurred only at Kelso, where there was a decrease 

of extremely inactive squid and a concurrent increase in intermediate and extremely 

active squid from 2002 to 2004 (Figure 5.1).  In contrast, threat reactivity showed 

inter-annual differences at both locations and all years.  There were more extremely 

unreactive squid in threat tests from Kelso in 2002, while Margate squid in 2003 and 

2004 had more extremely reactive squid than expected (Figure 5.2). 
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Figure 5.1 
Frequencies of threat activity behavioural classes for Euprymna tasmanica at two sites and 
three years.  Arrows indicate significant deviations from expected cell counts (N = 285). 
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Figure 5.2 
Frequencies of threat reactivity behavioural classes for Euprymna tasmanica at two sites and 
three years.  Arrows indicate significant deviations from expected cell counts (N = 285). 
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In the feeding tests, patterns of frequency distributions of the squid behavioural 

classes were dependent on location and year for all three personality traits measured 

(χ2
shy-bold = 32.2, df = 8, P < 0.001; χ2

activity 
 = 100.5, df = 8, P < 0.001; χ2

reactivity = 

38.4, df = 8, P < 0.001).  Frequencies of extremely bold feeders were higher than 

expected at Kelso in 2002, with a general decrease in frequencies of bold feeders and 

an increase in intermediate phenotypes over 2002-2004 at this site.  Frequencies of 

extremely bold feeders at Margate also declined over the two years sampled, with a 

concurrent increase in extremely shy feeding phenotypes (Figure 5.3).  Kelso in 2002 

had more frequencies of extremely inactive squid in feeding tests, while during 2003 

and 2004 this pattern reversed, with more extremely active individuals and fewer 

extremely inactive phenotypes present.  At Margate, fewer frequencies of extremely 

inactive squid were found during 2004 (Figure 5.4).  Frequencies of unreactive 

feeders were lower than expected at Kelso during 2002, while there were more 

extremely unreactive feeders at this site during 2003 and 2004 (Figure 5.5).   

 

For all years and sites, there were no significant differences in mean trait 

expression between males and females for any of the 6 traits measured, with no 

Mann-Whitney Z > 1.534 (for feeding activity at Kelso in 2003, P = .125).  Thus, 

scores were grouped across sex and the analysis re-run between site*year 

combinations.  Mean levels of activity in threat tests significantly increased at both 

sites, from 2002 to 2003 at Kelso and from 2003 to 2004 at Margate (Kruskal-Wallis 

χ2 = 31.5, df = 4, P < 0.001; Figure 5.6).  Margate squid also tended to be more 

reactive in threat tests than Kelso squid, regardless of year (Kruskal-Wallis χ2 = 29.8, 

df = 4, P < 0.001; Figure 5.7).  Margate squid were also consistently shyer in feeding 

tests than Kelso squid (χ2 = 22.4, df = 4, P < 0.001; Figure 5.8).  Kelso squid were 

significantly less feeding active in 2002 than all other site-year combinations, and 

Margate squid were less feeding active than Kelso squid in 2003 (Kruskal-Wallis χ2  

= 77.7, df = 4, P < 0.001; Figure 5.9).  Kelso squid were more feeding reactive in 

2002 than in 2003 or 2004, and there was also an increase in feeding reactivity at 

Margate over the two years sampled (Kruskal-Wallis χ2 = 40.9, df = 4, P < 0.001; 

Figure 5.10).   

5.4.2. Biological and ecological characterization of field sites 

More males than females were collected from Kelso in 2002 and 2003, while 

more females than males were collected from both sites in 2004 (Table 5.1).  No  
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Figure 5.3 
Frequencies of feeding shyness-boldness behavioural classes for Euprymna tasmanica at 
two sites and three years.  Arrows indicate significant deviations from expected cell counts 
(N = 285). 
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Figure 5.4 
Frequencies of feeding activity behavioural classes for Euprymna tasmanica at two sites and 
three years.  Arrows indicate significant deviations from expected cell counts (N = 285). 
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Site and Year
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Figure 5.5 
Frequencies of feeding reactivity behavioural classes for Euprymna tasmanica at two sites 
and three years.  Arrows indicate significant deviations from expected cell counts (N = 285). 
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Figure 5.6 
Average threat activity expression for Euprymna tasmanica across five site-year 
combinations.  Error bars represent standard errors; letters represent subgroups based on 
non-overlapping 95% confidence intervals. 
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Figure 5.7 
Average threat reactivity expression for Euprymna tasmanica across five site-year 
combinations.  Error bars represent standard errors; letters represent subgroups based on 
non-overlapping 95% confidence intervals. 
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Figure 5.8 
Average feeding shyness-boldness expression for Euprymna tasmanica across five site-year 
combinations.  Error bars represent standard errors; letters represent subgroups based on 
non-overlapping 95% confidence intervals. 
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Figure 5.9 
Average feeding activity for Euprymna tasmanica across five site-year combinations.  Error 
bars represent standard errors; letters represent subgroups based on non-overlapping 95% 
confidence intervals. 
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Figure 5.10 
Average feeding reactivity for Euprymna tasmanica across five site-year combinations.  Error 
bars represent standard errors; letters represent subgroups based on non-overlapping 95% 
confidence intervals. 
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years indicated a significant deviation from an expected ratio of 1:1 (χ2 = 4.53, df = 

3, P = 0.21).  Immaturity ratios across the two sites revealed a 3-fold increase in the 

number of immature:mature squid at the Margate site compared to Kelso.  There 

were no discernable differences between temperatures and salinities within or across 

sites and years.  While there were no obvious patterns over time within each site, 

densities of squid at Kelso were 2-fold that observed during Margate sampling for 

both 2003 and 2004 (Table 5.1). 

 

There were no significant differences in body size (WW) between the sexes 

across the five site*year combinations (F = 1.07, df = 4, 220, P = .372), nor were wet 

weights different between the sexes when grouped across all site*year combinations 

(F = 3.64, df = 1, 220, P = .058).  There were, however, differences in wet weights 

between the 5 site-year combinations (F = 5.12, df = 4, 220, P = 0.001).  Margate 

squid in 2003 were significantly smaller than their 2004 cohort (Figure 5.11).  Only 

two behavioural correlations with body size within the 5 site-year combinations were 

significant.  Kelso squid in 2003 that were less reactive in threat tests were also the 

largest squid from that site-year combination (r = -.47, P < .001).  Margate squid that 

were bolder in threat tests were also larger, but only in 2004 (r = .47, P = 0.002).   
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Figure 5.11 
Average wet weights for Euprymna tasmanica across five site-year combinations.  Error bars 
represent standard errors; letters represent significantly different subgroups based on 
Tukey’s-b post-hoc testing (P < .05). 
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5.5. Discussion 

