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Thesis Abstract 

Curiosity is considered the intrinsic drive to explore the world and discover new things 

we want to learn about. It has also been linked to enhanced memory formation and 

beneficial developmental outcomes in adults. It has been conceptualised mainly from one 

of two perspectives: as a state triggered by features of the environment (e.g. novelty, 

uncertainty, surprise) or as a personality trait impacting how we perceive and approach 

such information.  Even though curiosity is evidently a crucial developmental construct, 

neither perspective nor the interaction between state and trait curiosity in infancy is well 

understood and research is long overdue.  

This thesis comprises four empirical studies offering methodological innovations 

in the conceptualisation and measurement of infants state and trait curiosity. Study 1 

introduces a novel, gaze-contingent eye-tracking paradigm that captures infants’ 

dynamically evolving state curiosity through their information sampling choices. Study 2 

demonstrates the development and validation of the Infant and Toddler Curiosity 

Questionnaire (ITCQ), which measures trait curiosity in infants aged 5 to 24 months via 

caregiver reports. Study 3 examines the correspondence between these manifestations of 

state and trait curiosity, and Study 4 validates the ITCQ’s predictive strength by applying 

the new measure to early language development - one of the most prevalent areas of 

developmental research.  

The results suggest that infants dynamically structure their exploration based on 

their preceding engagement with the encountered information, with some of the observed 

variance within such active exploration explained by individual differences in trait 

curiosity. Furthermore, exploration tendencies as a manifestation of infants’ trait curiosity 

differentially predict vocabulary size one year later, demonstrating its benefits but also 

revealing potential risks. Overall, this set of empirical findings evidences that infants are 

curious learners and that the correspondence between their state and trait curiosity is 

already measurable and informative early in development. Importantly, this work opens 

up new avenues for future research and advances our understanding of infant curiosity 

holistically.  
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Thesis Structure 
 

This thesis is structured as follows:  

The first chapter is an introductory chapter that summarises and critically reviews 

previous theoretical conceptualisations of and research on curiosity as a state and as a 

trait. 

The second chapter includes the first experimental study that constitutes this 

thesis. This chapter focused on the role of 10-12-month-old infants dynamic information 

sampling conceptualising their state curiosity across active exploration. This chapter was 

submitted to Cognition, received a “revise and resubmit” decision and is currently under 

the second round of the review process. This chapter is presented in the form it was last 

submitted to the journal.  

The third chapter includes the second experimental study that constitutes this 

thesis. This chapter focused on the development of a new caregiver report measure of trait 

curiosity in infants and toddlers aged 5 to 24 months. This chapter was submitted to 

Infancy and is currently under the first round of the review process. This chapter is 

presented in the form it was submitted to the journal. 

The fourth chapter includes the third experimental study that constitutes this 

thesis. This chapter examined the relation between trait curiosity and active exploration 

patterns in 10-12-month-old infants. This paper is currently being prepared for 

submission to Cognition. This chapter is presented in its current form. 

The fifth chapter includes the fourth experimental study that constitutes this thesis. 

This chapter focused on the role of trait curiosity in infants’ language development 

trajectories. This paper is currently being prepared for submission to First Language. This 

chapter is presented in its current form. 

The final chapter is the general discussion section that brings together the findings 

of all experimental studies presented in this thesis and proposes theoretical explanations 

and methodological considerations spanning across all presented empirical work.  

References for Chapter 1 and Chapter 6 are presented at the end of the thesis in 

the form of a consolidated bibliography. References as well as supplementary information 

for Chapters 2, 3 4, and 5 are presented at the end of each chapter. 

To acknowledge the collective theoretical and methodological intellectual 

contributions in Chapters 2 through 5, I report the studies using the first-person plural 

voice. In Chapters 1 and Chapter 6, I report the literature and findings in the first person 
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singular voice. Where appropriate, I cross-referenced the experimental chapters by 

providing both, the current Psyarxiv reference as well as the corresponding chapter in this 

thesis. 

The experimental studies comprising this thesis are in preparation for publication 

or under review in academic journals and have been presented at scientific conferences. 
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1.1 Opening Discussion 

One of the most positively connotated human characteristics is that of being and 

staying curious. This quality has been viewed as the driver for learning and personal 

growth, linked to academic and occupational success as well as to mental health later in 

life. Generally speaking, the height of curiosity is associated with childhood, as children 

come up with unconventional experiments and can relentlessly generate new and creative 

questions about the world, which adults may struggle to answer. Nevertheless, in 

considering curiosity as a mechanism for exploring the world, learning new things, and 

growing throughout development, scientific investigations regarding this important 

construct have neglected one particular age group for too long: infants. 

Infants still have the whole world to explore and need to construct their knowledge 

from the ground up (Piaget, 1976). During this period, they develop a range of skills that 

enable them to engage in new forms of exploration and learning. For the longest time, 

however, research has predominantly viewed them as passive information processors, 

highlighting their sensitivity towards probabilistic information in the environment (e.g., 

Saffran & Kirkham, 2018). For example, they can extract patterns of statistical structures 

within stimulus sequences via associative learning, such as word segmentation based on 

co-occurring syllables (e.g., Saffran et al., 1996), transitional probabilities of elements 

within a sequence (e.g., van Heugten & Shi, 2010), probabilities of observing certain 

events (e.g., Altvater-Mackensen et al., 2017) as well as conditional learning of cause and 

effect (e.g., Meltzoff et al., 2012; Waismeyer & Meltzoff, 2017). They are able to abstract 

rules from such regularities  (for a meta-analysis, see Rabagliati et al., 2019) and form 

predictive models (e.g., Köster et al., 2020) which allow them to anticipate stimuli (e.g., 

Emberson et al., 2015), track and update their representations of said regularities  (e.g., 

Gerken et al., 2011, 2015; Kayhan et al., 2019; Kidd et al., 2012; Poli et al., 2020; 

Tummeltshammer & Kirkham, 2013), and thereby learn to navigate through our complex 

and ever-changing world (e.g., von Hofsten, 2004; Wang et al., 2016). 

Yet, infants also hold a very active role in selecting the information they wish to 

engage with, which is neglected in these perspectives. While information processing itself 

may aim to minimise uncertainty and prediction errors (e.g., Clark, 2013), infants actively 

explore their environment discovering and engaging with novel and uncertain stimuli 

(Bazhydai et al., 2021 for review). Such active exploration seems to be guided by 

attentional biases towards informative stimuli based on their potential to relate to and 
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update the infants’ internal representations, enabling them to make sense of the 

overwhelming amount of information available in the environment (e.g., Smith et al., 

2018). It is likely that active and passive learning interact with each other, as basic 

learning mechanisms let infants form predictive models of regularities in the encountered 

information, which in turn give rise to active exploration and curiosity-based information 

sampling to continue generating and improving such models. Reversely, this curiosity-

based mechanism likely affects how long infants engage with passively presented 

information, for instance, until a robust association has been formed or the prediction 

error has been minimised (e.g., Poli et al., 2020; Rose et al., 1982). 

Active, curiosity-based learning considers what the individual wants to engage 

with and learn about at that moment (Twomey & Westermann, 2018) and is linked to a 

positive learning experience. Furthermore, compared to older children and adults who 

can focus on information because they are required to (e.g., in the classroom or at work), 

infants’ sustained attention arguably relies primarily on their curiosity. In contrast, 

attempts to prolong their engagement with stimuli they are not curious about typically 

leads to fussiness and emotional displays of wanting to disengage. Due to such emotional 

dynamics and correspondingly positive and negative reinforcement of engaging with 

similar learning opportunities in the future, curiosity’s importance in early development 

and the need for psychological research cannot be underestimated. Yet, studies on infant 

curiosity have only recently begun to emerge, and there is still no consensus about its 

definition, conceptualisation, or measurement.  

Over the past 70 years, curiosity research has emerged as a prominent field of 

study. During this period, numerous theoretical frameworks have been developed, and a 

multitude of studies have demonstrated the importance and benefits of both state and trait 

curiosity. While state curiosity pertains to aspects of the environment and information that 

elicit curiosity, trait curiosity is concerned with more stable tendencies. This body of 

literature, however, primarily focuses on the adult experience, employing metacognitive 

self-report measures to assess levels of curiosity. Nevertheless, while some of the 

aforementioned approaches have been extended into the domain of childhood, these 

conceptualisations arguably cannot be applied in the context of infancy. Consequently, 

some have gone as far as stating that there is no such thing as infant curiosity because 

these metacognitive abilities first need to develop (Inan, 2013). I argue that the disregard 

of infants within this research field is due to a lack of theoretical and methodological 

conceptualisations that can measure and explain curious engagement across development. 
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The objective of this thesis, therefore, is to make contributions to both dimensions in 

order to further the measurement and our understanding of infant curiosity and its 

developmental importance. 

This inaugural chapter will serve to provide a general overview of existing 

curiosity research and identify knowledge gaps in the literature. I will first describe what 

is meant by the psychological construct of curiosity, differentiating between state and trait 

curiosity and discussing their theoretical conceptualisations. Subsequently, I will 

emphasise the significance of investigating curiosity in infancy, based on prior findings 

from adult and child samples. I will then review the various methods of measuring either 

form of curiosity, discussing the applicability and informativeness of these options for 

infant studies. Finally, I will provide an overview of the aims of each subsequent chapter. 

 

1.2 What is curiosity? 

 Our understanding of curiosity encompasses the dynamic and multifaceted nature 

of an intrinsic drive to explore, inquire, and engage with novel stimuli, experiences, and 

information unrelated to external rewards. It is a construct for which probably every 

person has an intuitive idea (e.g., when someone is described as very curious). However, 

psychological research has persistently struggled to establish consensus over the 

definition, dimensionality, and cognitive underpinnings of curiosity, as well as its 

developmental trajectory from infancy onward (Begus & Southgate, 2018; Kidd & 

Hayden, 2015). Furthermore, most frameworks focus on aspects of the information in our 

environment, conceptualising and testing under which circumstances we are most curious 

with varying assumptions of cognitive richness. This focus relates to state curiosity, 

whereby certain aspects of the information elicit states of curiosity which trigger 

exploration and approach behaviours as a function of novelty, surprise, a knowledge gap, 

or potential learning progress. Conversely, there is a vast amount of adult research 

focusing on curiosity as a personality trait in the form of stable, self-reported tendencies 

to perceive, create and approach new learning opportunities. The following sections will 

present and critically evaluate the literature on both perspectives, with a particular focus 

on their application in infant research. 

 

1.2.1 What is state curiosity? 
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A multitude of theoretical frameworks have postulated that curiosity is a transient 

response to various elements of the environment, with increasing procedural 

sophistication and assumed cognitive richness. Originally, curiosity was defined as a mere 

attentional bias towards novel, complex and ambiguous stimuli, with its conceptualisation 

embedded in a behaviourist approach (Hall & Smith, 1903). Subsequently, approaches 

adopted a more procedural perspective, conceptualising curiosity as a positive mechanism 

to maintain an optimal level of arousal, or as a drive to resolve an aversive state.  

1.2.1.1 Curiosity as a positive state. An example of an optimal arousal theory, 

Berlyne (1960) distinguished between diversive and specific exploration with differential 

underlying mechanisms by which an individual could achieve an optimal level of arousal. 

He defined diversive exploration as seeking any stimulation in order to increase a sub-

optimal level of arousal and avoid boredom, whereas specific exploration was posited to 

be a response to over-stimulation, leading to an arousal reduction through continued 

exposure to the same stimulus. Although Berlyne proposed these two types of exploration, 

he acknowledged that exploratory behaviour and behaviour by which knowledge is 

acquired are likely to often coincide. 

Similarly, Spielberger & Starr (1994) posed an optimal stimulation model, where 

the organism’s exploration behaviour is driven by two competing processes as a function 

of uncertainty encountered in the environment: a positive state of curiosity and an 

unpleasant state of anxiety. In this context, minimal uncertainty prompts exploration to 

seek out novel stimuli, thereby resulting in the experience of a pleasant state of curiosity. 

In contrast, an excess of uncertainty instigates a state of anxiety, for instance, regarding 

potential dangers in the environment, and consequently diminishes further exploration. 

This approach, however, would predict the individual to constantly seek out novel 

information and stimulation. Thus, it cannot explain why an individual would ever engage 

with a single stimulus for an extended period of time, nor why one would ever desire to 

hear the answer to a question, as doing so effectively resolves the uncertainty and reduces 

the positive state of curiosity. 

1.2.1.2 Curiosity as a negative state. In contrast, drive approaches view curiosity 

as a drive to resolve a negative state of uncertainty. For instance, Berlyne (1954, 1955, 

1960) proposed that uncertainty-inducing information (e.g., a novel or unfamiliar object) 

triggers curiosity, which drives exploration and engagement with the object until enough 

information has been gathered to resolve said uncertainty. Furthermore, it was suggested 

that the degree of uncertainty and the resulting state curiosity predicted proportional 
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benefits for memory formation. This was supported by findings indicating that adult 

participants formed more robust memories of information that confused them (Berlyne, 

1954). Jepma et al. (2012) further elucidated this association by demonstrating that 

blurred images facilitated incidental information encoding, with similar findings recently 

observed in infants (X. Chen et al., 2022). This was interpreted to show that uncertainty 

triggers a general state of curiosity, which enhances the individual’s capacity to process 

the momentarily encountered information. 

Other approaches conceptualised the drive to reduce uncertainty to be based on 

incongruencies between our experiences and what we believe to be true about the world. 

These approaches defined curiosity as the drive to update our internal representations in 

the pursuit of constructing new knowledge (Piaget, 1976), which is further enhanced in 

the presence of uncertainty (Berlyne, 1954). This approach considered an individual’s 

level of prior knowledge and was tested in infants using ‘violation of expectation’ 

paradigms. Infants in a study by Stahl and Feigenson (2015), for instance, tended to 

visually explore and encode more information in the context of scenes that violated their 

expectations (e.g., a ball moving through a wall rather than being stopped by it). This 

behaviour was interpreted as initiating exploration in order to seek out explanations for 

the experienced incongruency. It is, however, important to exercise caution when 

considering this assumption as it presumes infants to have robust representations of the 

world and its physical laws. Consequently, it is arguably rather rich and could not yet be 

replicated in a robust manner. 

1.2.1.3 The knowledge gap theory. The final approach, which views curiosity as 

a drive to resolve an aversive state of uncertainty, and to this day one of the most popular 

frameworks, is the information gap theory (Loewenstein, 1994; but recently reconsidered 

in the context of interest formation by Murayama et al., 2019). Here, curiosity is defined 

as the drive to close specific knowledge gaps, thereby reducing an aversive state of “not 

knowing”. This framework, comparatively, assumes the highest level of cognitive 

development from the individual, as the process of identifying such gaps requires meta-

cognitive awareness of one’s own knowledge. It was proposed that the perceived size of 

these gaps is linked to "feeling-of-knowing" (FOK) judgments. Stronger FOKs 

correspond to smaller perceived knowledge gaps, creating a sense of being closer to 

uncovering the desired information (“tip of the tongue feeling”), and consequently 

intensifies the experienced curiosity. However, there have been inconsistent findings 

concerning the specific relationship between FOK and curiosity ratings (Litman et al., 
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2005; van Lieshout et al., 2018; Wade & Kidd, 2019) possibly because they reflect 

curiosity about one’s own knowledge rather than the piece of information itself. 

Furthermore, this framework cannot precisely differentiate whether knowledge 

gaps motivate information seeking to reduce an aversive state of curiosity, or because 

they induce a positive state of curiosity driving the pursuit of knowledge (see Litman et 

al., 2005). In fact, a drive to reduce an aversive state alone could not explain why humans 

would approach new situations, create new knowledge gaps themselves (e.g., by coming 

up with creative questions or trying to solve impossible riddles), and report enjoying those 

experiences. Neurophysiological studies (Gruber et al., 2014; Jepma et al., 2012; Kang et 

al., 2009) provide support for this criticism by demonstrating increased activity in the 

dopaminergic reward areas following unresolved states of curiosity (e.g., unanswered 

trivia questions). This indicates that curiosity is a positively experienced state in 

anticipation of information, rather than being a rewarding experience solely in the context 

of resolving it.  

Furthermore, it is important to note that the knowledge gap theory establishes 

certain limitations on what one can be curious about. For example, the recognition of a 

knowledge gap necessitates having some degree of prior knowledge. Furthermore, the 

level of meta-cognition required to identify such states is arguably not yet developed in 

infants, and thus cannot explain curious exploration early in development. While some 

philosophers have gone as far as to state that infants therefore, by definition, cannot be 

curious (e.g., Inan, 2013), any observation of an infant would challenge this position. 

Instead, these definitions should be viewed as a rich conceptualisation of curiosity 

originating from a focus on the adult mind. It is consequently necessary for the research 

field to adapt them in order to expand their applicability into younger populations like, 

for instance, Schulz and Bonawitz (2007) accomplished.  

Specifically, they were able to design a study testing the knowledge gap theory in 

children aged between 4 and 7.5 years by conceptualising the drive to close a knowledge 

gap via observable exploration behaviours. Their findings indicated that children 

preferred to explore a familiar functional toy over a novel one if a preceding 

demonstration did not sufficiently explain its working mechanism. Conversely, children 

demonstrated a preference for exploring a novel toy if the mechanism had previously 

been demonstrated fully, thus eliminating the need to close a knowledge gap. This 

adaptation suggests the potential for integrating theoretical and methodological 

conceptualisations of curiosity to align existing approaches with the developing mind (see 
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also De Eccher et al., 2024). However, this still leaves open the questions regarding 

spontaneous exploration in the absence of an identified knowledge gap, as well as its 

application in infancy. 

1.2.1.4 The interest/deprivation theory. The interest/deprivation theory (Litman 

& Jimerson, 2004), building upon and combining the two perspectives, proposes that 

curiosity can be understood as a positive and a negative state. The positive state of interest 

is characterised by novelty-seeking, whereas the negative state of deprivation is 

associated with a specific and deliberate search for information to resolve a specific 

knowledge gap. The two states are described as qualitatively distinct from one another 

and as being closely linked to the motivational systems of wanting and liking (referring 

to Berridge, 1999; Berridge & Robinson, 1998). 

Specifically, interest is defined as a positive state that motivates individuals to 

seek out and enjoy learning new things. It thereby overlaps with the positive definitions 

of curiosity and is stated to be linked to the motivational system of liking. The extend to 

which a stimulus is liked, or how interested an individual is in it, is then said to be 

determined by how well the information can be processed (Reber et al., 2002). 

Conversely, deprivation is defined as an unpleasant state that motivates individuals to 

seek out specific information to resolve an aversive state of uncertainty. It thereby 

overlaps with negative definitions of curiosity and is said to be linked to the system of 

wanting or the ‘need-to-know’. However, it is also possible to view these systems as a 

unified entity, with differentiation occurring according to the temporal horizon for 

receiving and processing information. To elaborate, interest/liking, as mentioned above, 

is considered to be triggered by readily available information that is easy to process. From 

this perspective, deprivation/wanting can be viewed as a response to the need for not 

directly accessible information based on the same drive to process it. 

In summary, the reviewed approaches consider mature cognition, including 

metacognitive awareness, and typically adopt a bi-state approach. Nevertheless, they can 

be deconstructed to converge on the idea that curiosity is a drive to gather information 

that can update our knowledge. The experienced state of curiosity is then linked to the 

relation between one’s prior knowledge and the accessibility and processibility of said 

information. 

1.2.1.4 Learning progress maximisation. A recent framework emerging from 

the field of developmental robotics offers a precise computational account in line with the 

above rationale. This is the framework of learning progress maximisation (see review  in 
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Gottlieb et al., 2013). Learning progress, here, refers to the update of an individual's 

internal representation of the world, for instance in the form of a decrease in prediction 

error (Kaplan & Oudeyer, 2007; Poli et al., 2020, 2022; Ten et al., 2021; and thus not in 

conflict with predictive processing frameworks, e.g., Clark, 2013; Friston, 2010; Lieder 

& Griffiths, 2020). Importantly, this framework does not imply a cognitively rich 

motivation to succeed in a specific learning task. Instead, it conceptualises curious 

information sampling and exploration on a continuous spectrum and predicts that an 

individual will be most curious about stimuli that are neither too similar nor too different 

compared to their internal representations. This is because such stimuli offer the largest 

update opportunity relative to the individual's current knowledge.  

This reiterates the drive perspectives, where the individual aims to reduce 

uncertainty, and integrates the optimal arousal perspective, where neither too much nor 

too little uncertainty is pleasurable. In this way, it can explain continued exploration, 

learning, and growth from infancy onward. For example, learning progress maximisation 

can be used to explain observations regarding infants’ shifting from a familiarity towards 

a novelty preference as a function of information encoding (e.g., Hunter & Ames, 1988; 

Kosie et al., 2023; Oakes et al., 1991; Rose et al., 1982). Furthermore, it aligns with 

Berlyne’s (1960) proposed inverted U-shaped, optimal learning curve and observations 

of the Goldilocks effect in infants. That is, Kidd et al. (2012, 2014) found that infants 

looked the longest towards stimulus sequences of intermediate predictability. Poli et al. 

(2020) subsequently demonstrated computationally, that a stimulus sequence’s learning 

progress could predict infants’ looking and looking away above and beyond predictability 

or surprise alone. Similarly, Twomey and Westermann (2018) showed in a computational 

model that learning progress maximisation could best explain infants’ categorisation 

successes previously observed through sequences that maximised or minimised stimulus 

differences (Mather & Plunkett, 2011). They also emphasised the importance of 

considering the individual’s in-the-moment readiness to learn, as what maximises 

learning changes with every new experience. 

In accordance with the general proposition that curiosity is a drive to achieve a 

pleasant or intrinsically rewarding state, this mechanism specifies that making and 

anticipating learning progress is associated with an intrinsic reward. As previously stated, 

this assumption has been corroborated by adult studies in which dopaminergic reward 

areas demonstrated heightened activity during self-reported states of curiosity (Gruber et 

al., 2014; Jepma et al., 2012; Kang et al., 2009; Lau et al., 2020; Ligneul et al., 2018). 
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Indeed, the implementation of an algorithm that rewarded and thus positively reinforced 

behaviours that maximised learning progress led a robot to explore in a manner similar to 

that of infants: it did not waste resources on what was too easy or too difficult to learn, 

and successfully self-discovered various effects it could have on its environment, leading 

to further exploration and learning (Baranes & Oudeyer, 2013; Forestier & Oudeyer, 

2016; Kaplan & Oudeyer, 2007; Oudeyer et al., 2007). However, the underlying 

mechanisms of such dynamically evolving states of curiosity within infants’ active, 

moment-to-moment information sampling remain poorly understood. This question will 

be investigated in Chapter 2. 

1.2.1.5 Interim summary. In this section, I reviewed the most prominent 

theoretical approaches to conceptualising state curiosity. These approaches define 

curiosity through characteristics of the information in our environment which elicit an 

intrinsic drive to explore and gather information to update our representational models of 

the world. The only approach that can explain such exploration from infancy onward is 

learning progress maximisation, as it does not assume metacognitive awareness and 

harmonises both spontaneous explorative behaviours and more sustained engagement 

with information. It is important to note that none of these perspectives explicitly included 

an effect of trait curiosity on modulating these behaviours. The only mention of trait 

curiosity was made by Spielberger & Starr (1994) and Litman & Jimerson (2004) in the 

form of a stronger tendency to experience the proposed states. Nevertheless, this does not 

account for a mechanism of trait curiosity, nor can it specifically predict individual 

differences in information sampling strategies. Consequently, such trait curiosity has not 

been the focus of the experimental studies testing these theories. Given the indisputable 

existence of individual differences in the manner in which information is processed, 

evaluated, and sampled, it is evident that the exclusion of trait curiosity within theoretical 

conceptualisations of curiosity represents a substantial gap in the literature. 

1.2.2 What is trait curiosity? 

As alluded to above, a comprehensive understanding of curiosity necessitates its 

consideration as a trait. A trait perspective requires the measurement of more stable 

behavioural tendencies in which the construct is manifested (for further details on such 

measurement, please refer to section 1.4). In contrast to adult research, where such 

manifestations are predominantly captured in self-reflections on feelings of curiosity and 

interest (for reviews, see Grossnickle, 2016; Jirout & Klahr, 2012; Wagstaff et al., 2021), 

in infants and pre-verbal children, its manifestation typically refers to self-guided 
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exploration and interactions with their environment (for a review, see Bazhydai et al., 

2021). Indeed, infants are known to be active learners whose exploration skills – gross-

motor, fine-motor, and communicative – undergo a significant evolution throughout the 

first two years of life (Lockman, 2000; Piaget, 1976). These skills are then used to gain 

new information (e.g., Aguirre et al., 2022) by interacting with their physical (Adolph & 

Hoch, 2019; Bourgeois et al., 2005; Fontenelle et al., 2007; Hoch et al., 2019) and social 

(Bazhydai et al., 2020; Karasik et al., 2014; Liszkowski et al., 2007) environment.  

A number of studies have documented variability in specific exploration 

behaviours throughout the first two years of life and across various experimental 

paradigms (e.g., Bornstein et al., 2013; Colombo et al., 1991; Fortner-wood & Henderson, 

1997; Franchak et al., 2016; Mandler et al., 1987; Muentener et al., 2018; Piccardi et al., 

2020; Slone et al., 2019; Smith & Yu, 2013; Wass & Smith, 2014), likely reflecting 

differences in infants’ trait curiosity. To specify individual tendencies across active 

exploration, conceptualisations such as the breadth and depth of exploration (Caruso, 

1993) as well as specific and diverse exploration (Berlyne, 1960) could be employed. For 

example, an infant with a tendency for broad and diverse exploration may display interest 

and interactions with a multitude of objects in their environment. In contrast, an infant 

inclined towards more in-depth and specific exploration may prioritise focusing on the 

functions of a single object and requesting further information about it from 

knowledgeable others. The differentiation between wider and more specific exploration 

also maps onto the framework of exploration and exploitation, which I will shortly 

introduce here as it is a central framework to this thesis. 

This framework originally described the dilemma of when to optimally disengage 

from exploiting a rewarding yet depleting resource and, instead, explore the uncertain 

environment to discover new sources worth exploiting (Charnov, 1976). Considering the 

optimal moment of disengagement can, furthermore, be attributed to state curiosity. With 

regard to the mechanism of learning progress maximisation, for instance, it 

conceptualises the moment when disengagement is optimal in order to avoid wasting 

resources on what is too familiar or too unfamiliar. However, it can also be used to identify 

more global tendencies across multiple observations of sequential information sampling 

choices. In this way, the balance between exploration and exploitation may be indicative 

of an individual’s trait curiosity.  

In order to achieve the greatest possible reward and thus optimally construct one’s 

knowledge, it is necessary to engage in both exploration and exploitation (e.g., Meder et 
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al., 2021; Pelz et al., 2015; Ruggeri et al., 2016). In the context of infants’ knowledge 

construction, for example, it is necessary to engage in exploration of the wider 

environment in order to discover numerous objects and generate diverse experiences, 

thereby reducing the uncertainty of the environment as a whole (Blanco & Sloutsky, 2020, 

2021; Lapidow & Bonawitz, 2023; Liquin & Gopnik, 2022; E. Schulz et al., 2019; Şen et 

al., 2024; Sumner et al., 2019). Nevertheless, it is equally crucial to direct subsequent 

exploration towards specific objects to extract and robustly encode the information they 

can provide (exploitation). Infants may then differ in the extent to which they prioritise 

exploration over exploitation, although no evaluation of either tendency is imposed at this 

stage. 

While previous research has explored individual differences in infants’ active 

exploration behaviours (e.g., Caruso, 1993), this work has not been employed to 

investigate early trait curiosity. The absence of research on infants’ trait curiosity may be 

attributed to the prevailing lack of applicable theoretical approaches. However, research 

has demonstrated that observations of specific exploration behaviours are not particularly 

stable over time (e.g., Muentener et al., 2018) and are costly to collect, rendering them 

unreliable and inefficient as a trait measure. In contrast, trait measures in adults tend to 

take the form of relatively brief self-report measures (e.g., reviews, Grossnickle, 2016; 

Jirout & Klahr, 2012). Nevertheless, the development of questionnaires is a lengthy 

process that typically involves numerous revisions. It is also not uncommon for there to 

be disagreement about theoretical assumptions and specific analytical decisions which 

are amplified by the likely emergence of different factor-structures across independent 

samples (e.g., Eysenck, 1992). Moreover, even when a questionnaire measure has been 

developed, its informative value is contingent upon its capacity to explain observed 

behavioural variance, which has been demonstrated to be challenging, particularly early 

in development (e.g., Madhavan et al., 2024). Given the combination of these challenges, 

it is understandable that a reliable and valid measure of infant trait curiosity has yet to be 

developed. Chapter 3 of this thesis reports on the development of such a measure, whereas 

Chapters 4 and 5 explore its explanatory and predictive strength regarding observed 

exploration behaviours and language development. 

 



 

13 

 

1.3 Why is early curiosity important to investigate? 

Despite the absence of a consensus regarding the definition of curiosity from 

infancy onwards, the majority of theoretical frameworks concur that curiosity is 

associated with an intrinsic drive to learn about our environment. It is therefore a pivotal 

element in how we construct our understanding of the world and in our continued 

development throughout our lives. Consequently, it should not be overlooked in 

developmental research merely because it is challenging to conceptualise. Instead, greater 

effort is required to bridge the gap and include infancy in this research field. 

By investigating state curiosity, we gain insights into how infants process and 

sample information to construct their knowledge in the most efficient (Kidd et al., 2012; 

Poli et al., 2020; Ten et al., 2021), effective (Ackermann et al., 2020; Bazhydai et al., 

2020; Twomey & Westermann, 2018), and enjoyable ways. For example, from recent 

research we learned that a state of curiosity is associated with enhanced information 

encoding (Ackermann et al., 2020; X. Chen et al., 2022; Stahl & Feigenson, 2015). 

Likewise, allowing infants to lead their play interactions (C. Chen et al., 2021; Pridham 

et al., 2000; Schatz et al., 2022; Suarez-Rivera et al., 2019; Tamis-LeMonda et al., 2013) 

and responding to their communicative expressions of curiosity (Begus et al., 2014; 

Goldstein et al., 2010; Lucca & Wilbourn, 2019) benefitted their sustained attention, 

positive mood, and learning achievements. Similar findings in adults (Gruber et al., 2014; 

Jepma et al., 2012; Kang et al., 2009) but also in children (Alan & Mumcu, 2024; Engel, 

2011; Evans et al., 2023; A. Singh & Manjaly, 2022; Walin et al., 2016; Watson et al., 

2018) showed that providing information in ways that sparked curiosity improved 

memory formation and learning experiences. Consequently, the investigation of state 

curiosity enables us to gain a deeper insight into how infants structure their engagement, 

while also elucidating the ways in which learning can be facilitated and even optimised. 

In order to gain a comprehensive understanding of curiosity, it is essential to 

acknowledge the role of trait curiosity in modulating our experiences of such curious 

states. However, this mechanism is barely understood in infancy, despite the fact that this 

period is when the foundations are laid so that such trait differences are likely to have the 

greatest impact on our developmental trajectories. It is therefore recommended that this 

area of research receive greater attention than it has thus far. In contrast, research has been 

conducted on infants’ specific exploration behaviours, which showed that individual 

differences can explain and predict vocabulary, problem-solving abilities, and academic 
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achievement (e.g., Berg & Sternberg, 1985; Bornstein et al., 2013; Caruso, 1993; 

Muentener et al., 2018; Smith & Yu, 2013). This evidence suggests that trait curiosity 

underlying these behaviours may be a beneficial factor. Similarly, older children with 

higher levels of curiosity were found to explore more efficiently and learn more 

successfully  than their less curious peers (e.g., Inagaki, 1978; van Schijndel et al., 2018). 

Such benefits appear to extend across development, as numerous studies on adults have 

demonstrated positive associations between curiosity and academic achievement, job 

performance, and innovation (e.g., Grossnickle, 2016; Hardy et al., 2017; Kashdan et al., 

2020; Kashdan & Yuen, 2007; Mussel, 2013; Reio & Wiswell, 2000; Reio & Callahan, 

2004), as well as creativity (Schutte & Malouff, 2020), adaptability (Reio & Wiswell, 

2000; Van der Horst et al., 2017), and even mental and cognitive health later in life (e.g., 

Galli et al., 2018; Sakaki et al., 2018). Given that trait curiosity in adulthood is likely to 

have its origins early in development, a more comprehensive understanding of curiosity 

from infancy onwards could provide substantial insights into its cascading effects across 

the lifespan.  

Finally, such a holistic account of curiosity necessitates an examination of the 

interplay between trait and state curiosity (Pérez‐Edgar et al., 2020). Similar demands 

have recently been expressed for adult research due to its strong focus on trait curiosity 

(Reio, 2024). Contrastingly, research on curiosity in early development has almost 

exclusively focused on environment-driven states or individual differences in specific 

exploration behaviours, rather than on a stable and more global trait. It is plausible that 

positive experiences with exploration and learning (e.g., states of maximised learning 

progress) likely reinforce similar behaviours and perceptions of learning opportunities, 

eventually forming a more stable trait. An imbalance between tendencies to explore or 

exploit may result in suboptimal development. For example, insufficient exploitation may 

lead to premature disengagement (Piccardi et al., 2020) and inhibit robust memory 

formation, whereas insufficient exploration may impede the discovery of information 

sources that could be exploited, thereby preventing the realisation of one’s developmental 

potential. 

An analysis of one variable in isolation cannot provide an optimal understanding 

of the research field. In order to provide a comprehensive picture and create new 

opportunities for future investigations regarding these developmental mechanisms, this 

thesis includes empirical findings regarding both state (Chapter 2) and trait (Chapter 3) 

curiosity, their relation to each other (Chapter 4), as well as trait curiosity’s predictive 
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strength regarding trajectories of language development (Chapter 5) – one of the most 

prominent developmental research fields (Mani & Ackermann, 2018; McKean & Reilly, 

2023). 

 

1.4 How can we measure curiosity? 

 The preceding sections introduced the constructs of state and trait curiosity and 

provided an explanation for the necessity of further investigation. However, given that no 

previous studies have attempted to directly measure curiosity in infancy, it is clear that 

new methodological approaches are required. In the following sections, I will provide a 

brief overview of methods employed to assess infants’ state and trait curiosity, and 

introduce the avenues chosen for this thesis. 

1.4.1 How can we capture infants’ state curiosity within active exploration? 

 The reviewed research has predominantly employed infants’ looking behaviour as 

a means of investigating the underlying mechanisms of their state curiosity. This is due 

to the fact that gaze behaviour is one of the earliest skills with which infants can explore 

their environment. For this, one of the most widely utilised methodologies is eye-tacking 

where the baby’s look towards the screen is captured through relating their pupil’s 

position to an infrared light reflecting on their cornea (e.g., Holmqvist & Andersson, 

2017). Across paradigms, looking durations (e.g., Kidd et al., 2012, 2014; Poli et al., 

2020), gaze-shifting (e.g., Oakes et al., 2009) and pupil size (e.g., Ackermann et al., 2020) 

have been utilised to conceptualise infants’ state curiosity indicated by their engagement, 

information encoding, and individual levels of arousal. Furthermore, 

electroencephalography (EEG) has been employed to assess the neural correlates of 

curious states (e.g., Begus & Bonawitz, 2020; Piccardi et al., 2020). However, these 

studies employed structured, passive paradigms with the main objective of investigating 

curiosity from an information processing standpoint. 