Frequencies of behavioural classes, reflecting extreme and intermediate 

personality phenotypes in squid, varied spatially and temporally for five of the six 

personality traits.  The site with greater densities (Kelso) had an increase in activity 

measures among years due to an increase in the frequency of extremely active 

individuals.  At the lower density site (Margate), there was also an increase in threat 

activity between the two years, but this due to an increase in the mean response of all 

individuals, and not through an increase of extreme phenotypes.  For other traits, 

such as threat reactivity, there were no mean changes through time within sites, but 

there were differences in the patterns of frequencies between sites.  At Margate, more 

reactive extremes were evident in both years, while at Kelso patterns of frequencies 

of reactivity phenotypes were similar for all years.  For feeding traits, Kelso squid 

were always more feeding bold than Margate squid, and at least during one year 

(2002), there were more extremes evident at this site.  Feeding activity increased 

from 2002 to 2003 at Kelso and again this change appeared to occur through changes 

in frequencies of extreme phenotypes.  Feeding reactivity decreased at Kelso among 

years, and once again more extreme phenotypes were observed, while at Margate, 

there was an observed mean increase in feeding reactivity but no discernable patterns 

of frequencies through time.  None of the behavioural traits were dependent on 

gender and sex-ratios did not differ from 1:1 for any site by year combination; thus, 

neither sex-specific expression nor population sex-ratios helped to explain variation 

in observed behavioural patterns.  Mean body size did not differ among the sexes 

either, nor did mean patterns of body size explain behavioural patterns; squid from 

Margate in 2003 were lighter than all other sites and year combinations, but all other 

combinations did not differ in body size.  Only one within-trait across-context 

correlation was high; Margate squid in 2003 that were more threat reactive were also 

more feeding reactive.  Within and across context correlations revealed a similar lack 

of behavioural correlations; only one trait pairing between feeding boldness and 

activity was significant.  There were three correlations between body size and 

personality trait expression that were significant, but each involved a different 

personality trait and occurred during different years and at different sites.   

 

The results from frequency and means analyses were complex (Table 5.3).  

Still, these results indicate that there was geographic variation in mean expression 
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Table 5.3 
Patterns of deviations from expected frequencies of behavioural classes, differences in mean expression levels of behaviour, and corresponding patterns of squid 
body size.     
Site and Year Behavioural Frequencies Behavioural Means Body Size 
Kelso 2002 More extreme threat inactive squid 

More extreme threat unreactive squid 
More extreme bold feeders, less intermediate 
ones 
More extreme inactive feeders, less extreme 
active ones 
Fewer extreme unreactive feeders 

Lowest mean levels of threat activity and 
feeding activity compared to K03 & K04 
Higher mean feeding reactivity than K03 

Shyer feeders are also larger squid; this 
year has the smallest mean WW for the 
three years sampling at this site 

    
Kelso 2003 Fewer extreme inactive feeders, more extreme 

active feeders 
More extreme unreactive feeders 

Higher mean threat activity than K02 
Higher mean feeding activity than K02 
Lower mean feeding reactivity than K02 

Squid that were the least threat reactive 
were also the largest squid; Squid were 
heavier than Kelso 2002 

    
Kelso 2004 Fewer extreme threat inactive squid 

More extreme unreactive feeders 
Higher mean threat activity than K02 
Higher mean feeding activity than K02 

Heavier than Kelso 2002  

    
Margate 2003 Fewer extreme threat unreactive squid, more 

extreme threat reactive ones 
Lower mean threat activity than M04 
Lower mean feeding reactivity than M04 

Squid were lighter than Margate 2004 

    
Margate 2004  More extreme threat reactive squid 

Fewer extreme bold feeders 
Fewer extreme inactive feeders 

Higher mean threat activity than M03 
Higher mean feeding reactivity than M03 

Bolder squid in threat tests were larger; 
Squid were heavier than Margate 2003   

    
Across sites and 
through time 

Extreme threat active phenotypes decreasing at 
Kelso 
Extreme threat reactive phenotypes increasing 
at Margate 
Extreme feeding unreactive squid increase at 
Kelso 
Distributions at both sites witness increased 
shyness and activity in feeding situations 

Margate squid are more feeding shy and 
more threat reactive 

No differences among the sites 
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levels for some squid personality traits (threat reactivity and feeding boldness), and 

that personality trait means within the two populations changed through time.  The 

mechanism of mean trait change within each population, however, differed across the 

two sites.  Changing means at the higher density site (Kelso) were accompanied by 

extreme frequency changes, while at the lower density site (Margate) mean changes 

occurred independently of behavioural class frequency distributions.  Thus, different 

mixes of personality phenotypes were favoured at the two sites and through time.  To 

establish the mechanisms responsible for these patterns of squid phenotypes in the 

field further manipulative experiments will be needed. 

 

The observed variability in behavioural traits may be a function of a number of 

non-adaptive explanations, including genetic drift, phenotypic plasticity, and the 

decoupling of adaptation and selection (for further discussions, see: Gould & 

Lewontin 1978; Clark & Ehlinger 1987).  Discerning among these explanations and 

ones based on multiple adaptive peaks or frequency-dependent mechanisms are 

impossible without individual-level fitness information for alternative phenotypes 

(Maynard Smith 1978).  However, there are a number of reasons to suspect that 

squid personality traits are being shaped by selective features of the environment.  

First, antipredator and foraging behaviours are essential features of an individual’s 

survival, growth, and reproduction.  Selection of behavioural tests was based on the 

assumption that they captured some ecologically relevant component of antipredator 

(threat test) and foraging (feeding test) behaviours.  Secondly, differential survival of 

individuals, based on their activity and boldness levels as well as current predation 

regimes, does occur in wild populations of animals (Biro et al. 2003; Reale & Festa-

Bianchet 2003; Biro et al. 2004; Bremner-Harrison et al. 2004).  Finally, there is 

consistency in personality trait variation in squid, which is at least partially heritable 

(Chapters 2, 3, and 4).  While the direct fitness-consequences of this variation is 

unclear (Chapter 4), traits are linked to a squid’s body size (Chapters 2, 3, and 4), 

which should have survival repercussions.  Therefore, with deference to non-

adaptive explanations, behavioural results are discussed in terms of adaptation and 

selection, which offers a plausible scenario to fit the observed patterns in the data. 

 

Only one trait, threat shy-bold, showed no spatial or temporal change in 

relative frequency or average expression.  Predation avoidance has at least two 

components, the first being behaviours that either increase or decrease predator 
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attraction, and the second involving behaviours that involve avoiding predator 

capture once being detected (Lima & Dill 1990).  Expression of squid activity 

(ambling, fin swimming, and time spent moving) may therefore contribute to an 

individual’s probability of predator attraction, while threat boldness (grabbing, 

biting, no response, or fleeing) could describe squid approaches to avoiding capture.  

Selection can result in evolutionary stable strategies, if there is equivalent fitness 

between phenotypic variants, and result in a stable mix of frequencies of phenotypes 

in a population (Maynard Smith & Harper 1988).  Once a predator detects a squid, 

selection may be strong for maintaining an evolutionary stable mix of squid 

strategies towards threat capture.  That is, selection consistently maintains the mix of 

phenotypes in response to a threat capture in squid – small proportions of individuals 

are extremely bold towards the predator, attempting to attack it, and small 

proportions are extremely shy, fleeing immediately.  The majority of animals, 

however, take an intermediate approach, most likely remaining ambivalent or inking 

to distract a predator.  Costs and benefits to the shy, intermediate, or bold approach 

to predator capture may be relatively stable through time, and independent of food or 

predator density.  If this was the case, then these results suggest that one squid 

personality trait, threat shyness-boldness, has reached an evolutionary stable mix, 

maintained through equivalent fitness of alternative strategies towards predator 

capture (Maynard Smith 1978; Coleman & Wilson 1998).   