 Alternatively, unstructured study designs, such as observational and free-play 

studies, focus on infants’ self-guided information sampling via their visual and manual 

exploration. These studies can then capture state curiosity (e.g., object selection, general 

patterns and temporal structures; e.g., C. Chen et al., 2021; Slone et al., 2019; Smith & 

Yu, 2013; Suarez-Rivera et al., 2019) as well as individual differences in specific 

exploration behaviours (e.g., Caruso, 1993; Mandler et al., 1987; Muentener et al., 2018). 

However, due to the vast amount of variance and individual preferences (e.g., Karmazyn-
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Raz & Smith, 2023), these studies are consequently less manageable for investigations of 

the mechanisms underlying such dynamic information sampling. 

A novel methodology utilising the strength of looking-time measures while also 

enabling active and dynamic information sampling in infants is gaze-contingent eye-

tracking. In contrast to the response of a touchscreen to a tap of a finger pressing a button, 

gaze-contingent eye-tracking utilises the infant's gaze to trigger specific areas on the 

screen. This approach allows infants to actively explore and learn about their 

environment, while also enabling the experimental manipulation of the presented 

information, for example in terms of visual salience or stimulus differences. Wang et al. 

(2012) demonstrated that 6- to 8-month-old infants were able to learn that certain areas 

on the screen were interactive while other areas were not, resulting in the avoidance of 

those non-contingent areas. Furthermore, Tummeltshammer et al. (2014) showed that 

infants of the same age group learned cue-reward associations, which guided their gaze-

contingent triggers to exploit the associated rewards. These findings collectively indicate 

that within gaze-contingent paradigms, infants can learn about both the environment itself 

and the information accessible in that environment. To date, however, no paradigm has 

been developed in which these two aspects are combined, allowing for intricate 

investigations of the dynamically evolving states of curiosity (Chapters 2 and 4). 

1.4.2 How can we capture early trait curiosity? 

 As previously stated, trait curiosity in infants and young children is generally 

viewed to manifest in their exploration tendencies, which can be quantified through 

behavioural assessments or caregiver report questionnaires. Behavioural assessments 

may include observations regarding the number of objects interacted with, the specific 

exploration behaviours they exhibited, the number of new functions they discovered, and 

the duration of engagement with each object and the session overall (e.g., Caruso, 1993; 

Karmazyn-Raz & Smith, 2023; Muentener et al., 2018; Slone et al., 2019). Nevertheless, 

some studies have indicated that such specific exploration behaviours in infants are not 

temporally stable (e.g., Muentener et al., 2018) and that they do not conclusively relate 

to developmental outcomes (e.g., Nicoladis & Barbosa, 2024). Furthermore, such 

assessments would require the recording, coding, and analysis of a significant number of 

hours and various behaviours  (e.g., Caruso, 1993), preferentially including a re-test. This 

would render them both time-consuming and costly. It should be noted that various 

computerised exploration assessments (e.g., games) have been developed to capture state 

and trait curiosity in older children (Evans et al., 2023; Jirout & Klahr, 2012; Tor & 
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Gordon, 2020). However, these will not be further reviewed in this context as they are not 

directly relevant to measures in infants due to their conceptual complexity. 

An alternative approach to assess early trait curiosity might be a caregiver 

questionnaire. This approach could be more efficient, applicable, and informative as it 

can utilise the caregiver’s extensive and long-term observations of the child’s exploration 

tendencies throughout daily life. Even though there are some concerns regarding the 

formation of stable traits early in development (e.g., Piotrowski et al., 2014) multiple such 

questionnaires have demonstrated good reliability and validity from infancy onward (e.g., 

Hoicka et al., 2023; Jago et al., 2023; Putnam et al., 2014; Salomonsson & Sleed, 2010). 

Nevertheless, while there are numerous trait curiosity measures for adults (see review 

Grossnickle, 2016) and even a few for children (for a review, see Jirout & Klahr, 2012; 

Piotrowski et al., 2014), as of yet, there are no validated curiosity questionnaires 

specifically for infants and toddlers. Two recently reported measures are worth 

mentioning, however, with one being applied to children between 10 months and six and 

a half years of age (Lee et al., 2023), and the other consisting of a subset of various 

caregiver-report items as an ad hoc measure of curiosity (Shah et al., 2018). The former 

measure was reported to be able to associate infants’ curiosity with longer looking in a 

violation of expectation paradigm. The latter found links between curiosity and children’s 

later academic achievement in kindergarten. Collectively, these findings indicate the 

methodological potential of a fully developed and validated measure. However, without 

rigorous development and validation efforts, questionnaire measures cannot offer reliable 

or meaningful data (Flake & Fried, 2020). Consequently, a significant portion of this 

thesis will be devoted to the validation process, including the introduction of a newly 

developed caregiver report measure (Chapter 3) and the testing of its predictive strength 

by explaining variance in infants’ active exploration (Chapter 4) and their language 

development longitudinally (Chapter 5).  

 

1.5 How will this thesis spark your curiosity? 

 This general introduction has reviewed how curiosity can be understood as both a 

state and a trait, demonstrating its crucial role in development. It has also outlined the 

ways in which curiosity has been investigated, with a particular focus on infants. 

However, this review has also identified a lack of understanding and conceptualisations 

that can be applied throughout development. The following chapters present four 
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empirical studies which aim to advance our theoretical understanding of infant curiosity 

by resolving methodological issues pertaining to its conceptualisation and measurement. 

Each of the following experimental chapters therefore intends to provide intrinsically 

rewarding learning progress by achieving the following goals: 

 

1. Offer methodological innovations to measure both state and trait curiosity in 

infants (Chapters 2 & 3).  

2. Increase our knowledge of the mechanisms underlying how infants structure their 

dynamic information sampling (Chapter 2). 

3. Reliably and cost-efficiently capture exploration tendencies as a manifestation of 

trait curiosity, above and beyond temperament, early in development (Chapter 3). 

4. Explore the correspondence between trait curiosity and dynamic information 

sampling (state curiosity) in infants (Chapter 4). 

5. Explore the predictive link between trait curiosity and language development, 

including potential limits to curiosity’s benefits (Chapter 5). 

6. Further the conceptualisation and understanding of curiosity from infancy onward 

by considering the meaning of this thesis’ findings in the larger context of 

development. 

7. Offer a novel, holistic account of curiosity with theoretical propositions on the 

mechanisms underlying curiosity-based engagement and, importantly, integrating 

parameters of individual differences (General Discussion).  

  



 

19 

 

2 INFANTS’ DYNAMIC 

INFORMATION SAMPLING 
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2.1 Linking Statement 

In the following chapter, I provide an investigation of active information sampling 

in 10- to 12-month-old infants as a conceptualisation of their dynamically evolving state 

curiosity. Previous studies on infant curiosity showed that their engagement with 

passively presented stimulus sequences was guided by mechanisms to maximise their 

learning progress through decreasing prediction errors (Poli et al., 2020) and not waste 

their recources on engaging with sequences that were too predictable or too unpredictable 

(Kidd et al., 2012; 14). Studies on infants’ active exploration, on the other hand, 

demonstrated exploitative tendencies to repeatedly engage with a select number of objects 

(e.g., Karmazyn-Raz & Smith, 2023; Smith et al., 2018). Here, we designed a new 

interactive paradigm utilising gaze-contingent eye-tracking, that enables infants’ active 

information sampling within a controlled environment (e.g., Bazhydai et al., 2022; 

Tummeltshammer et al., 2014; Wang et al., 2012). Our focus in this experimental study 

was to investigate whether we would find observable patterns and systematicities in the 

way infants dynamically structure their sampling based on their preceding exploration 

history. The findings of this study have both theoretical and methodological implications 

regarding how state curiosity is conceptualised and captured within infants’ active 

exploration. 

 

This chapter is currently under review following a revise-and-resubmit in Cognition. 

 

Altmann, E. C., Bazhydai, M., & Westermann, G. (under review 2nd round). Curious  

Choices: Infants’ moment-to-moment information sampling is driven by 

their exploration history. Cognition. 
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Research highlights: 

• A powerful new paradigm enabling active exploration in a controlled environment. 

• Infants’ curiosity-driven exploration within this paradigm was non-random. 

• Infants generated different sampling patterns, from explorative to exploitative. 

• The largest emerging group, however, sampled information from both categories. 

• Exploration history and pre-switch behaviour predicted exploratory switching. 

  

https://osf.io/ayjv7/
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2.2 Abstract 

Infants explore the world around them based on their intrinsically motivated curiosity. 

However, the cognitive mechanisms underlying such curiosity-driven exploratory 

behaviour remain largely unknown. Here, infants could freely explore two novel 

categories, triggering a new exemplar from a category by fixating on either of the two 

associated areas on a computer screen. This gaze-contingent design enabled us to 

distinguish between exploration – switching from one category to another – and 

exploitation – consecutively triggering exemplars from the same category. Data from 10-

12-month-old infants (N=68) indicated that moment-to-moment sampling choices were 

non-random but guided by the infants’ exploration history. Self-generated sequences 

grouped into three clusters of brief more explorative, longer exploitative, and overall 

more balanced sampling patterns. Bayesian hierarchical binomial regression models 

indicated that across sequence patterns, infants’ longer trigger time, shorter looking time, 

and more gaze-shifting were associated with trial-by-trial decisions to disengage from 

exploiting one category and making an exploratory switch, especially after consecutively 

viewed stimuli of high similarity. These findings offer novel insights into infants’ 

curiosity-driven exploration and pave the way for future investigations, also regarding 

individual differences. 

 

Keywords: infant curiosity, information sampling, exploration-exploitation, gaze-

contingent eye-tracking 
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2.3 Introduction 

Curiosity is considered the driving force behind exploration, discovery, and 

learning, motivating us to seek out new experiences, knowledge, and skills. It is, 

therefore, a crucial developmental factor from infancy onward, which has also been 

linked to positive outcomes later in life. Although there are various theoretical approaches 

to defining curiosity, they mostly agree that it reflects an intrinsic motivation to acquire 

information to enhance our understanding of the world (see reviews Bazhydai et al., 2021; 

Begus & Southgate, 2018; Kidd & Hayden, 2015; Reio et al., 2006; but see also Dubey 

& Griffiths, 2020). It manifests itself in exploratory behaviours; however, little is known 

about what drives moment-to-moment choices of such curiosity-based exploration in 

infants. In this study, we aimed to capture infants’ active exploration within a controlled 

environment employing state-of-the-art gaze-contingent eye-tracking methodology. 

2.3.1 Infants explore actively 

Infants are active explorers who help shape their own learning experiences (e.g., 

Piaget, 1970; Smith et al., 2018). These behaviours manifest themselves in, for example, 

visual and tactile exploration, but also in requesting information from others by pointing 

and later through verbal communication. Such exploration opportunities dramatically 

evolve throughout the first two years of life with infants developing a variety of new skills 

– gross-motor, fine-motor, and communicative – supporting ever more sophisticated 

exploratory behaviours and offering new perspectives on their immediately accessible 

physical (Adolph & Hoch, 2019) and social (Karasik et al., 2014) environments. In fact, 

infants autonomously adapt their exploration strategies to characteristics of their 

environment, such as employing different actions on objects based on their properties 

(e.g., Bourgeois et al., 2005; Fontenelle et al., 2007), selectively preferring an action that 

previously provided new information, travelling farther in a room with toys than without 

(Hoch et al., 2019), and selectively referring to the more informative adult when seeking 

an answer in a situation of referential uncertainty (Bazhydai et al., 2020). Infants also 

showed increased focus, longer-lasting exploration, and better learning when the course 

of play or interactive exploration followed their attention (C. Chen et al., 2021; Schatz et 

al., 2022; Suarez-Rivera et al., 2019; Tamis-LeMonda et al., 2013) rather than the 

caregiver’s redirection (Bono & Stifter, 2003; Mendive et al., 2013; Pridham et al., 2000). 

Similarly, there seems to be a learning advantage for novel labels when these are 

presented in response to the infant’s pointing gesture (Begus et al., 2014; Lucca & 
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Wilbourn, 2019) and object-directed vocalisations (Goldstein et al., 2010) which are 

interpreted as communicative indices of information-seeking. Together, these studies 

highlight how infants use their available skills to explore the world on their own terms 

and benefit from doing so (see also Mani & Ackermann, 2018). An important question 

within developmental research which has only recently started to gain much-needed 

attention is to understand the mechanisms underlying infants’ dynamic exploration as well 

as why it leads to these advantages (Begus & Southgate, 2018; Kidd & Hayden, 2015). 

2.3.2 Exploration as a function of environment knowledge and learning mechanism 

To better understand infant exploration, we need to consider which factors may 

guide infants’ exploratory choices dynamically. This includes both previous experience 

with the environment as well as the mechanism by which that knowledge affects 

subsequent behaviour. Findings from looking-time studies suggest both novelty (e.g., 

Fantz, 1964; Siqueland & DeLucia, 1969; Stahl & Feigenson, 2015) and familiarity (e.g., 

Bushnell, 2001; DeCasper & Spence, 1986; Gaither et al., 2012) to be key characteristics 

to predict infants’ engagement. Studies investigating infants’ preferences for complexity 

found that infants were most likely to stay engaged at intermediate complexity levels 

(“Goldilocks effect”, e.g., Berlyne, 1960; Kidd et al., 2012, 2014; Kidd & Hayden, 2015) 

whereas infants disengaged from sequences which were too predictable (Addyman & 

Mareschal, 2013) or unlearnable (Gerken et al., 2011). 

A mechanism proposed to explain these findings is learning progress 

maximisation (e.g., Altmann et al., 2021 (See also Chapter 6); Oudeyer et al., 2007; 

Twomey & Westermann, 2018) where exploration is driven by making intrinsically 

rewarding learning progress. Findings from adult populations where higher levels of 

curiosity have been linked to stronger activation in the dopaminergic brain circuits 

(Gruber et al., 2014; Kang et al., 2009) support the notion of its intrinsically rewarding 

nature. Computational models have shown that learning progress can predict infants’ 

looking and looking away above and beyond predictability or surprise alone (Poli et al., 

2020). They have also highlighted the importance of a moment-to-moment perspective 

because what maximises learning progress is dependent on the learner’s current 

knowledge and changes dynamically with every learning experience and knowledge 

update (Twomey & Westermann, 2018). It is to be noted that learning progress thereby 

offers a comparatively lean approach to interpreting curiosity as a psychological construct 

(Goupil & Proust, 2023; Poli et al., 2024). Furthermore, how much learning progress is 
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being made by engaging with something is not only based on the available information 

in the environment but also on the degree to which it is being encoded. This is in line with 

previous research that found infants’ looking preferences to be best explained by the 

degree of exposure and encoding rather than the distinction between novelty or familiarity 

alone (e.g., Hunter & Ames, 1988; Oakes et al., 1991; Rose et al., 1982). Thus, to 

understand infants’ dynamic, curiosity-driven exploration we need to consider the 

interplay between what information the environment offers but also how the infant 

engages with that information in order to predict and understand their successive 

sampling choices.  

2.3.3 Need for a new paradigm 

 Studies on infant exploration have thus far followed one of two main 

methodological approaches: either employing largely unstructured designs such as free 

play sessions, using observation and video recordings or head-mounted cameras and eye-

tracking (e.g., Hoch et al., 2019; Rodriguez & Tamis-LeMonda, 2011; Slone et al., 2019; 

Yu & Smith, 2012), or controlled laboratory settings to capture visual exploration and 

engagement across predefined groups of stimuli and sequences (Addyman & Mareschal, 

2013; X. Chen et al., 2022; Kidd et al., 2012; Poli et al., 2020). While both allow for 

invaluable insights into infant exploration, they do represent two ends of a continuum. 

Free play studies provide rich data on more descriptive characteristics of infants’ 

curiosity-driven exploration, but the emerging variability poses difficulties in deriving 

precise mechanistic accounts. On the other hand, structured studies allow for precise 

manipulation of the provided information to disentangle underlying factors explaining 

exploration behaviour, such as predictability or stimulus similarities, but do not capture 

the active choices infants would make in more natural settings. Here we propose a 

paradigm which combines these approaches by using gaze-contingent eye-tracking – 

where the visual display changes in response to the infant’s fixation. This approach 

enables infants to determine the sequence and timing of their exploration within an 

otherwise controlled environment.  

Previous studies employing gaze-contingent eye-tracking have shown that infants 

quickly learn the association between looking towards a specific area on the screen and 

certain types of information or stimuli being presented (Bazhydai et al., 2022; Keemink 

et al., 2019; Miyazaki et al., 2015; Sučević et al., 2021; Tummeltshammer et al., 2014; 

Wang et al., 2012; Zettersten, 2020). It is therefore a powerful method to implement an 
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active component into a structured study design. In fact, similar to our conceptualisation, 

recent studies (Bazhydai et al., 2022; Zettersten, 2020) also employed gaze-contingent 

eye-tracking as a way to investigate infants’ active sampling and exploratory behaviours. 

 In our new ‘Curious Choices’ paradigm, infants can discover interactive 

information sources in the environment and thereby freely explore two novel categories 

by fixating on an associated area on the screen, triggering the presentation of a novel 

exemplar from the respective category. In this way, infants can self-generate exploratory 

sequences which provide data for more general characteristics of the emerging 

exploration patterns, but also allow for mechanistic investigations regarding infants’ 

dynamic sampling choices based on the information sources they discovered and how 

they engaged with the encountered, varying visual information. 

2.3.4 Exploration-exploitation framework 

 The ‘Curious Choices’ paradigm allows infants to create sequences for receiving 

information about two novel categories, where every trigger can be conceptualised as a 

decision to either continue viewing exemplars from one category or to switch over to the 

other. A useful framework to explain and predict such dynamic choices of ‘staying’ versus 

‘switching’ is the exploration-exploitation trade-off (Charnov, 1976). Applied to 

curiosity-driven exploration, this trade-off would predict the agent to exploit an 

intrinsically rewarding learning opportunity (in other words the focused exploration of a 

known information source), but to disengage when learning progress subsides. Instead, 

the agent would then turn to explore the environment more broadly in pursuit of other 

options worth exploiting (e.g., Oudeyer & Smith, 2016). Making such an exploratory 

switch requires cognitive effort to redirect one’s attention (Pelz et al., 2015) leading to a 

baseline tendency to exploit (Hayden et al., 2011). Accordingly, the new paradigm allows 

us to evaluate these assumptions by linking the exploration-exploitation trade-off to the 

mechanism of learning progress maximisation. While the exploration-exploitation 

framework has been applied to investigate information seeking in adults often employing 

a k-armed bandit paradigm where the participant can sample from k-amount of reward 

sources (Averbeck, 2015), these studies were mainly focused on maximising external 

rewards (e.g., Daw et al., 2006; Somerville et al., 2017). Furthermore, only recently work 

has started to study children who had long been assumed to explore un-systematically 

(Blanco & Sloutsky, 2020; Schulz et al., 2019). For instance, in a computerised task, 

Meder et al. (2021) found that 4- to 9-year-old children explored the environment in an 



 

27 

 

uncertainty-directed manner to maximise their rewards, with random exploration 

decreasing with age. Regarding earlier emerging, manual exploration in the absence of 

external rewards, Karmazyn-Raz & Smith (2023) found a systematic toy selection where 

21-month-olds showed exploitative engagement with a selection of objects but only rarely 

engaged with all others. In summary, the exploration-exploitation trade-off lends itself to 

predicting dynamic exploration choices and, together with the novel paradigm, offers new 

insights into the systematicity even of infants’ active information sampling. 

2.3.5 The current study 

The aim of the current study was to investigate infants’ curiosity-driven 

exploration of two unfamiliar categories within a controlled environment. For this, we 

developed and employed the Curious Choices paradigm, comparable to a 2-armed bandit 

task. Here, 10-12-month-old infants were introduced to two Fribble species (TarrLab) 

which are novel stimuli with animal-like features (Williams, 1998). Two identical 

“houses” were presented on a computer screen, and at each trial, a new exemplar from 

one of the categories was revealed if the infant fixated on the corresponding house. This 

way, we could explore how intrinsic curiosity resulted in specific exploration patterns 

which, in turn, captured how infants weighed exploration against exploitation. 

Importantly, it also allowed us to disentangle behavioural and environmental factors 

explaining their sampling choices. The age group was chosen on the basis that the infants 

would have relevant skills such as object permanence (e.g., Bremner et al., 2015) and 

higher-level representations guiding their looking (Kiat et al., 2022) as the novel 

categories would not be visible unless triggered. The research questions were as follows:  

1. Do infants explore non-randomly within this new paradigm?  

2. Do patterns emerge from the self-generated sequences based on how exploration was 

weighed against exploitation?  

3. Can we predict the dynamic exploratory choices by aspects of the infant’s behavioural 

patterns and exploration history?  

3.1 And lastly, do these predictors differ between the possibly emerging exploration 

patterns? 
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2.2 Methods 

2.2.1 Participants  

The sample consisted of N = 68 typically developing infants (age range: 10-12 

months, M = 11.14, SD = 0.52, 50% female) from the northwest of England. Additionally, 

three infants were excluded due to calibration problems and another infant due to not 

engaging with the study procedure. Caregivers were reimbursed £5 for their travel and 

the child received a small gift (book or t-shirt) for participating. Informed consent was 

obtained before the study commenced. The study was approved by the University 

Faculty’s research ethics committee. 

2.2.2 Materials 

2.2.2.1 Stimuli 

Novel visual stimuli, called Fribbles, were sourced from the open TarrLab 

repository1. Fribbles are animal-like figures with four distinct body parts, each of which 

comes in three variants. Two species (FA2 & FB4, see Figure 2.1) were chosen under the 

consideration that none of the four body-parts was dominantly salient (Barry et al., 2014; 

Williams, 1998). Thirty out of 81 possible stimuli per species (in the following referred 

to as categories) were selected to capture the possible variability in stimulus similarities 

(differences in one to four body-parts). The stimuli were standardised to a size of 400x300 

pixels with the exemplar presented on a white background, matched in luminosity using 

Adobe Photoshop. For both categories, a random stimulus sequence was created 

determining which stimulus would be presented at any given trial, if triggered, consistent 

across participants but counterbalanced regarding their associated location. Additionally, 

10 exemplars from two animal categories – ducks and tortoises on white background 

(532x531 pixels) – were selected for the warm-up phase. Per phase, two identical houses 

functioned as ‘buttons’ triggered by fixations. 

2.2.2.2 Apparatus & Procedure 

Prior to the appointment, caregivers were asked to complete a short infant 

curiosity questionnaire (Altmann et al., 2024, Chapter 3) online which will not be further 

analysed in the current paper as it was still in the process of validation by the time of 

 
1 TarrLab Stimuli at https://sites.google.com/andrew.cmu.edu/tarrlab/stimuli?pli=1 
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submission. At the lab, infants either sat on their caregiver’s lap (77%) or in a high-chair 

(23%), approximately 60 cm away from the screen (24-inch, resolution of 1920x1080 

pixels). Fixations were recorded using a TobiiX120 eye tracker positioned below the 

screen, with a gaze sampling rate of 60 Hz and a five-point calibration. Caregivers were 

explicitly instructed not to interrupt or influence their child’s behaviour. 

The experiment was structured into two parts, warm-up and exploration, each 

following a similar procedure: an introduction phase and a gaze-contingent phase. In the 

warm-up introduction, a female voice said in child-directed speech ‘There are two houses. 

Look who lives in the houses!’ while in the exploration introduction, the same voice said 

“Here are two new houses. Look who lives in these houses!”, intended to direct the 

infants’ attention towards the screen. This was followed by a video clip showing all 

exemplars (animals in the warm-up, Fribbles in the exploration phase) surrounding their 

respective house for one second, before synchronously moving into those houses over the 

duration of five seconds, accompanied by some ‘squeaky’ noises. Which categories were 

associated with which side in either part was counterbalanced across participants.  

In the gaze-contingent phases, infants could then trigger new exemplars from 

either category by fixating on the respective house for 700ms. This threshold was based 

on previous gaze-contingent designs choosing between 500 and 700ms with infants aged 

between 6 and 23 months (Bazhydai et al., 2022; Sučević et al., 2021; Wang et al., 2012; 

Zettersten, 2020), choosing a more conservative threshold to ensure more robust (less 

incidental) triggering. When a house was triggered, the next exemplar from this category 

was presented for four seconds: increasing in size for one second as if it emerged from its 

respective house, followed by static presentation for three seconds, while the other house 

was still visible (Figure 2.1). Disappearance of the exemplar was followed by a gaze-

contingent central attention getter which required being fixated for 250ms to start the next 

trial. If the infant did not fixate on either house within ten seconds, the trial was 

automatically terminated, registered as an empty trial, and an attention getter was 

presented again (following Wang et al., 2012). While the warm-up phase was constrained 

to 30 seconds (median number of warm-up triggers = 4, M = 3.5, SD = 1.57), the 

exploration phase was constrained to 30 trials (thus, a maximum of 30 Fribble exemplars 

could be triggered; median number of exploration triggers = 21.5, M = 19.8, SD = 9.77).  

The experiment ended either after 30 trials (n = 27) if the infant had three 

consecutive empty trials (n = 12), or if they became fussy so that the experimenter 

terminated the experiment during the following attention-getter phase (n = 29). However, 
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this termination did not lead to the participant’s exclusion but captured differences in how 

long infants wanted to engage with the study. Overall, the experiment lasted no longer 

than six minutes, and the overall visit lasted up to half an hour including time to arrive, 

getting accustomed to the room, as well as playtime and debriefing afterwards.  

 

Figure 2.1 Curious Choices Trial Design. Left: An example sequence of two trials: when 

a house is triggered, an exemplar from this house is shown (coloured AOI here for 

illustration purposes, not visible in practice). Cursive values indicate looking time 

necessary to make a trigger.  Right: Example stimuli from both novel categories: Fribble 

families A and B as indicated by their main body. 

 

2.2.3 Data Processing 

Data was processed and analysed using R (Version 4.1.2). Triggers were recoded 

as either a stay-event (triggering the same category as in the previous trial, e.g., AA) or a 

switch-event (e.g., AB), whereas all first triggers were coded as start-events from where 

a decision could be made to stay or switch. Then, runs of consecutive triggers towards 

each category were computed. For instance, a sequence of AABBBBA is made up of three 

runs: the first and third in category A (lengths of 2 and 1 respectively) and the second of 

length 4 in category B. Empty trials were coded to end a run as the infant disengaged for 

at least 10 seconds; thus, returning to exploration, even to the same category, implies 

renewed engagement, so the first trigger was then again coded as a start-event. 

The eye-tracking raw data was initially pre-processed through two rounds of 

interpolation (e.g., Hessels et al., 2017). The first round identified blinks and smaller 

FA2  

FB4  
4s 

700ms 

250ms 

700ms 
4s 

250ms 

max. 

10s 

max. 

10s 



 

31 

 

technical glitches by interpolating over missing samples of less than 100 ms to connect 

the preceding and subsequent looking coordinates (R package ‘eyetools’, Version 0.4.6). 

The second round connected fixations on certain areas of interest (AOI) if they were 

interrupted by fixations to another area shorter than 50ms, most likely to reflect technical 

glitches rather than short looks away (e.g., Hessels et al., 2017). AOIs were defined per 

screen phase: attention getter in the centre, house and stimulus left, as well as house and 

stimulus right, whereas fixations to non-relevant areas were coded as screen, and NA if 

off-screen. Continuous looks towards each AOI were computed, where looks shorter than 

100 ms were excluded as the minimal window-size (e.g., Chen et al., 2022). The 

remaining continuous looks were then added for total looking time per AOI and trial-

phase.  

 

2.2.4 Measures 

2.2.4.1 Overall Engagement 

Overall engagement was defined as the number of triggers the infant made over 

the course of the exploration phase (min. 1, max. 30). 

2.2.4.2 Switch Proportion 

Switch proportion was defined as the proportion of valid triggers which were 

decisions to switch from the current category to the other one (e.g., a sequence of 

AAABABB would have a switch proportion of 3/6 or 0.5 as the decisions to switch or 

stay begin at the second trigger). Higher values indicate more switching, thus, stronger 

explorative tendencies. 

2.2.4.3 Category Entropy 

Shannon entropy (H) is an information theoretical uncertainty index which can 

quantify the amount of information contained in a random variable based on observed 

event counts (Shannon, 1948). Here, it was computed as the negative logarithm of the 

observed probability to trigger either category, characterising the overall systematicity of 

the sequence. Entropy becomes maximal (H=1) for sequences where, based on previous 

observations, either choice is equally likely (i.e., random) and thus, maximally 

informative. It becomes minimal (H=0) for perfectly predictable sequences, where each 

choice is minimally informative as it is expected. 
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Both switch proportion and category entropy provide unique information about 

the participant’s exploration. For example, the switch proportion captures structural 

dynamics neglected within category entropy (e.g., same H for AAABB and ABABA), 

whereas category entropy factors in the number of observations (e.g., larger H for 

AABBBB than ABB). 

2.2.4.4 Behavioural Engagement 

Trigger time was the time from the moment the two houses appeared on screen 

(after the offset of the central attention getter) to the moment one of the houses was 

triggered. Looking time was the absolute duration the infant looked at the triggered 

stimulus. Gaze-shifts was defined as how many times during the presentation of an 

individual stimulus in a trial the infant shifted their gaze away from the currently 

displayed Fribble to the other side, that is, the untriggered house.  

2.2.4.2 Stimulus Similarity 

This was defined as the subjective similarity between the current stimulus and 

directly preceding stimulus from the same category2 indicating the additional amount of 

information about the category the current stimulus offered (more similar pairs offering 

less new information). All variables were standardised within each participant so that 

trial-by-trial predictions were based on differences in the individual’s behaviour. 

2.2.5 Analysis Plan 

While these analyses and hypotheses were not pre-registered due to the novelty 

of this paradigm and the generally exploratory nature of the study, the variables and 

general analyses were specified and decided upon before inspecting the data. The report 

of the behavioural switch-prediction in addition to their interaction with the stimulus 

similarities, however, was made ad hoc due to realising the consequently extensive 

reduction of observations (detailed below). 

2.2.5.1 Did infants explore non-randomly? 

We hypothesised that infants would explore systematically, which means that their 

trigger choices were different from chance. To analyse randomness in switching 

 
2 These scores are based on a supplementary online study with an adult sample (N = 45, Mage = 27.41, range 

= 18 to 54 years, 52.4% female) in which we obtained subjective similarity scores between all possible 

combinations of stimuli for each category on a scale from 1 (“not similar at all”) to 7 (“extremely similar”) 

which were significantly correlated with the number of objective differences (r = -0.54, p < 0.001); see 

supplementary materials S2.2 for more details. 
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behaviour at each trial as well as their category sampling, 1000 draws from a binomial 

distribution with a likelihood of .50 were simulated for each infant based on their number 

of triggers. Switch proportions and category entropy were computed for each draw. The 

simulated distributions consisted of 68000 draws for each variable, and Kolmogorov-

Smirnov tests were performed to determine if simulated and observed data came from the 

same chance distribution or not. 

2.2.5.2 Did patterns of exploration emerge? 

We hypothesised that there would be variance regarding how infants structured 

their self-generated exploration sequences. To identify emerging patterns, a cluster 

analysis was computed based on overall engagement, switch proportion, and category 

entropy, capturing quantitative and qualitative aspects of how infants weighted 

exploration against exploitation. These variables were checked for clustering using the 

Hopkins statistic (Hopkins, 1954) where the value of 0.89 (≥0.7) indicated clustering in 

the data3. As the clustering method, we chose Partitioning Around Medoids (PAM; 

Kaufman & Rousseeuw, 2009) which groups the data permutationally around central 

data-points (medoids) minimising the pairwise dissimilarities between observations 

within clusters4. The optimal number of clusters was determined using the R package 

‘NbClust’ (Version 3.0.1), the cluster analysis was conducted using the package ‘cluster’ 

(Version 2.1.2) and data visualisation was achieved using ‘plotly’ (Version 4.10.1). 

2.2.5.3 Could trial-by-trial trigger decisions be predicted? 

The novel paradigm allows us to investigate both, infants’ engagement with 

information sources in their environment, and the encountered stimuli’s effect on 

conjointly guiding their dynamic sampling choices.  

2.2.5.3.1 Behavioural switch-prediction. We hypothesised that behavioural 

indicators – trigger time, looking time, and gaze shifts – would predict the decision to 

switch from exploiting the current category to exploring the other. We expected that a 

decrease in looking time, and an increase in number of shifts during the previous trial’s 

stimulus presentation, as well as increased trigger time for the current trial (as an 

indication of a switch-cost; Daw et al., 2006; Hayden et al., 2011) would predict an 

 
3 It should be noted that a suggested, minimal sample of 100 observations for this statistic was not met and 

should therefore only be taken as an indication rather than a statistical test (Cross & Jain, 1982). 
4Compared to k-means clustering, this method is more robust against outliers and allows better 

interpretation of the emerging clusters (Kaufman & Rousseeuw, 2009). However, we ran another analysis 

using k-means with a comparable pattern of results. 
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exploratory switch. A Bayesian hierarchical binomial regression model was fitted using 

the ‘brms’ package (Bürkner, 2017), with the three predictors as population-level 

(“fixed”) effects and trial-by-trial trigger decisions (stay = 0, switch = 1) as the outcome 

variable. Furthermore, we included random intercepts at the individual level to reflect the 

structure of the data. 

2.2.5.3.2 Stimulus-dependent switch-prediction. We hypothesised that 

characteristics of the presented stimuli would affect the likelihood to switch. For instance, 

experiencing two highly similar stimuli right after one another offers little new 

information about the category and could lead to disengagement in favour of another 

information source. Consequently, we would expect greater similarities (as judged by 

participants in the online rating study) between successive stimuli to predict a subsequent 

switch. Furthermore, this effect may moderate the behavioural indicators above, so that 

the same model was used, to which the stimulus similarities interactions were added to 

capture the full complexity of the task. As this measure required runs of minimum length 

2, any single-trial runs and first trials of each run were excluded from this analysis. Thus, 

we kept these two models separate as they capture the exploration choices to different 

degrees. 

2.2.5.3.3 Differences between clusters. If our data showed evidence of clustering 

with regard to how infants engaged with the paradigm, we would further explore whether 

the predictors above differed between the emerging clusters. Thus, we would include 

clusters as interaction effects in both models. 

 

2.3 Results 

Where possible, both frequentist p-values and Bayes factors (via JASP 0.16.2.0) 

will be reported. However, we chose to fit Bayesian models for the switch-predictions as 

they provide effect distributions rather than point estimates which were considered more 

appropriate for the inherently exploratory nature of a study employing a novel paradigm. 

Additional graphs for model fit comparisons can be found in the supplementary materials 

(S2.1.1). Data and analysis code are available on the OSF. 

 

2.3.1 Infants explored non-randomly 

First, we investigated whether infants’ exploration patterns showed any 

systematicity different from chance. Kolmogorov-Smirnoff tests for two samples 

https://osf.io/ayjv7/
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indicated for both variables, switch proportion (D = 0.63, p < .001) and category entropy 

(D = 0.58, p < .001), that the simulated (random) and observed data did not come from 

the same distribution (supplementary materials Figure S2.1). More specifically, infants 

showed a general exploitative tendency as the average switch proportion was significantly 

lower than 50% (M = .28, SD = .28, Wilcoxon signed-rank test against 0.5: W = 362.00, 

p < .001; rc = -0.67; BF10 = 279.35). There was no systematic bias for triggering either a 

specific category (W = 850.00, p = .205, rc = -0.18, BF10 = 0.32) or side (W = 1214.00, p 

= .245, rc = 0.16, BF10 = 0.20). 