 

At Kelso, where relative densities were double that of Margate, changes in both 

threat and feeding activity was directional, with decreases in frequencies of 

extremely inactive squid and increases in frequencies of extremely active squid 

across the three years sampled, and a significant mean increase in activity levels in 

both test contexts from 2002-2003.  Kelso squid in 2002 also had higher mean 

feeding reactivity responses than individuals in 2003, and this mean difference 

appeared to be driven by more extremely unreactive feeders at this site.  Thus, 

changes in activity and reactivity were also accompanied by shifting patterns of 

extreme phenotypes.  From a cost-benefit perspective, increases in activity have the 

benefit of encountering more food items, but at the cost of increased predator 

attraction (Werner & Anholt 1993; Anholt & Werner 1995).  Reactivity, similarly, 

has costs and benefits.  When a squid flees, it may gain a survival advantage, but it 

also loses the chance to feed and incurs the risk of being detected by another predator 

(Lima & Dill 1990; Boissy 1995).  Developmental studies coupled with growth 
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measurements imply that metabolic factors are especially important in shaping 

patterns of squid lifetime behavioural expression (Chapter 3).  Taking this into 

account, the results suggest that population mean-change at Kelso was achieved by 

changing frequencies of extreme behavioural phenotypes, which resulted from the 

pattern of density and food-availability at this site.  The pay-off for extreme 

individuals in this scenario would have resulted from temporal variation in prey 

availability (Sih, 1992) and higher levels of conspecifics, or both.      

 

At Margate, where squid densities were lower, patterns of frequencies of 

behavioural classes and mean trait expression differed from Kelso.  While mean 

expression of threat activity and feeding reactivity increased over the two years, 

these shifts occurred in the absence of any significant deviations from expected 

frequencies for these traits.  Thus, threat activity and feeding reactivity means 

increased at Margate over the two years of sampling, but frequency distributions 

remained stable for these two traits.  These results would make sense once again 

from an adaptive standpoint at Margate, if levels of predation were higher and food 

resources were more consistent than at Kelso.  Under more consistent food 

availability, population mean-shifts in behaviours then would not favour higher 

numbers of extreme variants, because the pay-offs for riskier behaviour would not 

outweigh the costs associated with predation threat.  An additional observation was 

the patterns of threat reactivity traits at Margate, which indicated that extreme 

individuals were being favoured during both years of sampling.  However, there 

were no mean changes in threat reactivity over the two years at this site, providing 

indirect evidence that disruptive selection may have been occurring at this site, and 

was responsible for maintaining trait variation in reactivity phenotypes.   

 

Our results indicate that, with the exception of threat shy-bold, frequency 

distributions of traits in both populations are not at equilibrium, and that directional 

or disruptive selection processes (Brodie III et al. 1995) were occurring during the 

time field measurements were made.  Thus, directional selection may have caused 

mean activity levels to increase at both sites, but at higher densities (Kelso), there 

may have been a rare-type advantage for extremely active individuals that did not 

exist at lower densities, even though mean activity levels also increased at Margate.  

At higher densities and patchier food resources, the pay-off of an extremely active 

phenotype may be higher than the cost of competing with intermediate individuals 
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who express safer levels of activity.  At lower densities, however, competition for 

safer, more intermediate strategies is less intense (i.e. there is a rare-type 

disadvantage), so while directional selection force causes a mean change, the pay-off 

is less for switching to an extreme but rarer phenotype.  Feeding reactivity patterns 

also followed this density-dependent frequency paradigm.  While mean decreases in 

feeding reactivity responses at Kelso were also accompanied by greater numbers of 

extremely unreactive feeders, Margate squid also displayed a mean decrease in 

feeding reactivity, but without any significant patterns of frequencies.  Overall, 

Margate squid were also more threat reactive and feeding shy than Kelso squid.  

There are two main points here.  One is that this study documents geographic 

variation in mean expression of personality traits in two wild populations of squid, 

which is indirect evidence that selection processes are occurring on these traits in the 

wild (Endler 1986).  The second main point is that, population change in response to 

a particular selective feature (in this case unknown, but likely candidates are 

variation in food and/or predators) is dependent on its density.  At lower densities, 

selection may favour shifts in population means through shifting (sorting) individuals 

in all frequency classes equally.  At higher densities, where competition for low-risk 

high-pay off strategies is more intense, extreme phenotypes are favoured when 

selection pressures are directional.  Examining patterns of personality phenotypes 

based on frequency classes can help us to understand the interaction of density- and 

frequency-dependent processes, as well as potentially discern between directional, 

stabilizing, and disruptive selection.  Of course, further studies are needed on the 

costs and benefits of adopting different personality strategies under different levels of 

predation pressure and food availability.   

 

There was no discernable relationship found between patterns of frequencies of 

behaviours and sex-specific expression of personality traits or population sex-ratios.  

Sex-ratios for both sites across all years did not differ from 1:1, and there were no 

mean differences between the genders in expression of any of the personality traits.  

Sex differences in behaviour are found in a number of taxa (e.g. Budaev, 1999; 

Magurran & Garcia, 2000), and can be usually related to differences between the 

sexes in dispersal, physical requirements, and reproductive success (Clark & 

Ehlinger 1987).  While little is known concerning the mating system of Euprymna, 

many species of cephalopod are sexually monomorphic, and characterized by 

promiscuousness amongst both sexes, with male-male competition and probable 
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female choice (Hanlon & Messenger 1996; Hanlon et al. 1997).  These results 

suggest that, at least for Euprymna, a lack of significant differences between sex-

dependent mating strategies may have also resulted in a lack of sex differences in 

behavioural traits unrelated to mating.  While the idea that the gender composition of 

conspecifics should influence the growing environment of an animal is intuitive, 

unless wild populations of animals differ from 1:1 sex ratios, there may be little 

ecological relevance to pursuing further research on this aspect of an individual’s 

developmental environment.   

 

While changes in mean levels or frequencies of behaviours coinciding with 

relationships between behaviours and body sizes would have been a clearer 

indication of an adaptive response of behavioural changes in the two populations, no 

relationships were found between changing patterns of behavioural frequencies and 

squid body sizes.  However, spatial and temporal variation in the relationship 

between different personality traits and squid body size was evident.  In a previous 

study, squid from Kelso in 2002 that were larger were also more feeding shy, 

indicating a potential metabolic and/or predation cost to being feeding bold (Chapter 

2).  This correlation did not re-occur either at Kelso or at Margate in 2003 or 2004.  

Instead, squid from Kelso in 2003 that were less threat reactive were those that were 

the largest, while in 2004 at Margate, squid that were bolder in threat tests were also 

larger.   Predation risk is generally a decreasing function of body size (Werner & 

Gilliam 1984; Sogard 1997), and growth rate is often a function of predation risk as 

individuals may reduce activity levels or increase their use of less risky habitat to 

reduce predation risk; both strategies may incur a cost in terms of reduced growth 

rates (Werner & Gilliam 1984; Lima & Dill 1990; Sih 1992).  Therefore, depending 

on the context (antipredator, foraging, or both) and environmental conditions, 

different pay-offs can result from different behavioural strategies (Maynard Smith 

1969; Dall et al. 2004).  If environments are unpredictable, differential fitness of 

behavioural phenotypes may occur through space and time, and this would also 

potentially contribute to the maintenance of variation in squid personality traits.     