 

2.3.2 Three exploration patterns 

Visualisation of the average silhouette (that is, minimising within-cluster 

dissimilarities while maximising between-cluster dissimilarities; Rousseeuw, 1987) and 

within-cluster sums of squares statistics suggested the optimal number of clusters to be 

three. The three emerging clusters (Figure 2.2) can be labelled as brief explorative (n = 

9), long exploitative (n = 22), and more balanced (n = 37) sampling sequences (from here 

on referred to more accessibly as brief/explorers, exploiters, and balanced samplers, 

however, not implying stable individual differences). 

 



 

36 

 

 

Figure 2.2 Exploration Clusters. Emerging exploration clusters based on overall 

engagement (number of triggers), exploitative tendencies (switch proportion) and 

sampling systematicity (category entropy). Each point represents an individual (or 

identical, overlapping data points). 

 

While balanced samplers engaged for comparatively average length (Table 2.1), 

with relatively average switch proportion and high category entropy, the other two 

clusters captured behavioural patterns towards the opposite ends of the explore-exploit 

spectrum: brief/explorers engaged on average only very briefly, often triggered both 

categories at least once but lacked exploitation, whereas exploiters recorded on average 

the longest overall engagement, switched the least and focused most of their triggers 

towards one category, thereby lacking exploration. While a sub-sample of participants (n 

= 8) triggered only one side throughout the experiment, the remaining n = 60 did record 

triggers towards both sides. Interestingly, n = 2 of the exploiters triggered only one side 

during warm-up but then only the respective other side during the exploration phase, 

lending support to the notion that repeated triggering was not necessarily due to a 

persistent side preference established during the warm-up phase.  

Furthermore, we found that on average, explorers took the longest to make a 

trigger and exploiters the shortest (Table 2.1), supported by a negative Spearman 

correlation between mean trigger time and overall engagement (r = -.38, p = .001). While 
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infants in all three clusters looked similarly long at the triggered stimuli (which did not 

correlate with any of the exploration variables), higher rates of gaze-shifting were 

positively related to higher rates of switching (r = .38, p = .001) and category entropy 

meaning triggers towards both categories (r = .27, p = .024). It should be noted, however, 

that gaze-shifting did not occur during most stimulus presentations and thus, does not 

imply overall random or erratic looking behaviour (full correlation matrix of exploration 

and looking variables in supplementary materials).  

 

Table 2.1 Descriptive statistics per cluster. Means (standard deviations) for each of the 

characterising variables. 

 

 Brief/Explorers Balanced Exploiters 

N 9 37 22 

Sex (m:f) 6:3 19:18 9:13 

Age (in months) 11.0 (0.49) 11.2 (0.56) 11.1 (0.57) 

Warm-up trials  2.33 (1.32) 3.54 (1.57) 3.95 (1.50) 

Overall engagement 2.89 (2.42) 19.90 (8.02) 26.50 (5.16) 

Switch proportion 0.89 (0.17) 0.27 (0.15) 0.05 (0.06) 

Category entropy 0.75 (0.43) 0.76 (0.22) 0.17 (0.18) 

Trigger time (ms) 2435 (1782) 2094 (867) 1561 (451) 

Looking time (ms) 2892 (506) 2856 (567) 2867 (890) 

Gaze-shifts .51 (.40) .51 (.29) .36 (.38) 

 

Multinomial regressions revealed that cluster membership was independent of age and 

sex, as neither predictor reached significance (all ps > .05), although there seemed to be 

a slight tendency for the brief/explorers to be males and exploiters to be females. 

 

2.3.3 Trial-by-trial trigger decisions were associated with behavioural and 

stimulus-dependent predictors 

We fitted Bayesian hierarchical binomial regression models to investigate the 

associations between behavioural and stimulus-dependent indicators of learning progress 

and the likelihood of making an exploratory switch. The behavioural models included 
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1176 observations, whereas the stimulus-dependent models included 862 observations. In 

both cases, we specified a Bernoulli family likelihood (as we focus on each trial instead 

of an individual’s distribution of switch events) and a weakly informative prior 

[normal(0,2)] across beta parameters. This allowed for possibility effect sizes between -4 

and 4. All models fitted successfully with sufficient numbers of samples, stationary, well-

mixing chains, all rhats at 1.00, and credible posterior predictive checks. Model fit 

comparisons (see supplementary materials for more details) found that both behavioural 

and stimulus-dependent models improved fit compared to their respective intercept 

models. Adding the cluster interactions explained some additional variance but did not 

greatly improve model fit. 

Figures 2.3 to 2.5 illustrate the estimated effect sizes as probability distributions, 

with values further away from zero indicating stronger associations between predictors 

and outcome variable. If the distribution’s mass is below zero the effect of the predictor 

on the outcome is negative, and if its mass is above zero the effect is positive. A 

distribution centred on zero indicates that predictor and outcome are not associated. 

 

2.3.3.1 Switches were predicted by behavioural measures 

The first model investigated the associations between behavioural predictors and 

the trial-by-trial likelihood to switch to the other category. It showed that the effects were 

in line with our expectations (Fig. 2.3): there was a positive association between trigger 

time and the likelihood to switch as most of the variable’s distribution’s mass was above 

zero (estimated mean effect ^b = 0.17, 95%-Credible Interval(CI)[0.02; 0.32]). Thus, 

longer times to trigger one of the houses indicated that this trigger would likely be a 

switch to the other category. Furthermore, there was a marginally negative association 

between looking time and the likelihood to switch (^b = -0.04, 95%-CI[-0.20; 0.13]), 

indicating that decreased looking time at the presented stimulus marginally predicted 

switching to the other category on the following trial. Lastly, there was a positive 

association between gaze-shifts and the likelihood to switch, as its distribution’s mass was 

above zero (^b = 0.16, 95%-CI[0.00; 0.31]). This suggests that increased gaze-shifting 

towards the other, not currently triggered side predicted switching towards that side on 

the next trial. 
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Figure 2.3 Behavioural Predictors for Switching.  

Note. Left: probability distributions of effects for each of the behavioural predictors 

(mean, 50% probability interval, and 95%CI). Right: Conditional effects of each 

predictor on the likelihood to make an exploratory switch. 

 

2.3.3.2 Stimulus similarities interacted with behavioural predictors 

This model investigated whether infants’ exploratory decisions were sensitive to 

environmental measures of learning progress as indicated by the similarities between 

consecutively observed stimuli (Fig. 2.4).  

Both effects for trigger time (positive) and looking time (negative) were consistent 

with the previous model’s findings (trigger time: ^b = 0.24, 95%-CI[0.04; 0.44]; looking 

time: ^b = -0.16, 95%-CI[-0.39; 0.07]), albeit strengthened, as their mean estimates were 

now further away from zero. However, the gaze-shift effect was now marginally negative 

(compared to positive at 2.3.3.1), meaning that, after reduction of observations and 

controlling for stimulus similarities, fewer gaze shifts were associated with a higher 

likelihood to switch (^b = -0.10, 95%-CI[-0.37; 0.15]). Stimulus similarities as a main 
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effect had the smallest direct, negative, association with the likelihood to switch, where 

the probability distribution is almost centred on zero (^b = -0.01, 95%-CI[-0.26; 0.23]). 

 

 

Figure 2.4 Interactions between Stimulus Properties and Behavioural Markers. 

Note. Main effects (A) and interactions (B) of the predictors on the likelihood to switch.  

A: Probability distributions for each main effect of the predictors on the outcome variable, 

including stimulus similarities. B: Probability distributions for each interaction effect 

between the stimulus similarities and each predictor. The dark, vertical line indicates the 

estimate’s mean, the shaded area surrounding the mean represents the 50% probability 

interval, and the distributions’ tails cover the 99% probability interval. 

 

With regards to interactions (Fig. 2.4B), all three effects were found to be negative 

and of similar strength. As the interaction effect for trigger time was of opposite polarity 

to its main effect, this indicated a weakening of the main effect for higher similarity 

(slopes became less steep). In contrast, interactions were of the same polarity (negative) 

as the main effects for looking time and gaze-shift, indicating a strengthening of those 

effects for higher stimulus similarities (slopes became steeper). In practice, this can be 

interpreted, that after seeing two very similar stimuli, it took comparatively less time to 

make a switch (^b = -0.09, 95%-CI[-0.30; 0.13]), possibly suggesting a reduction in 

switch cost (compare Daw et al., 2006; Hayden et al., 2011). Then, even smaller decreases 

in looking time (^b = -0.17, 95%-CI[-0.43; 0.08]) and fewer gaze-shifts (^b = -0.15, 95%-

CI[-0.45; 0.14]) were associated with a higher likelihood to switch. Overall, these 

findings indicate that infants showed some sensitivity to similarities between 

Stimulus Similarity Model 
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consecutively presented stimuli, but this affected their likelihood to switch only by 

interacting with their preceding engagement behaviour. 

2.3.3.3 Cluster interactions: pulling effects apart 

As the cluster analysis found three clusters of exploratory patterns – capturing 

brief explorative, long exploitative, and more balanced sampling – we wanted to 

investigate whether the previously found associations between behavioural and stimulus-

dependent indicators would differ between the clusters. Thus, we included interaction 

effects in both models and also looked at the balanced samplers in isolation (see 

supplementary materials S.12 and S.13).  

We found that behaviourally, adding cluster interactions could explain additional 

variance making the looking time effect more pronounced (^b = -0.10, 95%-CI[-0.28; 

0.09]) which seemed to be mainly driven by the balanced samplers as the interaction 

indicated weaker effects for exploiters (opposite polarity: ^b = 0.48, 95%-CI[0.02; 0.25]; 

Figure S3 in supplementary materials). Contrastingly, the positive effects of trigger time 

(^b = 0.13, 95%-CI[-0.04; 0.09]) and gaze-shifts (^b = 0.05, 95%-CI[-0.13; 0.09]) were 

stronger for the exploiters than balanced samplers (same polarity for trigger time: ^b = 

0.14, 95%-CI[-0.23; 0.19] and gaze-shifting: ^b = 0.43, 95%-CI[0.06; 0.19]). Effects 

were overall weaker for the group of explorers due to low numbers of observations. 

Further analyses showed that stimulus-similarity interactions were also mainly 

driven by balanced samplers where we found very similar patterns of the predictors 

(looking time: ^b = -0.18, 95%-CI[-0.43; 0.06]); trigger-time: ^b = 0.18, 95%-CI[-0.05; 

0.12]; gaze-shifts: ^b = -0.10, 95%-CI[-0.37; 0.14]; similarity: ^b = -0.05, 95%-CI[-0.31; 

0.13]), with stimulus interactions strengthening the looking time effect for balanced 

samplers (^b = -0.18, 95%-CI[-0.47; 0.15]) but marginally weakening it for exploiters (^b 

= 0.02, 95%-CI[-0.63; 0.34]). Conversely, stimulus interactions weakened the trigger time 

effect for balanced samplers (^b = -0.14, 95%-CI[-0.39; 0.13]) but strengthened it for 

exploiters (^b = 0.19, 95%-CI[-0.31; 0.26]) but with larger margins (see supplementary 

materials S1.2 & S1.3 for more details and additional figures).  

 

2.4 Discussion 

We present a powerful new paradigm enabling infants’ active exploration within an 

otherwise controlled environment. Infants triggered the presentation of exemplars from 

two novel categories via their fixations on screen, allowing them to generate their own 
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sampling sequences. We found a general exploitative tendency with most infants more 

likely to make consecutive triggers towards the currently sampled information source, 

representing a category, than to switch to the other. Furthermore, self-generated sequences 

clustered into three sampling patterns, characterised by length of engagement and balance 

between exploration and exploitation of either category. The largest emerging group of 

infants sampled information from both categories in a more balanced way than the other 

two, who respectively presented shorter, more explorative tendencies (lacking 

exploitation), and longer, more exploitative tendencies (lacking exploration). Importantly, 

infants’ pre-switch engagement behaviour (longer trigger time, less looking, and more 

gaze-shifting) was associated with infants’ increased likelihood to make an exploratory 

switch at the next trial and interacted with experienced stimulus similarities. 

 The overall exploitative tendency to consecutively sample from one information 

source is crucial for knowledge acquisition especially early in development (e.g., Smith 

et al., 2018)  and can be compared to a familiarity preference leading to full encoding of 

the encountered information (e.g., Rose et al., 1982). Indeed, more naturalistic studies 

have found similar exploitative tendencies in the way infants engage with objects in their 

daily lives (Bambach et al., 2018; Smith et al., 2018) and how they structure their 

engagement with novel toys during free play (Karmazyn-Raz & Smith, 2023). Due to 

their developing memory capacities, infants may be especially prone to exploiting 

information, while its reduction across development could be attributed to exploration 

becoming more flexible and efficient (Meder et al., 2021; Pelz & Kidd, 2020; Ruggeri et 

al., 2016). 

Furthermore, we observed that infant-generated sequences grouped into three 

clusters capturing brief explorative, long exploitative, and more balanced sampling, the 

latter being characterised by exploration and exploitation of both categories. While the 

brief/explorers may not have been curious enough about revealing the exemplars in the 

two houses, or possibly found the setting too unfamiliar and thus only engaged shortly, 

they nevertheless tended to discover both categories but did not exploit their information 

potential by creating longer within-category runs. In contrast, exploiters engaged the 

longest but mainly focused on one category and thus missed the opportunity to explore 

and exploit the second category’s information potential. While 36% of exploiters did stick 

to one side throughout the experiment, the remaining 64% also discovered the other side 

as an information source but did not exploit its potential. This could either indicate a 

prevailing familiarity preference with which the discovery of the other, unfamiliar 
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category could not compete, or a preferential engagement with the same, repeated motor 

behaviour.  

However, in studies with toddlers (14-30 months of age) on manual exploration 

of objects from different categories, Mandler and colleagues (1987, 1991) found similar 

patterns, characterised as either exhaustive categorisers who, similar to our balanced 

samplers, generated runs of touching exemplars from one or the other category in turn, 

single categorisers who focused on one category, similar to our exploiters, or non-

categorisers who did not systematically engage with either category, similar to our 

brief/explorers. Thus, our results present converging evidence with these findings, 

indicating that similar exploratory patterns can be found across age groups and 

exploration modalities. Although group membership in our study was not significantly 

related to age or sex, these exploration patterns may be associated with aspects of 

cognitive development such as processing speed (manifesting in habituation paradigms: 

Cao et al., 2023; Feldman & Mayes, 1999), cognitive control (Daw et al., 2006; Hayden 

et al., 2011; Pelz et al., 2015), or personality traits such as temperament (Rothbart, 2007; 

van den Boom, 1994). Yet, the current paper makes no assumptions of these patterns 

directly reflecting stable individual differences as no test-retest reliability or comparative 

behaviour was assessed. Future work will address these questions. 

Lastly, we found that infants’ engagement behaviour in interaction with stimulus 

similarities (but not smaller or larger similarities directly; compare Twomey & 

Westermann, 2018) was associated with their likelihood to re-engage or make an 

exploratory switch. This indicates that it is not only the information the environment 

offers that predicts disengagement (Kidd et al., 2012; Poli et al., 2020) but also to what 

degree the agent engages with said information. For instance, longer looking was 

predictive of re-engagement with the current information source as would be expected 

from habituation paradigms and familiarity preferences, indicating that the infant still has 

more information to encode (e.g., Rose et al., 1982). Conversely, infants were more likely 

to make a switch on the following trial after looking less at the presented stimulus, and 

especially so if it was visually highly similar to the previously encountered exemplar, 

thus, not offering additional information about the category. This looking time effect was 

most pronounced for the cluster of balanced samplers, which may indicate that their 

behaviour was most in line with the mentioned habituation paradigms and theoretical 

assumptions made by the explore-exploit framework if the engagement is mainly driven 

by the sampled and encoded information. 
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In contrast, the other clusters may have been more affected by dynamics such as 

the cognitive switch cost attributed to inhibiting repeated sampling behaviour and 

redirecting one’s attention (Daw et al., 2006; Hayden et al., 2011; Pelz et al., 2015). This 

cost was observed here as the trigger time effect with longer durations predicting a switch 

and was most pronounced in the cluster of exploiters, suggesting that if they did manage 

to inhibit their exploitative tendency, they were very likely to make a switch. Lastly, we 

observed that, before making a switch at the next trial, infants shifted their gaze more 

towards the non-triggered side during stimulus presentation. This effect, however, 

disappeared when including the stimulus similarities. Due to the nature of consequently 

excluded observations (e.g., switch trials), this may indicate that infants were especially 

likely to shift their gaze in a comparative manner after making a switch (Kovack-Lesh et 

al., 2008; Oakes et al., 2009) and then returned to the previously triggered category.  

Together these findings are also in line with assumptions of the learning progress 

hypothesis (Altmann et al., 2021 (see also Chapter 6); Oudeyer et al., 2007; Poli et al., 

2024; Twomey & Westermann, 2018) while offering exciting new insights into the 

systematicity of infants’ exploration history guiding their active sampling behaviour 

previously only shown for engagement in fully structured infant studies (e.g., Poli et al., 

2020).  

 

2.4.1 Methodological Considerations 

Twenty-nine per cent of infants in this study fell into the cluster of exploiters, who 

triggered mostly or even exclusively one of the two novel categories. As suggested, this 

behaviour may either be indicative of a prevailing familiarity preference or a lack of 

cognitive control to overcome the cost of disengaging from a repeated behaviour and 

could be a remnant of the developmental phenomenon of low-level, visual stickiness  

(Colombo, 2001; Kulke et al., 2015; Wass & Smith, 2014). Such stickiness itself should, 

however, disappear by about nine months of age (e.g., Wass & Smith, 2014) and would, 

by definition, be interrupted here by the central, gaze-contingent attention-getter. Thus, 

rather than continued staring, exploitation of a category required active re-engagement at 

each trial, making the other explanations more likely. 

While we aimed to keep the warm-up phase as unstructured as possible to truly 

gauge infants’ self-guided exploration, future studies may want to include controls 

ensuring at least three warm-up triggers to realise the mechanism (Wang et al., 2012), as 



 

45 

 

well as at least one trigger towards all gaze-contingent areas on the screen. This could 

avoid the possibility that some infants remain ignorant of other potential information 

sources they could engage with. Nevertheless, by enhancing ecological validity but also 

accepting the thereby increased variance in the data, our study provides important insights 

into infants’ active sampling behaviours reflecting that exploration is also a skill and 

might require initial guidance (Matas et al., 1978; McQuillan et al., 2020; Vygotsky & 

Cole, 1978). 

 The stimuli being complex visual categories did not allow us to compute trial-

based learning progress in a more straightforward way as was possible in previous studies 

investigating improvements in anticipation of a target’s location (Poli et al., 2020, 2022). 

Nevertheless, we were able to show convergent evidence for the association between 

infants’ engagement behaviour and information sampling behaviour in interaction with 

the experienced stimulus characteristics as proximal indicators of learning progress. 

Future studies could seek to gather differentiating insights into predominantly 

environmental exploration (e.g., number of/cost associated with interactive information 

sources; Wang et al., 2012; Bazhydai et al., 2022) compared to predominantly 

information-based exploration (e.g., manipulating stimulus similarities or reward value; 

Tummeltshammer et al., 2014). 

2.4.2 Conclusion 

In this study, 10-12-month-old infants self-generated exploration sequences 

within the novel Curious Choices paradigm. This allowed us to gather new insights into 

both, general patterns of curiosity-driven exploration in infants, e.g., exploitative 

tendencies, but also the mechanisms underlying such dynamic behaviour. Importantly, for 

the first time, we showed that moment-to-moment sampling choices were not 

spontaneous but associated with the infant’s preceding engagement behaviour modulated 

by the information offered from the presented stimuli. However, we also observed a large 

variance within infants’ curiosity-based information sampling which may be constrained 

by their developing exploration skills. A remaining question is whether the observed 

exploration tendencies are stable and related to other aspects of development, which we 

are currently investigating. Together, we offer new methodological avenues for future 

research into infants’ active exploration and present novel insights converging with and 

expanding the current literature regarding this crucial aspect of human development.  
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S2.1 Supplementary materials 

These supplementary materials are made up of two parts. The first part (S2.1) 

provides additional detail about reported results, whereas the second part (S2.2) reports 

the additional adult study based on which stimulus similarities were computed. Data and 

analysis code for all results are available on the OSF. 

 

 

Figure S2.1. Distributions of observed and simulated exploration variables.  

Note. A: Overall engagement as illustrated by the distribution of triggers across 

participants B: Exploitative tendencies as indicated by majority of switch proportions 

being below 50% (vertical line), C: Simulated switch proportions based on a chance 

mechanism (1000 draws per participant based on their number of triggers) D: Distribution 

of longest continuous runs (consecutively triggering the same category) per participant, 

E: Category entropies across participants, where higher values indicate more similar 

number of triggers towards both categories and the minimum of 0 indicates that all 

triggers were towards only one category, and F: Simulated category entropies based on a 

chance mechanism. 

 

 

 

A Number of Triggers 

F Simulated CE 

B Switch Proportion (SP) 

D Maximum run length 

C Simulated SP 

E Category Entropy (CE) 

https://osf.io/ayjv7/
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Table S2.1. Differential correlations between exploration variables by cluster. 

 Brief/Explorers Balanced Exploiters 

Correlations (Spearman) 

Overall 

engagement ~ 

Switch proportion 

-.70 (p = .034) .48 (p = .003) .04 (p = .865) 

Overall 

engagement ~ 

Category Entropy 

.24 (p = .528) .47 (p = .003) -.09 (p = .692) 

Switch proportion 

~ Category Entropy  

.14 (p = .730) .29 (p = .085) .89 (p < .001) 

Note. Correlations of explorers should be considered with caution due to a very small sample 

size. 

 

Table S2.2. Correlations between exploration and looking variables. 

 Overall 

Engagement 

Switch Proportion Category Entropy 

 

Mean Trigger Time -.38 (p = .001) .10 (p = .411) .22 (p = .072) 

Mean Looking 

Time 

.06 (p = .653) -.12 (p = .319) -.11 (p = .359) 

Mean Gaze-shifts .-.01 (p = .915) .38 (p = .001) .27 (p = .024) 
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S2.1 Trial-by-trial trigger decision predictions 

S2.1.1 Model comparisons 

S2.1.1.1 Behavioural Models. Model fit comparison based on the leave-one-out 

cross validation values (looic) measure (Fig. S2.2, left) showed that the main model 

greatly improved the fit compared to the intercept model as its looic value is substantially 

smaller and standard errors are not overlapping. Adding the interaction terms for clusters 

did improve the fit further, however, the standard errors are widely overlapping 

suggesting that the added complexity may not be worth the fit improvement.  

Figure S2.2. Model Comparisons.  

Note. Based on the leave-one-out cross validation (looic) values on the x-axis. Smaller 

looic values suggest better fit. Standard errors are indicated. Left: Behavioural models 

(with reference to 2.3.3.1 and 2.3.3.3). Right: Stimulus-dependent models (with reference 

to 2.3.3.2). 

 

S2.1.1.2 Stimulus-dependent Models. Model fit comparison based on the looic 

measure (Fig. S2.2, right) showed that the main model improved the fit compared to the 

intercept model as its looic value is substantially smaller and standard errors are not 

overlapping. Adding the interaction terms for clusters did improve the fit further, 

however, the standard errors are widely overlapping suggesting that the added complexity 

may not be worth the fit improvement. 

Behavioural Predictor Models Stimulus Similarity Models 
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Figure S2.3. Behavioural switch prediction between Clusters.  

Note. Probability distributions for each of the behavioural predictors on the outcome 

variable. A: main effects. B: Interaction effects comparing the balanced samplers to the 

explorers. C: Interaction effects comparing the balanced samplers to the exploiters. 

 

If the interaction effect is of the same polarity as the main effect (e.g., both negative), it 

indicates a strengthening of that effect in the comparative group (slopes become steeper). 

If the interaction effect is of opposing polarity, the effect is weaker in the comparative 

group (slopes become less steep). 

S2.1.2 Three-way interactions 

In more detail, the main effects are still the same in polarity and look mostly like 

the main model (Fig. S2.4A). The three stimulus similarity interaction effects reported 

above have strengthened with slightly more negative values (Fig. S2.4B). The 3-way-

interactions then indicate to what degree these interaction effects differ between clusters 

(Figures S2.4C, S2.4D). If the terms have the same polarity, the comparison cluster seems 

to have a stronger effect, whereas opposite polarities suggest a weaker interaction effect 

for that cluster. Regarding looking time, interaction terms for both explorers and 

exploiters are centred around zero indicating that there are no differences between clusters 

in the way that stimulus similarities affect looking time and in turn the likelihood to 

switch. In contrast, the interaction effects for the other two predictors are positive across 

clusters indicating that there are differences between the clusters. As noted above, the 

simple interactions are all negative which means they are of opposing polarity to these 3-

way-interactions. This indicates that both, the effect of stimulus similarity on trigger time 

and on gaze-shifts is weaker for explorers and exploiters compared to the balanced 

A B C Main Effects 
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samplers. This suggests that the main effects and interaction effects may be stronger if we 

had only looked at the balanced samplers. 

Figure S2.4. Effects for 3-way interaction model. 

Note. Probability distributions for each of the behavioural predictors on the outcome 

variable. A: main effects of the behavioural predictors on likelihood to switch. B: Simple 

interaction effects of stimulus similarities on the behavioural predictors. C: 3-way-

interaction comparing how similarity interaction effects differ between explorers 

compared to balanced samplers. D: 3-way-interaction comparing how similarity 

interaction effects differ between exploiters compared to balanced samplers. Note the 

scale difference for the explorer plot, which is likely due to the limited number of 

observations in the cluster of explorers. 

S2.1.3 Balanced samplers in isolation  

As the 3-way interactions suggested that the effects were mostly driven by the 

balanced samplers, we decided to look at this group in isolation. This model included 405 

observations and fit successfully. Indeed, main effects and interaction effects were 

comparable to the other two stimulus-dependent models, and therefore in line with the 

notion that those were mostly driven by this group. Here, looking time (^b = -0.18, 95%-

C D

BA 
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CI[-0.43; 0.06]) and trigger time (^b = 0.18, 95%-CI[-0.05; 0.42]) had similarly strong 

effects, whereas both, gaze-shifts (^b = -0.09, 95%-CI[-0.37; 0.18]) and stimulus 

similarities (^b = -0.04, 95%-CI[-0.31; 0.21]) were only marginally negatively associated 

with higher likelihood to switch. All three interaction effects are again negative, meaning 

a strengthening of looking-time and gaze-shift effects and a weakening of the trigger-time 

effect for higher stimulus similarities. 

Figure S2.5. Effects for Balanced Samplers in isolation. 

Note. Main effects (A) and interactions (B) of the predictors on the likelihood to switch 

when isolating the cluster of balanced samplers. A: Probability distributions for each main 

effect of the predictors on the outcome variable, including stimulus similarities. B: 

Probability distributions for each interaction effect between the stimulus similarities and 

each predictor.   

A B 
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S2.2 Supplementary materials - Adult Experiment 

 

S2.2 Similarity Ratings Introduction 

The novel stimuli used in the reported infant study were taken from the open 

TarrLab1 repository. Two species of Fribbles from different families were chosen, under 

the consideration of not having a dominantly salient, variable body part (Barry et al., 

2014). Perceptual differences between two stimuli from the same species, then, are mainly 

defined by counting the body parts in which they differ (0 to 4) as the variations are 

nominally different (Williams, 1998). However, it may be that subjective similarity 

between the stimuli does not perfectly map onto this objective way of categorising the 

differences (see Barry et al., 2014 with different stimulus sets) but could allow for more 

nuanced, perceptual measures of similarity. Thus, the aim of this supplementary study 

was to collect similarity ratings for each possible pair of the 30 stimuli for each category 

to account for subjective rather than objective measures. We collected the ratings for each 

possible pair as the presentation of stimuli in the study was randomised without repetition. 

This led to 465 possible pairs per category. To minimise fatigue effects, each participant 

was asked to only rate 155 pairs from one category. 

 

S2.3 Methods 

S2.3.1 Participants 

 Participants were recruited over Prolific (www.prolific.co) [2021] and the final 

sample consisted of 45 participants who completed the study (Mean age = 27.41, range = 

18 to 54 years, 52.4% female) so that each individual pair would be rated seven times. 

One additional participant was excluded has they left the experiment after 12 trials. 

Prolific suggests to shortly inspect the data visually before accepting or rejecting 

submissions as one shortcoming of these online platforms is that participants sometimes 

do not submit high quality data. Based on such inspection, three further participants were 

messaged about their very short rating times suggesting a lack of attention necessary for 

conscious assessments. They admitted to these worries based on fatigue from earlier 

experiments and returned their submissions voluntarily.  

 

https://prolific.co/
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S2.3.2 Materials 

 S2.3.2.1 Stimuli. Novel stimuli were taken from the open TarrLab1 repository. 

Species FA2 and FB4 were chosen from which 30 stimuli were semi-randomly selected 

each, in alternating triplets to sample from the full range of body-part variations including 

objective differences of all four distances (0-4, Williams, 1998; the full list of included 

stimuli can be found in the appendix and supplementary online materials). 

S2.3.2.2 Design & Measures. The study was created with PsychoPy3 and online 

conducted via Pavlovia. First, a list of all possible combinations of stimuli per category 

was created. Each list was randomly ordered and separated into three equal sets of 155 

pairs. This was based on the consideration to not ask for too many ratings per participant 

to ensure high quality data. Each pair then was presented in random order, where the two 

stimuli were presented next to each other on grey background for 2 seconds to allow only 

for a subjective impression of the similarities rather than counting the differences (Barry 

et al., 2014). Each pair was then rated on a scale from 1 (not similar at all) to 7 (extremely 

similar). After every 52 stimuli (roughly each third), the participant could take a little 

break which they could terminate by pressing ‘space’ but which also automatically ended 

after 20 seconds.  

S2.3.2.3 Exclusion criteria. Besides the ratings for each pair, the reaction times 

for each rating was recorded. This was used as a rough indication of data quality as 

reaction times below 200ms are typically viewed as too short to be conscious and even 

more so if two stimuli had to be compared. Thus, if the reaction times were too often in 

the area of 0.1-0.4 seconds when roughly inspecting the data visually, we suspected a lack 

of attention and contacted the anonymous participant for a follow up. This kind of 

inspection was only conducted if the completion time was suspiciously low or high – in 

accordance with Prolific’s data quality check suggestion. Out of 45 participants, only 

three were inspected and contacted this way leading to them returning their submissions 

voluntarily after admitting they had not completed the study giving their full attention. 

While this was a subjective exclusion criterion, it did allow for economical recruitment 

where submissions of clearly lacking data quality were not paid for, but the participants 

were also not reprimanded by having their submission rejected. 
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S2.3.3 Analysis  

 21 ratings with a reaction time of below 200ms were excluded as these could not 

be assumed to have been made consciously. Each of these ratings belonged to a different 

stimulus pair leading to 21 out of 930 pairs receiving six instead of seven scores included 

in their aggregates. We computed the objective difference count for each pair, as well as 

the mean score, standard deviation, and range. To investigate the relation between 

objective and subjective scores, a correlation analysis was conducted and plotted. 

S2.4 Results 

 The Shapiro-Wilk normality tests indicated that the data for both variables – 

objective differences and mean rating scores – were not normally distributed (p < 0.001). 

Thus, a parametric Kendall rank correlation test was computed. This analysis estimated 

the rank-based measure of association between the two variables to be significantly 

correlated, so that the mean similarity scores decreased with the number of differing body 

parts (rtau = -0.54, p < 0.001). In other words, stimuli were perceived as more similar the 

more body parts they had in common (Figure 2.6). As the relation, however, was not 

exactly one to one, we chose to include these subjective mean scores in any further 

analyses instead of the objective nominal values as they were deemed more indicative of 

the perceived differences between consecutively presented stimuli. 

 

 

Figure 2.6 Correlation between objective stimulus differences (x-axis) and subjective 

similarity judgements (y-axis). 
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S2.5 Discussion 

 We conducted this supplementary study of collecting similarity ratings between 

every possible pairing amongst the stimuli included in the related exploration studies. We 

found that the number of objective differences significantly correlated with the subjective 

similarity ratings so that mean scores decreased with increasing objective differences. 

This confirms that objective differences were also subjectively perceived. However, as 

the relation was not perfect – for instance, pairs of identical stimuli received a number of 

scores different from the maximum score (7) – this also shows that including the 

subjective scores may better represent the subjective perception of consecutively 

presented stimuli more so than referring to the objective measure. The findings of this 

study are in accordance with Barry et al. (2014) who also found a strong relation between 

the two whilst suggesting that the objective scores cannot perfectly indicate subjective 

perception. 
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3 CAPTURING TRAIT 

CURIOSITY IN INFANCY 



 

64 

 

3.1 Linking Statement 

In the following chapter, I describe the development and initial validity testing of a new 

caregiver report measure of trait curiosity in infants and toddlers. While trait curiosity is 

an extensive area of research in adults, it becomes less so the earlier in development we 

look. No measure of the trait has yet been developed specifically for this very young age 

group. Nevertheless, it is highly likely that some of the variance observed in studies of 

infant exploration (e.g., Bornstein et al., 2013; Colombo et al., 1991; Franchak et al., 

2016; Mandler et al., 1987; Muentener et al., 2018; Piccardi et al., 2020; Wass & Smith, 

2014), as well as studies on state curiosity (e.g., Kidd et al., 2012; Poli et al., 2020), 

including the findings in Chapter 2, can be attributed to differences in their underlying 

trait curiosity. However, until now there has been no way to control for these differences. 

Here, we designed a new questionnaire to fill this gap. Our focus in this experimental 

study was to provide evidence for the reliability and validity of the new measure to 

capture infants' exploration tendencies as a manifestation of their trait curiosity. The 

results of this study have both theoretical and methodological implications for how trait 

curiosity is conceptualised and expressed in infants' active exploration. 

 

This chapter is currently under review in Infancy. 

 

Altmann, E. C., Bazhydai, M., Karadağ, D., & Westermann, G. (under review 1st round).  

The Infant and Toddler Curiosity Questionnaire: A validated caregiver 

report measure of curiosity in children from 5 to 24 months. Infancy. 
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Research highlights: 

• The first validated caregiver report to measure individual differences in trait curiosity 

in infants and toddlers. 

• Twenty-three items were found to reliably capture a general factor of curiosity as well 

as three emergent curiosity subfactors. 

• The scale had good test-retest reliability and correlated with temperament at medium 

effect sizes, offering evidence of its validity as a trait measure. 

• A powerful new measure enabling new research avenues for better understanding 

trajectories of early cognitive and language development. 
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3.2 Abstract 

Humans are curious. Especially children are known for their drive to explore and learn, 

which is crucial for developing in and navigating through our complex world. Naturally, 

some children may be more curious than others, leading to differences in how they 

structure their own learning experiences, subsequently impacting their developmental 

trajectories. However, there is a gap in the research field for a reliable measure of such 

differences early in development. Across three studies, we present the development and 

assessment of the Infant and Toddler Curiosity Questionnaire (ITCQ), the first caregiver 

report measure to fill this gap. Items cover observable exploration behaviours in 5- to 24-

month-olds to capture general tendencies of their desire to actively explore their 

immediate surroundings and are evaluated on a 7-point Likert-scale. Exploratory factor 

analyses and structural equation modelling on a sample of N = 370 UK caregivers led to 

the final selection of 23 items and provided evidence that the scale is unidimensional 

enough to allow for an overall curiosity score, whereas three emergent subscales of 

curiosity types (sensory, investigative, and social curiosity) showed acceptable internal 

consistency explaining additional variance in the data. Furthermore, the scale had good 

test-retest reliability after 7 to 14 days (N = 67) and related to the child’s temperament (N 

= 75; positively with surgency and effortful control, negatively with negative affect) 

offering evidence of its validity as a trait measure. Together, these results support the 

scale’s reliability and validity, showcasing the ITCQ as a powerful tool for developmental 

research. 