 

Correlations between personality traits were relatively rare.  Only one within-

trait across-context correlation was significant, and all other combinations of trait 

correlations also yielded only 1 significant relationship (squid from both sites in 

2003 and 2004 that were more feeding active were more feeding shy).  Given the 
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number of non-correlations for all other traits and times it can be concluded that 

Euprymna responded to the two tests in a manner which was not restricted by 

behavioural expression in the other context.  This lack of behavioural correlations 

indicates a high degree of behavioural flexibility for squid.  Recently, there has been 

a large interest amongst evolutionary biologists in constraints placed on behavioural 

expression in animals across situations (Sih et al. 2003; Sih et al. 2004a).    When 

behaviours are phenotypically correlated, this may indicate a trade-off, usually at a 

physiologic and/or genetic level, and these trade-offs are thought to be important in 

explaining behavioural evolution.  Selective pressures, however, in many systems 

can cause coupling and un-coupling of traits, and behavioural flexibility also 

characterizes a number of animal groups (Bell 2004a; Bell & Stamps 2004; Neff & 

Sherman 2004).   

 

While this study could not identify the causal mechanisms involved in the 

patterns of frequencies and mean behaviours across these two sites, it does provide 

indirect evidence that frequency patterns of behavioural classes (extremes versus 

intermediate) of squid change spatially and temporally.  Density-dependent processes 

involved in mean changes within a population as a proximate mechanism warrants 

further investigation (Brockmann 2001).  Theoretically, ‘extreme’ squid should be 

the first individuals to exploit riskier but less crowded conditions, have the potential 

to have a greater impact on resource availability, and thus should be indicative of 

potential selection regimes in field populations (Danks 1983; Koolhaas et al. 1999).  

Changing distributions of frequencies of extreme and intermediate squid coupled 

with the means analysis indicated directional selection for some traits (e.g. activity) 

while other traits at a given site appeared to be under disruptive selection (e.g. threat 

reactivity at Margate).  We could not identify direct pay-offs for these frequency 

shifts (i.e. body size), but more work is needed on the potential costs and benefits of 

these traits in natural populations.  Trait correlations within and across contexts and 

with body sizes indicates that selection has maintained high levels of phenotypic 

plasticity for correlations between these traits.  Further analysis on the changing costs 

and benefits of personality styles in squid due to potentially changing environmental 

conditions may indicate ways in which selection may maintain variation in 

personality variation in wild populations (Dingemanse et al. 2004).  Our observations 

suggest that squid personality phenotypes are under selection in field populations, 

and indicate the importance of understanding population-specific selection regimes 
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when making theoretical inferences about frequency- and density-dependent 

processes.   
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Chapter 6. Synthesis and Future Directions 

6.1. Brief Summary 

This thesis focused on identifying individualized behaviours in squid, or their 

‘personality’ traits, and attempted to understand the relationships between these 

behaviours and a number of life history outcomes.  Behaviour is a crucial component 

of an individual’s survival, reproduction, and resource acquisition, as it mediates the 

relationship between the internal physiology and biochemical make-up of an 

organism and its external environment (Werner & Gilliam 1984; Zuckerman 1992; 

Sih et al. 2004b).  The utility of animal personality traits is that they begin to 

measure valid, holistic, aggregate behaviours, such as shyness or boldness, which are 

potentially ecologically and biologically relevant to population processes.  The study 

of within-population individual differences in behaviour is in its infancy:  there is 

little empirical data available on the life history consequences of personality traits for 

any animal taxa.  Additionally, little is known about the behaviour of any sepiolid 

squid species.  As such, this thesis was largely exploratory, but studies were broadly 

designed to address a number of topics of importance from the standpoint of natural 

selection and how individual-level behaviours may relate to population-level 

processes.  Chapter 2 established the basis for the majority of the thesis, whereby 

potential personality traits were defined in two ecological contexts for wild-caught 

adult Euprymna tasmanica and trait relationship to a wide range of biological 

parameters was examined, including body size, gender, somatic and reproductive 

condition, and sexual maturity.  Chapters 3 through 5 further examined biological 

and ecological variables that co-vary with squid personality traits and that relate to 

the evolutionary and biological aspects of incorporating individuals into population 

biology.  Thus, the development of traits within the context of physical growth, body 

size, and sexual maturity, the genetic composition of traits and their reproductive 

consequences, and the spatiotemporal patterns of personality phenotypes in 

conjunction with population densities, sex-ratios, and body sizes were the subjects of 

these latter Chapters.  Taken together, all experimental Chapters of this thesis begin 

to contribute to how the behavioural individuality of animals relate to life history 

strategies, and thus illustrate potential mechanisms of population-level phenomena 

(Figure 6.1).  
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Figure 6.1.  Updating the general approach taken in this study towards understanding the 
relevance of individual-level behaviours in population-level processes.  Dot points under 
each section highlight the major biological and ecological relationships with individual-level 
behaviours.     

6.2. Synthesis 

Throughout the course of this study three personality traits were measured in 

two contexts for dumpling squid; these traits had the conceptual meaning of shyness-

boldness, activity, and reactivity.  Bolder squid performed more behaviours which 

could be considered ‘risky’, activity measured frequency and duration of locomotor 

movements, and reactivity was an index of an individual squid’s tendency to flee.  

While not quantified in this thesis, individual differences along these axes also imply 

costs and benefits for behavioural expression based on current environmental 

conditions, including energy expenditure, and increased or decreased mating and 

foraging opportunities.  Interestingly, the same trait definitions could be used to 

characterize variation amongst adults and juveniles (Chapter 3 and Appendix B), and 

through time in two different populations of squid (Chapter 5 and Appendix C).   

 

Two other consistent relationships with biological characteristics were obtained 

in all studies.  The first of these was between personality traits and body size 

(Chapters 2, 3, 4, and 5).  While moderate correlations were found between 

personality traits and squid body size, the behavioural trait associated with body size 

differed by year (Chapters 2 and 5), population (Chapter 5), and age (Chapter 3).  

This suggests that unpredictable environments may lead to differential success of 

personality phenotypes depending on the current environment and the age of the 
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squid (Maynard Smith 1969; Dunbar 1982a).  Body size is a major component of an 

individual’s ecological niche and can have consequences for population structure 

such as size-at-age, predator/prey relationships, and fecundity (Werner & Gilliam 

1984; Persson & Diehl 1990).  It appears that individualized behaviour in squid co-

varies with its body size, and may have important ramifications when understanding 

age-specific survival and fecundity.  Sex was the second biological marker which 

appeared to have a consistent relationship with squid personality traits independent 

of place, time, or age; however, in this case sex was consistently not related to an 

individual’s personality trait expression (Chapters 2 through 5).  That is, lifetime 

development of personality traits is not dependent on a squid’s gender (Chapter 3), 

nor was there sex-specific expression of traits in adults, and this was true across 

populations (Chapter 5) and years (Chapters 2 and 5).  Despite widespread sex 

differences in many facets of behaviour for many species (Clark & Ehlinger 1987; 

Budaev 1999; Magurran & Garcia 2000), it would appear that this is not the case for 

non-social, sexually monomorphic dumpling squid.   

 

It is clear that there are significant age-related changes in behaviour for 

Euprymna, and this is most likely related to an individual’s ontogenetic niche 

(Chapters 2 and 3).  Adult squid personality expression is related to the reproductive 

stage of the animal (Chapter 2), and other than level of activity in threat tests, there 

were significant mean changes associated with lifetime maturity for all personality 

traits (Chapter 3).  Life history theory predicts that individual animals should 

increase their risk taking and investment into reproduction towards the end of the 

lifetime when the pay-off from investment into survival decreases (Candolin & Voigt 

2003).  A suite of five personality traits which distinguish fully sexually mature 

squid from their less mature (but adult) counterparts tends to support this hypothesis 

(Chapter 2).  Patterns of physical growth over the lifetime along with personality 

expression indicated the importance of metabolic processes in driving squid 

behavioural strategies (Chapter 3).  While optimality theory predicts that individuals 

should behave in such a way as to minimize the ratio of mortality to growth (Gilliam 

& Fraser 1987), patterns of behaviour in Euprymna were suggestive of the primary 

role of energetic factors shaping the body size/behaviour relationship.  It also appears 

that phenotypically different squid (i.e. shy or bold feeders) also approached 

unpredictable environments in a different manner through sexual maturity, which 

could be loosely described as squid ‘hedging their bets’.  Bold squid remained bold, 
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while shyer squid tended to attempt different foraging tactics.  These two behavioural 

strategies should have differing costs and benefits depending on environmental 

conditions and illustrate the importance of developmental processes in maintaining 

population-level behavioural variation in foraging strategies.   

 

Heritability estimates (Chapter 4) and spatiotemporal patterns of personality 

phenotypes (Chapter 5) began to establish potential mechanisms for selective 

regimes on traits.  These Chapters also indicated the potential contribution of 

frequency-dependent selection and assortive mating in the maintenance of genetic 

variation in squid personality traits.  The mechanisms of trait inheritance differed 

across contexts, with additive genetic variation playing a larger role in threat trait 

expression and nonadditive mechanisms playing a larger role in feeding traits.  These 

differences in heritable mechanisms possibly stem from the different physiological 

and hormonal bases for antipredator and foraging behaviours (Chapter 4).  It was not 

possible to detect direct links between female personality trait expression and 

fecundity or hatching success, but there was a link between foraging boldness and 

female body size, the latter of which was related to an egg brood’s hatching success 

(Chapter 4).  Frequencies of personality phenotypes varied in a non-random fashion 

through space and time, and there was significant spatial variation in mean trait level 

expression (Chapter 5).  The causal mechanisms for these non-random changes in 

frequency distributions were unclear, but temporal variation in prey densities along 

with conspecific densities were hypothesized to be likely causal agents.  While 

predation should also shape squid behaviour (Abrams 2000; Sih & Ziemba 2000; 

Biro et al. 2003), behavioural patterns of development (Chapter 3) and personality 

phenotypes in the field (Chapter 5) suggest that internal metabolic states along with 

density-dependent processes (Sutherland 1996; Ricklefs 2000; Laurel et al. 2004) 

should contribute heavily to population-level phenomenon in squid. 

 

For individual-level processes to be important to population dynamics they 

should be under natural selection, of which there are three requirements (Endler 

1986).  For the most part this thesis satisfies these requirements, by describing 

consistent phenotypic personality trait variation in wild populations of squid that is 

heritable and may have fitness-related consequences.  However, relationships 

between individual-level behaviours, natural selection, and life history characteristics 

are not straightforward.  Taken together, this thesis begins to present a complex 
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picture of personality trait variation in animals, their life history consequences, and 

the mechanisms that continue to maintain this trait variation in wild populations of 

animals.  Within any of these Chapters (development, heritability and reproductive 

consequences, and patterns of phenotypes through space and time) there is a rich and 

diverse field of further research which can contribute to our knowledge of individual-

level processes to population outcomes, a subject with many applied outcomes.  

6.3. Potential applications and future research directions 

There are a number of organismal and environmental processes not covered in 

this thesis which should contribute to our understanding of personality trait 

expression in squid and other animals and the biological and ecological significance 

of behavioural individuality.  One recurring theme throughout the thesis was the need 

for information regarding costs and benefits of different behavioural traits, and 

further work in this area would be of great value and interest.  The present results, 

however, offer an initial census of personality trait variation in squid, and there are a 

number of research directions, based on the contents of this thesis, that stand out as 

potential ‘next steps’ in understanding the ecological and evolutionary consequences 

of animal personalities.  Suggestions for further study have been broken down into 

the following four areas:  development, inheritance, population-level studies, and 

finally, the logical extension of individual behavioural variation in applied 

applications.     

6.3.1. Development 

A key element to better understanding the relationship of individuals to 

populations are describing proximate mechanisms of behavioural development, 

especially within the constraints of body size and the ecological niche of a particular 

size-class of animal (Werner & Gilliam 1984).  A major ecological trade-off that an 

animal faces throughout its lifetime is between acquiring resources and mortality 

risk, and the relationship between these factors changes with body size (Werner & 

Gilliam 1984; Werner & Anholt 1993).  This provides a framework then for further 

understanding of how variation in adaptive behaviour that mediates this trade-off is 

maintained in wild populations.  For example, how does development result in age- 

and size-appropriate behavioural strategies, and how do developmental processes 

result in the spatial and genetic properties of populations?  With regards to 



Chapter 6                                                                                         General Discussion 

 108

behaviours, how do mean/variance strategies (Chapter 3) result in population 

persistence in the face of stochastic environments?  For cephalopods, especially 

those under anthropogenic fishing pressures, further work on the interaction between 

behavioural development and biological measures such as body size, and how these 

factors relate to habitat choice, dispersal, and juvenile survival would be extremely 

useful to our understanding of cephalopod population dynamics.   

 

Future studies may profit from understanding development in the context of an 

individual’s social context, and how particular genotypes may react differently to 

different environments (genotype by environment interactions, see: Via & Lande 

1985; Nager et al. 2000).  Development will be a dynamic interplay between an 

individual’s behavioural and phylogenetic history, and the frequencies in which 

similar behavioural phenotypes occur in the population.  Chapter 5 touched briefly 

on this topic, indicating that during the years sampled, sex-ratios of two populations 

of squid were not heavily influencing individual-level behaviours.  However, further 

work is needed on how conspecifics regardless of gender also shape an individual’s 

developmental environment, and how the mix of phenotypes an individual develops 

in affects its developmental processes (Wilson et al. 1994).   

 

Finally, there is a measurement issue with regards to developmental studies 

which is worth mentioning.  The methodology used during Chapter 3 followed a 

variable-centred approach, as opposed to a subject-centred one (see:Ozer & Gjerde 

1989; Bergman 1998; Magnusson 2000).  That is, current statistical models used in 

longitudinal designs of behavioural development approach data from the standpoint 

of single variables, i.e. how does shyness develop through time?  On the other hand, 

a subject-centred approach examines the development of a pattern of traits that an 

individual expresses.  For example, a subject-centred approach would examine the 

within-individual pattern of shyness, activity, and reactivity, and track changes in the 

pattern of expression of all three traits within a subject.  To my knowledge, there is 

only one analytic technique that has been developed in the life sciences to address 

this issue, the Q-sort technique developed by human personality psychologists 

(e.g.Block 1961; Ozer 1993).  Briefly, the Q-sort technique seeks to define each 

person by the pattern of variables (a set of 100 questions designed to ‘tap’ certain 

personality dimensions) that primarily characterize that person.  Each subject then, 

has a ranking along a large number of variables, and the pattern of ranks is the focus 
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of the analysis and description.  This technique, however, has only been developed 

for a single questionnaire method used in human studies, and there is no analogue 

available that could be used in nonhuman studies using observational data.  