 

Keywords: infant curiosity, individual differences, psychometrics, exploration, early 

development, trait curiosity 
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3.3 Introduction 

While the study of curiosity and its effects on learning has a long history in adults 

(Berlyne, 1960; Gruber et al., 2014; Kang et al., 2009; Rossing & Long, 1981), only in 

recent years has infant curiosity become a focus of research and has provided insights 

into how infants actively engage in their own learning. Studies have shown, for example, 

that infants prefer to engage with information of intermediate complexity (Kidd et al., 

2012, 2014) and that they alternate between visual exploration and exploitation driven by 

their active learning experience (Chapter 2; Altmann, et al., 2023) in the pursuit of 

maximizing their learning progress (Poli et al., 2020; Twomey & Westermann, 2018), 

that they  actively request information from adults through social orienting (Bazhydai et 

al., 2020) and pointing (Liszkowski et al., 2007), with learning benefits shown for actively 

requested information (Begus et al., 2014) but also from being in a state of curiosity more 

generally (Chen et al., 2022; Stahl & Feigenson, 2015). What is common to all of these 

studies is that they assume infants to be curious learners by definition and that they 

investigate the implications of such inherent trait curiosity on in-the-moment behaviours. 

Only a few studies, however, have considered how differences in infants’ individual 

interests (Ackermann et al., 2020) and sensory seeking (Piccardi et al., 2020) affect their 

preference to engage with specific information. Overall, there has been no systematic 

investigation on individual differences in trait curiosity on infants’ exploratory behaviour, 

learning, and later outcomes. To enable such research, it is necessary to have validated 

measures of infant curiosity. 

This is different from research in adults where multiple scales exist to assess variation 

in trait curiosity (for reviews, see Grossnickle, 2016; Jirout & Klahr, 2012; Wagstaff et 

al., 2021), measuring general accounts of curiosity (e.g., Day, 1971; Kashdan et al., 2020; 

Litman & Jimerson, 2004; Litman & Spielberger, 2003; Naylor, 1981; Spielberger, 1979) 

but also more specific domains (e.g., social curiosity, Renner, 2006; work-related 

curiosity, Mussel et al., 2012) in the form of self-report questionnaires. These measures 

typically ask responders how commonly or intensely they experience a desire for 

knowledge and learning, thereby requiring meta-cognitive awareness (e.g., Goupil & 

Proust, 2023; Loewenstein, 1994). However, some questionnaires also conceptualised 

curiosity as the intrinsic motivation behind exploration in the pursuit of knowledge, 

leading to items focusing on more observable behaviours (e.g., Kashdan et al., 2009). 

Research using such trait measures has shown positive associations between curiosity and 
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job performance as well as academic achievement (e.g., Grossnickle, 2016; Hardy et al., 

2017; Kashdan & Yuen, 2007; Mussel, 2013; Reio & Wiswell, 2000; Reio & Callahan, 

2004), highlighting its impact on life outcomes. 

To investigate trait curiosity in children, some self-report measures designed for 

school-aged cohorts do exist (Byman, 2005; Maw & Maw, 1968; Olson, 1986; Penney & 

McCann, 1964) but their validity may be limited by the children’s lack of motivation to 

self-reflect and reliably answer numerous repetitive items (Jirout & Klahr, 2012). An 

alternative to self-reports, especially relevant for younger children, are other-reports 

(primarily caregivers and teachers, e.g., Harty & Beall, 1984; Lee et al., 2023; Maw & 

Maw, 1970; Piotrowski et al., 2014). Other-reports enable measurement without age-

restriction but do require another person to assess a latent (not directly observable) 

construct in the child, bringing its own challenges. Yet, extensive research from infancy 

onward has shown that such measures can generate reliable, valid, and longitudinally 

informative data by, for instance, having items address observable behaviours in which 

the latent construct manifests itself. Prominent examples include the Ages and Stages 

questionnaire (e.g., Klamer et al., 2005; Lepine et al., 2022; Richter & Janson, 2007; 

Salomonsson & Sleed, 2010), the MacArthur-Bates Communicative Development 

Inventory (CDI; Bornstein & Putnick, 2012; Can et al., 2013; Feldman et al., 2005; 

Fenson, 2002; Fenson et al., 1994, 2006; Marchman & Fernald, 2008), and  temperament 

scales from infancy to early childhood (e.g., Putnam et al., 2008; Rothbart, 1986, 2011; 

Slagt et al., 2016; Wright & Jackson, 2022). However, there is a clear gap in the scientific 

literature regarding infant trait curiosity. Even though some emerging work has aimed to 

assess differences in early curiosity through caregiver reports (Lee et al., 2023; Piotrowski 

et al., 2014) the target group of infants and toddlers has thus far been neglected.  

As mentioned, for other-reports it is important to create items based on observable 

behaviour in which the construct manifests. Regarding curiosity, this manifestation is 

commonly assumed to be active exploration and interaction with the environment (for 

review see Bazhydai et al., 2021). Previous research across the first two years of life has 

found individual differences in exploration throughout various experimental paradigms, 

such as visual exploration (e.g., Colombo et al., 1991; Franchak et al., 2016; Piccardi et 

al., 2020; Wass & Smith, 2014), manual exploration (e.g., Fortner-wood & Henderson, 

1997; Mandler et al., 1987; Muentener et al., 2018) and free play exploration (e.g., 

Bornstein et al., 2013; Slone et al., 2019; Smith & Yu, 2013), letting us plausibly assume 

that infants already differ in their trait curiosity. Some of these studies also found that 
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exploration differences were predictive of variability in learning, later vocabulary, 

cognitive development, and academic achievement (e.g., Berg & Sternberg, 1985; 

Bornstein et al., 2013; Muentener et al., 2018; Smith & Yu, 2013) highlighting its role in 

and importance across development. In fact, one study used a subset of various caregiver-

report items as an ad hoc measure of curiosity and was able to find a positive relation with 

academic achievement in kindergarten (Shah et al., 2018). While it is important to stress 

that measures used in psychological research need to be reliable and structurally validated 

(e.g., Flake & Fried, 2020), this finding does hint at the impact a systematically developed 

and validated caregiver report measure of curiosity could have. 

 

3.3.1 The current paper 

We present the Infant and Toddler Curiosity Questionnaire (ITCQ) applicable for 

5-24-month-old infants and toddlers as a new caregiver-report measure for capturing 

individual differences in trait curiosity. Considering the lack of consensus for a functional 

definition of curiosity especially early in development (Jirout & Klahr, 2012; Kidd & 

Hayden, 2015), we decided to base our approach on a folk psychology definition of 

curiosity, that is, a keen desire or tendency to actively explore one’s immediate 

surroundings. Here we report three studies on the ITCQ’s development and assessment, 

evidencing its reliability and validity in line with rigorous practices (e.g., Downing, 2003; 

Flake & Fried, 2020; Messick, 1995). Study 1 describes the questionnaire development, 

including its content and structural validity (sample size and general analysis aims pre-

registered at https://aspredicted.org/19J_291). Study 2 supports the ITCQ’s test-retest 

reliability after 7-14 days, and study 3 explores the measure’s criterion validity via its 

relation to the well-established trait measure of temperament. Studies were given ethical 

approval by the University Faculty’s research ethics committee, and data as well as 

analysis scripts are available on the OSF. 

 

3.4 Study 1: Questionnaire Development & Structural Validity 

3.4.1. Introduction 

In this first study we describe the principles underlying the ITCQ’s creation, a 

reduction of items to generate coherent and reliable responses, as well as offering 

evidence for its content and structural validity (Downing, 2003; Messick, 1995). Content 

validity concerns whether the items are representative and well formulated, and whether 

https://aspredicted.org/19J_291
https://osf.io/9wd8y/
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ambiguities were resolved, which was largely the focus of the item development and an 

initial pilot study. Structural validity, on the other hand, concerns the scale’s 

dimensionality and internal consistency, which was the focus of the main analysis of this 

study. While we created the items with the purpose of measuring a single factor of general 

curiosity, it is recommended for new scales to explore and consider the best fitting 

emerging factor structure to explain additional variance in the data (e.g., McCoach et al., 

2013). Furthermore, we aimed to provide evidence supporting our intention of one 

general factor (Artino et al., 2014) to justify the computation of an overall mean score 

(Dunn & McCray, 2020). 

3.4.1.1 Questionnaire development 

We developed an initial set of 34 statements capturing a wide range of behaviours 

infants can produce to interact with their physical and social environment as the 

manifestation of their curiosity. For this, we reviewed the exploration behaviours children 

typically express throughout their first two years of life (looking, grabbing, mouthing, 

pointing, etc.; Adolph & Hoch, 2019; Lockman, 2000) as well as everyday situations and 

locations in which they could be observed (e.g., at home or in new environments). Items 

covered behaviours such as interacting with objects, enjoyment of new discoveries, and 

observation to gain information (for a full list of final items, see Figure 3.2).  

Due to the necessarily developmental perspective, some behaviours may not yet 

be observable in younger infants such as interacting socially (e.g., “When reading a 

picture book together, my child directs me (e.g., by pointing) towards what they want to 

know more about.”) whereas other items were expected to be equally applicable across 

ages (e.g., “When my child encounters an object, they typically seem interested in its 

properties (e.g., how it feels, tastes or sounds like, etc.)”). To constrain the variance in 

applicability of items, we decided to focus on an age range from five to 24 months. The 

minimum of five months was chosen based on a notable expansion in behaviours infants 

can produce, whereas 24 months was chosen as the upper limit because from around the 

second birthday onwards verbal expressions of curiosity, such as question asking, become 

more prevalent.  

Three of the items were reverse coded and described non-curious behaviour (e.g., 

“My child does not typically engage with (look at, point at, reach for, inspect) a lot of 

things in their environment.”). While it is recommended to include such items to enhance 

data quality by making the reader slow down (Boley et al., 2021), they can also reduce 
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the scale’s overall reliability due to inattentive responses and lack of clarity (Rossiter, 

2002; Salazar, 2015; Weijters & Baumgartner, 2012), often leading to their exclusion 

during the structural validity investigations. With this in mind, we included two additional 

items which were the mirrored versions of other positive items, solely meant to increase 

the responders’ attention but not to be analysed as part of the final dataset (see 

Supplementary Materials).  

We chose a 7-point Likert-scale from 1 (“strongly disagree”) to 7 (“strongly 

agree”) as the response scale, with an option of “not applicable (NA)” if they could not 

think of any recent situation allowing them to rate a specific item or because their child 

had not yet been able to show such behavior. Items were created in English initially 

targeting British caregivers and were repeatedly reviewed and improved based on the 

topical expertise of the authors, as well as through discussions with parents and native 

speakers to ensure their content validity. For further considerations regarding the response 

scale and online presentation, see Supplementary Materials. 

 

3.4.1.2 Piloting 

A pilot sample (N = 22, age in months: M = 11.5, SD = 1.6, 41% female; £5 travel 

reimbursement given), collected from families participating in an in-person study with 

typically developing 10- to 12-month-olds in the north-west of England, provided the first 

support for the questionnaire’s construction. After excluding two items (items 21 and 25) 

indicated to improve the scale’s homogeneity, the measure had very good coefficients 

commonly used to indicate internal consistency (Cronbach’s alpha = .87, Guttman’s 

lambda-6 = .93), suggesting that the scale was constructed sensibly enough (a set of 

around 30 items resulting in an α ≥.80; Nunnally & Bernstein, 1994) to continue wider 

data collection. At the end of the survey, caregivers were also invited to provide 

qualitative responses of additional behaviours capturing curiosity. These responses were 

found to reflect very similar behaviours and situations already covered in the 

questionnaire items (e.g., being interested in how things feel, trying to see what objects 

are on the table, etc.). They also supported our conceptualisation of curiosity being in line 

with how parents intuitively understand the construct; thus together, these findings 

evidenced the scale’s content validity. In-person comments received from caregivers after 

completing the questionnaire offered additional insights as they mentioned that the 

questionnaire was clearly formulated and easy to complete. Some parents mentioned that 
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the items let them easily differentiate between behavioural tendencies of their youngest 

child and their older siblings which they found fascinating. Due to these overall promising 

preliminary results, we continued with wider data collection across the full age-range, 

making no changes to the scale. Based on this decision, the pilot data was deemed suitable 

to be included in the following main analyses. 

 

3.4.2 Methods 

3.4.2.1 Participants 

A minimum sample size of N=360 was preregistered following a rule of thumb with 

10 participants per item (e.g., Nunnally, 1978). A total of N = 370 responses were included 

in the final analyses (age range in months: 4.5-24.4, M = 13.5, SD = 5.2, see Figure 3.1; 

51% female). Of these, n = 243 were recruited via social media, n = 72 attended in-lab 

visits, and n = 54 were contacted from the Babylab’s database (which includes contact 

details for families willing to take part in infancy studies in the north-west of England) to 

directly complete the questionnaire alongside a temperament questionnaire (see study 3). 

Fifty-five additional responses were excluded due to being outside the preregistered age-

range (n = 16), not being from the UK (n = 5), prematurity (n = 17), developmental 

concerns (n = 14), or poor data quality (n = 2, where all responses were either NA or the 

exact same response including reverse coded items). From the final sample, 97% 

indicated their child to be monolingual English, 82% of caregivers indicated to have 

achieved a degree in higher education (e.g., bachelor’s degree and above), 50% of 

children were said to be the first born, 40% second born, and 10% were reported to have 

at least 2 older siblings (including stepsiblings). Participants provided informed consent 

prior to answering any questions and those recruited online via social media were invited 

to complete the survey without reimbursement. The sub-samples directly recruited from 

the Babylab’s database received reimbursement as per university guidelines: in-lab 

visiting participants received £5 for their travel, and the sample which completed the 

longer version including the temperament scale received a £5 online gift voucher of their 

choice (via express.giftpay.com). 
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3.4.2.2 Materials 

Aside from the piloted 34 items, the questionnaire also included two items directly 

addressing the construct: an item asking about the child’s curiosity directly (“I would 

describe my child as curious”) and one item about the child’s curiosity in comparison to 

their peers (on an ad-hoc five-point scale from 1 (“a lot less curious”) to 5 (“a lot more 

curious”)). Additionally, respondents were asked to provide demographic information 

(prematurity, developmental concerns, country, languages spoken, birth order, and socio-

economic status (SES) via their educational level; Singh et al., 2023), and could 

optionally contribute qualitative responses regarding additional behaviours in which they 

see their child’s curiosity manifested. 

3.4.2.3 Procedure 

Primary caregivers across the UK were invited to complete this online 

questionnaire on Qualtrics (Qualtrics, Provo, UT). Participating caregivers were provided 

with an information sheet before giving informed consent and received instructions to 

think about their child’s typical behaviour to evaluate each statement. They indicated their 

child’s age and sex after which the items were presented in a randomised order with four 

to five items per page. These were followed by the two items assessing direct curiosity, 

optional qualitative responses, and demographic questions. Lastly, caregivers were given 

Figure 3.1. Age distribution of the sample. 
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the opportunity to sign up to receive an automatic email a week later for a re-test. It took 

most respondents under 15 minutes (M = 11.43, SD = 5.45) to complete the survey. 

3.4.2.4 Analyses 

3.4.2.4.1 Item reduction and emerging sub-factors. The scale was designed to 

measure infants’ and toddlers’ trait curiosity as one general construct represented in the 

tendencies with which the infant explores their surroundings. Thus, the aim of the 

exploratory factor analysis was to reduce the item list to coherently capture this construct, 

as well as to better understand the additional variance in the data. This analysis required 

initial steps (following Pett et al., 2003) of identifying possibly ill-fitting items and 

assessing the scale’s sampling adequacy and factorability. We then fitted a unidimensional 

structure eliminating items which did not sufficiently load onto the general curiosity 

factor. Subsequently, we explored how many sub-factors the items grouped into to further 

investigate the scale’s dimensionality (Dunn & McCray, 2020), where the number of 

sufficient factors was indicated using a scree plot and a parallel analysis. For the two latter 

steps, we conducted Exploratory Factor Analyses (function “fa” from the psych package) 

using default minimum residual factoring (minres) and oblique rotation allowing for sub-

factors to correlate. The minres factoring method is recommended for questionnaire data 

(Fabrigar et al., 1999) since it gives robust estimates even for skewed items, whereas 

correlation among emerging sub-factors was justified by our theoretical assumption of 

one underlying construct.  

3.4.2.4.2 Structural validity. Having multiple items can lead to an emergent sub-

factor structure if item topics and wordings result in correlated response behaviour. The 

current scale, however, was constructed to measure a general factor of trait curiosity due 

to lacking a strong theoretical basis for assuming multi-dimensionality of curiosity in 

early childhood. Here, we explored the scale’s dimensionality to support the computation 

of an overall curiosity mean score (following Dunn & McCray, 2020) by fitting the 

previously identified sub-factor structure using Structural Equation Modelling (SEM; 

function “sem” from the lavaan package; Rosseel, 2012). This allowed us to compare 

three possible ways of defining the scale’s dimensionality: a unidimensional model, a 

correlate model of sub-factors, and a bi-factor model in which each item loads onto a 

general factor beyond which the subfactors capture additional variance among the items. 

Due to the expected occurrence of missing values (N/A responses for not yet or not 

recently observed behaviours), models were specified to estimate the ‘full information 
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maximum likelihood’ across all observations. Furthermore, due to heavily skewed 

responses, we included a robust maximum likelihood estimator, which corrects the 

standard errors and test statistics but does not change the estimates. Model comparison 

included standard indices such as chi-square, comparative fit index (CFI), Root Mean 

Square Error of Approximation (RMSEA), and Bayesian Information Criterion (BIC), to 

inform whether the scale was unidimensional enough to allow for the valid computation 

of an overall mean score in future empirical applications. 