Certainly, development of these analytic techniques for observational data would 

allow another ‘window’ of analysis into developmental studies on animals, and 

would greatly enhance our ability to measure holistic animal behaviour, as opposed 

to viewing the development of behavioural axes within individuals in isolation 

(Coleman & Wilson 1998; Sih et al. 2004a; Sih et al. 2004b). 

6.3.2. Inheritance of traits 

In order to fully understand the inheritance of squid personality traits further 

studies are needed to examine phenotypic and genetic correlations between 

personality traits and biological and life history markers.  While genetic correlations 

among life history and morphological traits have been well studied (Roff 1992), we 

know relatively less about genetic correlations among behavioural traits (Sih et al. 

2004b).  At a genotypic level, genetic correlations between traits can constrain 

evolutionary change in a particular trait, since during selection genetic correlations 

amongst a number of morphological, behavioural, and life history traits influence the 

selection response for any given trait (Barton & Turelli 1989).  Genetic correlations 

can also change between traits according to environments (Stearns 1989; Falconer & 

Mackay 1996); thus, further work on inheritance of environments as well as the 

interaction between the genetic structures of populations and changing environmental 

parameters would be of interest.  Many evolutionary quantitative genetics studies 

focus on the evolution of the G-matrix, which represents a network of correlated 

traits within any one animal, and is believed to be the major focus of evolution 

(Steppan et al. 2002).  Ecologically relevant personality traits may allow relevant 

behavioural parameters to be quantified for inclusion into G-matrices, and thus 

provide a means to study the evolution of behaviours along with life history and 

morphological traits.  Overall, small sample sizes are a general problem for 

quantitative genetic questions, so model subjects likely for further work in this area 

should be ones which express meaningful aggregate behavioural traits such boldness, 

but which also allow for larger sample sizes to be obtained.     

 

One aspect of behavioural inheritance which is ecologically relevant for 

cephalopods and which deserves further study are maternal effects involved in 
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offspring quality and survival (Steer et al. 2002; Steer et al. 2004).  Due to their 

precocial life history, there is great potential for extragenetic inheritance of 

environments for juveniles, through the mechanisms of maternal choice on where to 

lay eggs (King & West 1987; West & King 1987; West et al. 2003) and allocation of 

yolk materials (Steer et al. 2004).  Also, adult personalities of both sexes may shape 

the environment that the hatchlings encounter (Caspi et al. 2005), for example, 

through spacing due to aggressive conspecific encounters or resource depletion.  

Thus, individuals are sometimes differentially exposed to environments as a result of 

their parents’ genetically influenced personality traits (Johnston & Gottlieb 1990; 

Gottlieb 2002), and these extragenetic mechanisms can also evolve (Mazer & 

Damuth 2001b; Mazer & Damuth 2001a).  Even with non-overlapping generations, 

there are still a number of ecological mechanisms which can evolve to allow 

cephalopod parents to influence their offsprings’ environments, and thus their 

behavioural expression.   

 

Finally, further studies on the reproductive consequences of personality traits 

are needed, but it is clear that more information is needed on the costs of 

reproduction for both male and female squid, including mate location and selection, 

gamete production, risk of predation, and time lost devoted to other activities 

(Trivers 1972; Sih 1994).   

6.3.3. Population studies 

Quantifying personality trait variation in populations according to habitat 

quality, resource availability and predation levels is needed in order to further 

understand how personality traits may affect the spatial distributions of individuals in 

populations, and thus the genetic structure and population dynamics (Candolin & 

Voigt 2003).  Patterns of population-level response to selection regimes should be a 

function of population density (Chapter 5), but more manipulative experiments are 

needed on the interaction between densities of populations and the frequency 

distribution of behavioural phenotypes.  For example, how do removal experiments 

of particular phenotypes affect subsequent within- and between-generation 

phenotypic expression (Wilson et al. 1994)?  A predictive modelling approach of 

interest would be to examine whether each individual performing certain behaviours 

with a certain probability affects population dynamics in the same way as the effect 



Chapter 6                                                                                         General Discussion 

 111

of a population composed of certain proportions of individuals, each specializing in 

one behavioural strategy (Koehl). 

 

Further work on personality trait expression and life history traits such as 

competition, habitat choice, dispersal, survival, fecundity, and interference (the 

decline in resource use resulting from the behaviour of other individuals) is needed to 

understand how and why individuals choose certain patches, or habitats (Sutherland 

1996).  Ultimately, individual fitness becomes a function of the size and the 

phenotypic composition of the populations within which the individual coexists 

(Christiansen 1988), and field studies of personality phenotypes represent an exciting 

avenue of research which may enable insight into individual-level fitness and 

population phenomena.   

6.3.4. Applied significance 

Population structure is a result of spatial variation in the density of individuals 

amongst patches and their genetic composition (Sutherland 1996).  Given personality 

traits can affect habitat choice (Candolin & Voigt 2003), dispersal (Fraser et al. 2001; 

Dingemanse et al. 2003),and potentially drive assortive mating and reproductive 

isolation (Boissy 1995; Godin & Dugatkin 1996; Wielebnowski 1999; Gosling & 

Vazire 2002), it follows that the personality variation between individuals in a 

population is closely related to its genetic structure.  Thus, personality traits appear to 

be especially relevant towards our understanding of the spatial structure and 

reproductive processes for populations under disturbance regimes, such as by fishing 

pressure, habitat loss, or through exotic species introductions.   

 

Cephalopod Fisheries.  Cephalopod fishery catches worldwide have increased 

dramatically in recent years due to high demands for seafood in the face of declining 

finfish stocks (Josupeit & Rodhouse 1997; Rodhouse et al. 1998), even though 

commercial catches of cephalopods can fluctuate greatly on a yearly basis (Dawe & 

Warren 1993; Moltschaniwskyj et al. 2002).  Due to their semelparous life history 

and approximately annual life cycle, annual population size of southern calamari is a 

direct result of successful recruits from the previous year (Pecl et al. 2004).  Previous 

research pertaining to management has focused on understanding growth, condition, 

and reproductive characteristics of successful recruits (Moltschaniwskyj & Steer 

2004; Pecl et al. 2004) as well egg production and embryonic survival (Gowland et 
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al. 2002; Steer et al. 2002).  To date, no ecological models of squid abundance or 

management strategies have included relevant behavioural parameters for juveniles 

or adults.  By relevant, I mean behaviours that contribute to our understanding of the 

mechanistic connections between environmental conditions and the temporal 

variation in life history characteristics that characterize successful recruits (i.e. 

individual variation in juvenile dispersal) and the impacts of fishing pressures on 

population structures (i.e. the effects of selective fishing techniques).        

 

For example, jigging is a preferred technique in many squid fisheries 

worldwide (Hanlon 1998).  Currently, there is no information on whether fishing 

techniques selectively take one segment of the breeding population, such as a 

particular size or sex class.  Since attacking a squid jig is essentially a behavioural 

phenomenon, a logical question to ask is whether this fishing method targets one 

behavioural phenotype over another.  Whenever anthropogenic forces are non-

random there is the potential evolutionary change (Phillips & Shine 2004).  Other 

potentially useful parameters for predictions of squid populations under fishing 

pressure may be dispersal and survival consequences for different juvenile 

personality phenotypes under varying environmental conditions.  Predictive models 

of population structure, based on projected environments (i.e. temperature, salinity, 

food abundance, predation levels), relevant biological parameters (growth and body 

size), and individualized behaviour of both adults and juveniles is an exciting 

possibility in future management techniques of annual populations of squid.  

Analytically, techniques are currently available which would allow for models of 

abundance and survival of squid populations to be based on spatially-explicit, 

individual-level biotic parameters interacting with abiotic conditions (e.g. Hinckley 

et al. 1996). 

 

Invasive species.  Environmental changes due to anthropogenic forces currently 

represent the greatest threat to global biodiversity, and invasive species are one of the 

leading causes of species extinctions (Clavero & García-Berthou 2005).  Despite the 

role of behaviour in dispersal, competition, predator avoidance, and mating 

strategies, few studies on invasive species have explicitly explored the behavioural 

mechanisms underlying species invasions (Holway & Suarez 1999).  Behavioural 

traits should therefore be important in our understanding of successful exotic 

invaders, as well as indigenous species which resist invasion (Sih et al. 2004b; 
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Rehage et al. 2005).  Particular behavioural phenotypes may be more likely to adapt 

to novelty and invade, and identifying successful invaders may inform potential 

management decisions (Sol et al. 2002; Rehage et al. 2005; Sol et al. 2005).  For 

example, an overall bold/aggressive/active phenotype appears to characterize many 

invasive species (Sih et al. 2004b).  Bold individuals disperse, aggressive individuals 

compete well, and extremely aggressive/active individuals tend to have major 

impacts on their environment and community structure (Danks 1983; Sih et al. 

2004b).  Understanding how personality traits interact with biological traits such as 

morphology and physiology should ultimately lead to increased knowledge of 

species’ invasion success and potentially which indigenous communities are likely to 

resist invasions (Sih et al. 2004b; Rehage et al. 2005).  Information on how 

individualized behaviours relate to an animal’s ecology should also be informative 

for managing introduced pests which have already colonized novel landscapes. 

 

6.4. Conclusions 

While logistic and mathematical limitations preclude a detailed 

parameterization of individual behaviour for many species, incorporating unrealistic 

foraging, antipredator, and dispersal assumptions in spatial population models may 

yield inaccurate and costly predictions (Bolnick et al. 2003; Bowler & Benton 2005).  

One important role of organismal-level studies of behaviour is that they can inform 

ecologists about factors that can be ignored versus those that must be included when 

simplified models are developed (Koehl).  Whether individual-based models will 

improve our predictive power of population dynamics enough to justify the 

additional work required to collect this information remains to be seen.  However, 

theoretical evidence suggests that highly variable populations are more stable in the 

face of competition or predation (Lomnicki 1978) and exert different forms of 

selection on prey (Sherratt & Macdougall 1995).  Furthermore, knowledge of the 

behavioural basis of population ecology has the advantage in that it enables 

extrapolation to novel conditions, for example, predicting the responses of 

populations to habitat loss or species invasions (Sutherland 1996; Sutherland 1998). 

 

While many life scientists have espoused the value of integrative research, 

some have noted that the actual trend has been more of a separation of the disciplines 
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of the mechanistic study of genetics and hormones and larger-scale ecology, with a 

reduced appreciation for the role of behaviour in both (Sih et al. 2004a).  Valid 

descriptions of meaningful behavioural tendencies, or animal personality traits, 

provide a novel and useful way to incorporate individualized behaviour into our 

understanding of population processes.  This research bridges a number of fields 

(ethology, comparative psychology, behavioural ecology, population ecology, 

developmental psychology, and evolutionary ecology), incorporating models of 

development, reliability and validity of trait measures, and ecological and 

evolutionary theory, all of which contribute to our knowledge of how biology 

interacts with behaviour.  Applying theories and techniques from these various fields 

to the study of animal personality traits at a number of levels will help to predict 

behavioural outcomes and to understand how individuals, populations, and finally 

community interactions occur.
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Appendix A:  Reliability and stability of personality trait definitions in 

adult squid 

Because of the lack of studies on personality traits in invertebrates and a 

perceived reluctance for researchers to designate trait construct terms such as 

personality to other nonhuman animals (especially invertebrates, but this has been an 

issue even for mammals such as rats, seeKarli 1989), a number of additional 

assessments of PCA solutions were made in order to satisfy, at least on an empirical 

level, assumptions generally held by personality psychologists concerning the 

validity of their trait measurements. 

 

Internal consistencies of trait scores are an important issue for studies using 

questionnaire methods (e.g. Gosling 1998).  However, for PCA models with 

orthogonal rotation, component scores are exact, and thus, measures of internal 

consistency (such as squared multiple correlations of component scores predicted 

from scores on observed variables or Cronbach’s alpha) are either uninformative (in 

the first case, squared multiple correlations are 1—a completely exact result; 

(Tabachnick & Fidell 1996) or inappropriate (Cronbach’s alpha was designed for 

questionnaire methods).  Therefore, no measures of internal consistency of 

component scores are reported here. 

 

Convergent and divergent stability of trait dimensions was assessed in three 

ways.  First, the similarity of solution matrices obtained through differing methods of 

rotation (oblique vs. orthogonal) on Week 1 results were used to assess convergent 

validity of the component structure.  Second, communalities of variables and 

magnitude of variable loadings obtained during PCA from Week 1 were used to 

assess the strength of the relationships of the variables in the PCA solution.  Third, 

longitudinal convergence and divergence were assessed by comparison of the Week 

1 component solutions (N = 97) and the component solutions obtained from PCAs 

performed on Week 2 data (n = 71).  For the longitudinal assessment, component 

loadings from both threat and feed solution matrices from both weeks were first 

normalized with Fisher’s r-to-z ratio (Snedecor & Cochran 1980) and then entered 

into a new data set (Variables x Components at each test time).  Pearson correlations 

(two-tailed) were then computed (N = 12 for the threat test, N = 11 for the feed test) 
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with the normalized component loadings across the test situations and time points.  

Convergent reliability for PCA solution matrices was assessed by high correlations 

within the same trait dimensions at different time points; divergent reliability was 

assessed within tests through relatively lower correlations between different 

dimensions at different time points. 

 

For Week 1, the threat-test-only solution matrix, communalities of all variables 

were greater than .74 (with the exception of colour change, which was .34) and all 

behaviours had a loading greater than .56 on one of the components.  Only one 

discrepancy was found between orthogonal and oblique rotation methods in the 

Week 1 threat-test solution matrix.  Instead of loading on both the shy avoidance-

bold aggression and reactivity components, the variable number of touches loaded 

only onto the shy avoidance-bold aggression component in an oblique solution (but 

loadings of this behaviour between the two rotation methods differed by an absolute 

value of .084).  Correlations between components under an oblique rotation were 

small (.036-.155), reinforcing the decision to use an orthogonal rotation for statistical 

reasons.  The feed-test-only solution exhibited similar characteristics of convergent 

stability, with all communalities above .55 and all behaviours loading above .66 on at 

least one component.  A comparison of oblique vs. orthogonal rotation of the feed 

test results at Week 1 yielded similar invariance, with only a single discrepancy 

between the two types of rotation (fin swim did not load on reactivity in the oblique 

solution).  Correlations between obliquely rotated components were again small 

(.012-.132). 

 

To assess trait convergence and divergence over time, the normalized 

component loadings from Week 1 solution matrices were correlated with the 

normalized component loadings from the Week 2 solution matrices.  As in multitrait-

multimethod correlations, the correlation between the same components across time 

is expected to exceed the correlations across different components.  For the threat 

solutions, correlations within components across time were high (.73-.95); three out 

of four within-trait correlations were significant (Bonferroni-adjusted α = .003).  In 

addition, correlations between different components across time were consistently 

lower (.10-.55), and all were nonsignificant.  For the feed solutions, the four within-

component correlations across time were all higher (.88-.98) than the between-

component correlations (.012-.27).  Within-component correlations for the feed test 
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all reached significance (P < .001), whereas all across-component correlations were 

non-significant.  The strength of the loading patterns for the variables in the PCAs, 

coupled with the high convergent and divergent stability of solution matrices across 

time, was indicative of the strength of assessing aggregate behavioural traits, or 

‘personalities’, in squid through the use of discrete, observable behaviours. 
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Appendix B:  Longitudinal reliability and stability of squid personality 

trait definitions 

In order to assess how behavioural ‘definitions’ of personality traits change 

through time, a comparison of the loading of behaviours onto principal components 

among times was made.  Principal components (PCA) solution matrices were 

generated at each week for each test context (N = 41 at each time point).  Twelve 

behaviours were observed in both the threat and feeding tests, but a behaviour was 

only used in a given week’s PCA analysis if it made up at least 5% of the total 

behaviours in a test for that week.  The variables ‘time spent moving’ and ‘time to 

first bury blow’ were log transformed for each PCA to approximate normality, and 

the variable ‘average feeding distance’ was not used in this study as video methods 

were unavailable.  Orthogonal varimax rotation and extraction of four components 

was used at each time for each PCA.  Component loadings of each behaviour at each 

time as well as the loadings from a component solution obtained from a sample of 

wild adult squid (Chapter 2) were normalized using Fisher’s r-to-z transformation 

(Snedecor & Cochran 1980).  Pearson correlations between normalized components 

across time and with the solution matrices from Chapter 2 were estimated.  Since 

squid have context-specific personality trait expression, this procedure was 

performed separately for threat and feed test results.  High within-trait across-time 

correlations would indicate the same pattern of PCA loadings of behaviours 

occurring at each time point, that is, a similar behavioural ‘definition’ of personality 

trait at each time.  Low within-trait across-time correlations would indicate that the 

same discrete, observable behaviours did not define the same personality trait at 

different times.   

      

Qualitatively, the interpretation of PCA components for either test context did 

not change through time and matched trait definitions reported previously for wild 

adult squid (Chapter 2).  Quantitatively, although some single behaviours did not 

make up at least 5% of the behaviours at a given age, and were therefore not used in 

each PCA analysis (see Table 3.1), behavioural definitions of personality traits were 

age-independent.  For the threat test the within-trait across-time correlations were 

large, with 88% of correlations > 0.7.  Between-trait across-time correlations were 

weaker by comparison, and only 5 out of a possible 210 were > 0.7.  All five of the 
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between-trait correlations > 0.7 involved correlations with week 12 activity 

measures, indicating a potential underlying organizational ‘shift’ of activity 

indicators.  Threat trait definitions were highly correlated at all time points with 

those defined for adults in Chapter 2, with 80% of within-trait definition correlations 

exceeding r = 0.8.  For feed traits, 82% of within-trait correlations from all times 

from the current study were > 0.7 and no between-trait across-time correlations 

exceeded .5.  Comparisons with wild adult definitions for feed traits from Chapter 2 

yielded similarly high correlations, with 85% of within-trait correlations exceeding r 

= 0.8, indicating that feed trait definitions also remained stable through time with 

regards to a separate wild adult population.  For both test contexts in the current 

study then, personality trait ‘definitions’ remained relatively stable through time and 

in conjunction with a separate wild adult population, indicating that regression scores 

based on this wild adult solution were valid to characterize aggregate behavioural 

traits in squid regardless of age.   
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Appendix C:  Spatial and temporal consistency of squid personality trait 

definitions 

To assess whether behavioural ‘definitions’ of personality traits changed as a 

function of either population or year, a comparison of the loading of behaviours onto 

principal components among site and year combinations was made.  Principal 

components (PCA) solution matrices were generated for each site and year 

combination for each test context (n varied according to site and year, see Table 5.1).  

Twelve behaviours were observed in both the threat and feeding tests, but only 11 

behaviours were used in feed context analyses because ‘arm flower’ made up less 

than 5% of the total responses in feeding behavioural tests (see Table 5.2 for means 

and standard deviations of behaviours entered into PCA).  The variables ‘time spent 

moving’ and ‘time to first bury blow’ were log transformed for each PCA to 

approximate normality, and the variable ‘average feeding distance’ was not used in 

this study as video methods were unavailable.  Orthogonal varimax rotation and 

extraction of four components was used at each time and site for each PCA.  

Component loadings of each behavior for each time and site combination as well as 

the loadings from a component solution obtained from an earlier sample of wild adult 

squid (Chapter 2) were normalized using Fisher’s r-to-z transformation (Snedecor & 

Cochran 1980).  Pearson correlations between normalized components across site 

and year solutions and with the normalized components from Chapter 2 were 

estimated.  Since squid have context-specific personality trait expression, this 

procedure was performed separately for threat and feed test results.  High within-trait 

across-site and year combinations would indicate the same pattern of PCA loadings 

of behaviours occurring at for each site and year, that is, a similar behavioural 

‘definition’ of personality traits regardless of spatial or temporal differences.  Low 

within-trait across-site and year correlations would indicate that the same discrete, 

observable behaviours did not define the same personality trait in different 

populations or in different years.     

 

Qualitatively, the interpretation of PCA components for either test context did 

not change according to either site or year and matched trait definitions reported 

previously for wild adult squid (Chapter 2).  Quantitatively, behavioural definitions 

of personality traits were also independent of population or year.  For the threat test 
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the within-trait across-time correlations were large, with 85% of correlations > 0.7.  

Between-trait across-time correlations were weaker by comparison, and only 4 out of 

a possible 120 were > 0.7.  All four of the between-trait correlations > 0.7 involved 

correlations between threat activity and threat boldness measures.  Threat trait 

definitions were highly correlated at all time points with those defined for adults in 

Chapter 2, with 88% of within-trait definition correlations exceeding r = 0.7.  For 

feed traits, 67% of within-trait correlations from all site and time combinations were 

> 0.7; 7% of between-trait across-time correlations exceeded .7.  However, 8 out of 9 

of these high between-trait correlations were between feeding activity and feeding 

bury persistence.  Because the meaning of feeding activity (time spent moving, 

number of ambles and fin swims) was biologically clear, we consider our measures 

of activity in feeding tests to be sound.  Comparisons with wild adult definitions for 

feed traits from Chapter 2 yielded similarly high correlations, with 81% of within-

trait correlations exceeding r = 0.6, indicating that feed trait definitions also 

remained stable with respect to the collections at Kelso during 2002.  For both test 

contexts in the current study then, personality trait ‘definitions’ remained relatively 

stable independent of site or year and in conjunction with Kelso 2002, indicating that 

regression scores based on this wild adult solution were valid to characterize 

personality traits through time in two populations of squid.
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