3.4.2.4.3 Internal consistency. For the final set of items, commonly reported 

measures of internal consistency were computed, namely Cronbach’s alpha, Revelle’s 

Omega total, and Guttman’s lambda (McNeish, 2018, using “omega” from the psych 

package), as well as Revelle’s coefficient Beta. Revelle’s Beta estimates how much 

variation in the data can be attributed to some general underlying factor (Cooksey & 

Soutar, 2006), so that a general factor can be argued at beta values above .50, whereas 

values above .70 are recommended (John & Roedder, 1981; Revelle, 1979; Rossiter, 

2002). Regarding the other three measures, values above .80 are considered good (but are 

said to be acceptable above .70 when not meant for diagnostic decisions; Pett et al., 2003) 

and the average Inter-item correlation is ideally between .20 and .40 (Piedmont, 2014). 

3.4.2.4.4 Exploration of mean scores. We explored whether mean scores 

systematically differed across sex and age to inform future applications of the scale. Mean 

scores were only computed across the remaining, applicable items, so that unobserved 

items (N/A responses) did not affect them. To test the difference between sexes, we first 

identified and removed nine outliers based on group specific interquartile range (IQR 

method; identifying five male responses and four female responses) and checked the 

assumptions of normality and homogeneity of variance. While the score distribution did 

not meet the assumption of normality, the independent samples t-test in large samples 

such as this is considered robust against departures from normality. Furthermore, the 

assumption of homogeneity of variance between the groups was met, so that we computed 

an independent samples t-test, expecting no systematic difference. We then computed, 

due to non-normality, a non-parametric Spearman rank correlation between the mean 

score and infant age, expecting no significant relationship. Lastly, we computed 

Spearman correlations between the overall mean scores and the two additional curiosity 

items as an initial indication of construct validity, expecting positive relationships. All 

analyses were conducted in R (Version 4.1.2). 
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3.4.3 Results 

3.4.3.1 Item reduction and emerging sub-factors 

We first reverse coded the three negatively formulated items and computed a 

correlation matrix (using Spearman’s rho) to investigate ill-fitting ones (e.g., Prett et al., 

2003). This led to the exclusion of two items (5 and 21) which correlated negatively with 

many of the rest. Then we ensured that the data was adequately sampled and factorable 

as indicated by a significant Bartlett’s test of sphericity (X2(496) = 3474.50, p < .001), a 

non-zero, positive matrix’s determinant (.00006), and the Kaiser-Meyer-Olkin statistic 

above 0.70 for both, the overall sample (KMO = 0.89) as well as each individual item 

(lowest measure of sampling adequacy (MSA) = 0.82). 

We then fitted a one-factor model on the remaining 32 items to further reduce the 

item list to only those loading onto a general factor. In this way, six additional items (1, 

4R, 9, 14, 29R, and 36) with loadings below the recommended .32 (Tabachnick & Fidell, 

2007) were eliminated.  The subsequent exploration of emerging factors only included 

the 26 remaining items that loaded strongly and positively onto this general factor. 

Drawing a line through the lower values in the scree plot (Cattell, 1966; Pett et al., 2003; 

Figure in Supplemental Materials) suggested 3 or 4 factors. Similarly, the parallel analysis 

indicated four factors, whereas the “elbow” of both graphs already occurred at factor 3. 

Accordingly, we fitted a 3-factor and a 4-factor model.  

The 4-factor model had overall better fit values (TLI = .89, RMSEA = .048, BIC = -

921.22) than the 3-factor model (TLI = .87, RMSEA = .052, BIC = -978.39). However, 

upon inspection of the emerging sub-factors, both models were highly similar except for 

an additional two-item factor in the 4-factor model. As it has been argued that a 

meaningful factor should consist of at least three items (Hair et al., 2010), we decided to 

continue with the 3-factor model. Table 3.1 shows the items’ sub-factor-loadings in 

comparison to their loadings on the general factor (item content can be found in Figure 

3.2; excluded items in Supplementary Materials). 
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Table 3.1. Exploratory Factor loadings in a 1-Factor and 3-Factor structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notes. Loadings smaller than .32 are not reported, the strongest loading per factor is marked in 

bold. Italicised items are those that loaded onto the general factor but did not load sufficiently 

onto any sub-factor. 

 

The first sub-factor (11 items) could be labelled as Sensory Curiosity as it includes 

items regarding more general manual and visual exploratory behaviours. The second sub-

factor (5 items) could be labelled as Investigative Curiosity including items indicating a 

tendency to autonomously manipulate objects in their environment to gain information. 

 General 

Factor 

 

   3-Factor Model 

Item 1 1 2 3 

Item 2 .39 .39 
 

 

Item 3 .40 .44 
 

 

Item 6 .34 .61 
 

 

Item 7 .41 .52 
 

 

Item 8 .40 .50 
 

 

Item 10 .42 .37 
 

 

Item 11 .44 .51 
 

 

Item 12 .54 
 

.64  

Item 13 .57 
 

.70  

Item 15 .32 
  

 

Item 17 .53 .45 
 

 

Item 18 .51 
  

 

Item 20 .32 
 

.40  

Item 22 .54 
  

.36 

Item 24 .55 
  

 

Item 25 .42 
  

 

Item 26 .53 
  

.66 

Item 27 .43 .51 
 

 

Item 28 .47 .43 
 

 

Item 30 .54 
  

.71 

Item 31 .62 
 

.33  

Item 32 .53 
  

.38 

Item 33 .46 
  

.61 

Item 34 .55 
  

.77 

Item 35 .64 
 

.66  

Item 19R .43 .36 
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The third sub-factor (6 items) could be labelled as Social Curiosity capturing to what 

degree the child uses and interacts with social partners to receive additional information. 

 Four items did not sufficiently load onto any of these sub-factors. On inspection, 

three of these (15, 18, 25) concerned play behaviour more so than exploration which may 

explain their distinctness. However, item 24 (looking at others for help when confused) 

had one of the strongest loadings toward the general factor and also loaded onto the social 

exploration factor in the 4-factor model (at .41). As exploratory factor analysis is not 

meant to be a purely data-driven process, we decided to keep this item given its strong 

contribution to the general factor and its contextual fit with the social sub-factor (now 7 

items) while excluding the other three. Thus, from here on analyses were conducted on 

the final set of 23 items (see Figure 3.1). 

3.4.3.2 Structural validity 

 We fitted three structural equation models as described above to investigate the 

scale’s dimensionality. Table 3.2 shows fit indices for model comparison. The bi-factor 

model had the best fit with the commonly reported fit indices having acceptable values 

(Dunn & McCray, 2020). The chi-square test was significant in all three models which is 

expected at larger sample sizes (Schermelleh-Engel et al., 2003; Vandenberg, 2006). The 

standardised factor loadings of the bi-factor model are presented in Figure 3.2 (see 

supplementary materials S3.2.2 for additional details). These results overall support the 

computation of a general mean score in line with the bi-factor model. 

 

Table 3.2. Indices for the three specified models using Structural Equation Modelling 

(SEM). 

Model Unidimensional Correlational  Bi-Factor  

Chi-Square X2(230, 370)=703.98*** X2(227,370)=457.14***  X2(207, 370)=373.57*** 

CFIa .71 .86 .90 

RMSEAb .075[.069; .080] .052[.046; .059] .047[.039; .054] 

AICc 22468.58 22174.50 22103.66 

BICd 22738.61 22456.27 22463.70 

adj. BICe 22519.69 22227.84 22171.82 

Note: *** p < .001; a: Comparative Fit Index (preferably ≥ .90); b: Root Mean Square Error of 

Approximation (preferably ≤ .060) and [95% Confidence Intervals]; c: Akaike Information Criterion; d: 

Bayesian Information Criterion; e: Sample-size adjusted BIC (all: smaller better)
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Figure 3.2. Final item list structured as A. the best fitting bi-factor model in order of 

their loadings on the emergent subfactors, providing original item number 

corresponding to the available analysis script, and B. the full items based on the final 

order as shown in A. 

B. Final Item List 
A. Bi-Factor Model 

Original 

Item 

Number 

Final 

Item 

Number 



 

3.4.3.3 Internal consistency 

We computed common measures of internal consistency for both the complete 

scale and the emergent sub-factors (Table 3.3). The overall scale was found to have high 

internal consistency, where a Revelle’s beta of >.70 additionally supports our assumption 

of a general underlying factor. Furthermore, the separate subfactors also had good (>.70) 

indices supporting these data-driven options to explore additional variance in the sample. 

Consequently, we will consider them from here on out as subscales. 

 

Table 3.3. Measures of internal consistency for the full scale and the emergent subscales. 

 

3.4.3.4 Exploration of mean scores across sex and age 

 The mean curiosity scores were distributed around an average of M = 5.87 (SD = 

.52), evidencing that the scale captures variance in reported exploration tendencies 

(Figure 3.3). An independent samples t-test, in line with our expectations, did not find a 

significant differences between male (M = 5.91, SD = .49) and female (M = 5.84, SD = 

.55) curiosity scores (t(359) = -1.20, p = .233, d = .13). We then correlated the scores to 

age and found a significant positive correlation (rs = .35, p < .001) so that older children 

received on average higher scores. As this was not in line with our expectations, we 

exploratorily correlated age with each of the subscales which revealed that this age 

relation was strongest for social curiosity scores (rs = .48, p < .001), somewhat smaller 

for investigative curiosity scores (rs = .34, p < .001), and non-significant for sensory 

curiosity scores (rs = .08, p = .129). Additionally, we found that the age relation with the 

overall mean score disappeared from the age of 13 months (rs = .12, p = .146). Lastly, the 

overall mean scores and the two single curiosity items were positively correlated (direct 

Scale Number of 

Items 

Cronbach’s 

α 

Guttman’s 

λ 

Revelle’s  

omega total 

Revelle’s 

β 

General 23 .87 .90 .89 .71 

Sensory  11 .78 .78   

Investigative 5 .74 .71   

Social  7 .81 .80   
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item: rs = .41, p < .001; comparative item: rs = .24, p < .001), offering a first indication 

of construct validity. 

Figure 3.3. Density plots of overall curiosity mean scores as well as the curiosity subscale 

scores. 

 

3.4.4 Interim Discussion 

 In this first study, we described the development of the ITCQ: from creating an initial 

set of items capturing various behaviours with which infants and toddlers can explore and 

interact with their environment to the final set of 23 items comprising this internally 

consistent and structurally valid measure of trait curiosity. An initial pilot study provided 

evidence for the scale’s content validity. The subsequent main analysis included 370 

responses across an age range from 5 to 24 months and offered sufficient evidence for the 

scale’s unidimensionality to justify the computation of an overall mean score, along with 

three emergent subscales which could explain additional variance in the data. These 

subscales seemed to capture different types of curiosity based on their manifestation in 

broader, sensory exploration, more focused, investigative exploration, and exploration by 

using social others to gain information. While high internal consistency for the full scale 

further supported the computation of an overall curiosity score, good indicators for the 

subscales also made those an option for exploratory analyses.  

We then investigated the distribution of mean scores which did not systematically 

differ between males and females. However, they did increase with age, specifically in 

very young infants between the ages of 5 and 12 months. This could be due to the items 

covering various exploratory behaviours which develop across the first two years of life 

and are thus bound to increase with time, making parental observations more robust and 

Mean Scores 

D
en

si
ty

 

Investigative Curiosity 

Overall Curiosity 

Social Curiosity 

Sensory Curiosity 
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caregivers more confident in their indicated agreement with the scale’s items. The 

differential correlations between age and the subscales (sensory < investigative < social) 

and disappearance of the effect for ages from 13 months lend support to this notion. 

Therefore, this effect should be controlled for in cross-sectional studies including younger 

infants. In longitudinal studies, we would expect to find rank stability in curiosity scores 

across development (more curious children stay more curious) which would also validate 

the scale’s temporal consistency. 

 

3.5 Study 2: Test-retest Reliability 

Another important aspect of a scale’s validation is test-retest reliability which 

indicates the clarity of the items via the responses’ temporal stability (Crocker & Algina, 

1986). If items are well constructed to capture observable behaviour that reflects the 

child’s general tendencies, the responses should be consistent with each other. Here, the 

retest timeframe was set to 7 to 14 days so that participants were unlikely to remember 

their previous responses and the child would not have experienced a leap in behavioural 

development. 

3.5.1 Methods 

3.5.1.1 Participants  

As mentioned previously, participants who provided consent and email address at 

the end of the survey were automatically contacted through Qualtrics one week after their 

initial response. From the participants included in the main analysis in Study 2, we 

collected N = 67 test-retest responses completed within 7-14 days (M = 7.61, SD = 1.19) 

of the first measurement. Three additional responses were excluded due to longer 

timeframes (18, 46, and 144 days, respectively). Babies of the final 67 responders were 

typically developing and representative of the full sample (age in months at first 

timepoint: M = 12.7, SD = 5.1, range: 5.1 – 24.2; 58% female). Caregivers provided 

consent to proceed to the questionnaire items and completed this second measurement 

without any additional reward or compensation. Responses were matched via anonymous 

identification numbers, imbedded in the automatic emails. 
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3.5.1.2 Materials  

The test-retest version of the full questionnaire included the original 36 items as 

well as the two curiosity questions. However, we conducted all analyses using only the 

final 23 items based on the results from Study 1. 

3.5.1.2.1 Analyses. Test-retest reliability was investigated in two ways: how 

consistently participants responded to each item (using the function “testRetest” from the 

psych package; (Revelle, 2023), as well as the Intraclass Correlation Coefficient (ICC) of 

mean scores (using the function “icc” from the irr package; Gamer et al., 2019). The first 

analysis implemented the data’s multi-level structure to provide reliability indices for 

items and participants over time and indicated variance for each of these components and 

their interactions. Furthermore, we specified the ICC of mean scores as a two-way mixed 

effect model with absolute agreement and single unit analysis as suggested by the 

literature (e.g., Koo & Li, 2016). Historically, ICC scores have been considered as poor 

at values smaller than .5, as moderate between .5 and .75, as good between .75 and .9, 

and as excellent above .9. 

 

3.5.2 Results 

 We found good internal consistency at both timepoints (T1: Cronbach’s α = .87, 

Guttman’s λ = .94; T2: α = .88, λ = .96), indicating that the items correlated with each 

other to a similar extent. Furthermore, item scores were correlated across measurements 

at r = .86 (p < .001). The mean within-subject test-retest reliability of response patterns 

over items and time was good (rqq = .79) as was the reliability of all ratings across items 

and times (RkF = .97) (Revelle, 2023; Shrout & Lane, 2012). Multilevel components of 

variance further showed that most of the variance in scores could be attributed to the items 

(44%), participants (13%), and the interaction between items and participants (23%). 

Little to no variance, however, was attributed to time effects (time: 0%; participant*time 

interaction: 0.1%; items*time interaction: 0%). This suggests that participants responded 

to items with sufficient temporal stability to support the scale’s test-retest reliability. A 

good ICC of mean scores seconded this finding (ICC(A, 1) = .82; F(66,47.9) = 11.3, p < 

.001; 95%CI=[0.72; 0.89]). 
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3.5.3 Interim Discussion 

Both measures supported the scale’s temporal stability indicating that the items 

were well constructed to allow for reliable responses. Future research should increase the 

timespan between measurements to investigate the measure’s longitudinal rank stability.  

 

3.6 Study 3: Criterion Validity 

 Another source of validity evidence (Downing, 2003) is the measure’s 

relationship to other variables. This includes correlating them with scores of other existing 

measures with well-known characteristics. Therefore, we decided to compare the new 

scale to facets of temperament as we would expect them to be related yet distinct. It had 

furthermore previously been stated that an established relation between a curiosity 

measure and temperament would support the notion of it capturing curiosity as a trait 

(Piotrowski et al., 2014). 

Temperament is viewed as an early equivalent to adult personality traits, and its 

measures (Infant Behavior Questionnaire or IBQ; Early Child Behavior Questionnaire or 

ECBQ) have been shown to be reliable, valid, and informative both in personality related 

research but also for predicting behavioural outcomes (e.g., Putnam et al., 2008; Rothbart, 

1986, 2011), making them appropriate measures for exploring the ITCQ’s criterion 

validity. Here, we related the curiosity responses to the age-specific version of the 

temperament measure as our age-range covered both the IBQ and the ECBQ’s age ranges. 

 

3.6.1 Methods 

3.6.1.1 Participants 

Caregivers of a sample of N = 75 children (age in months: M = 14.1, SD = 4.5, 

range: 6.5-24.2; 50.7% female) completed the survey, two thirds of which indicated to 

have a degree in higher education. A subsample of respondents was recruited directly 

from the Babylab’s database, and thus, received £5 as reimbursement in the form of an 

online gift voucher of their choice (n = 55). The rest (n = 20) completed the temperament 

survey without additional rewards after their in-person study visit for which they had 

received £5 travel reimbursement and a book for the child. Participants provided written 

consent prior to answering any questions. 
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3.6.1.2 Materials 

While the full temperament measure consists of around 200 items across multiple 

facets of temperament, the “very short form” versions (IBQ-vsf and ECBQ-vsf) each 

consists of 36 items evaluated on a 7-point Frequency-scale from 1 (“Never”) to 7 

(“Always”) and an option of “NA - not applicable”, which have been validated to capture 

three broader dimensions: Surgency, Negative Affect, and Effortful Control (e.g., Putnam 

et al., 2010, 2014). Surgency items capture facets such as Approach, High Intensity 

Pleasure, Activity Level, and Perceptual Sensitivity, making this factor comparable to the 

personality dimension of Extraversion. Negative Affect items capture levels of Sadness, 

Distress to Limitations, and Fear, making this factor comparable to the personality 

dimension of Neuroticism. Lastly, Effortful Control items capture Duration of Orienting, 

and levels of Low Intensity Pleasure, Cuddliness, and Soothability, making this factor 

comparable to the personality dimension of Conscientiousness. 

Participants first completed the full ITCQ, followed by either the very short form 

of the IBQ or ECBQ depending on the child’s age: IBQ if the child was between 5 and 

12 months old and the ECBQ for ages 13 months and over. 

3.6.1.3 Hypotheses 

The temperament scales mostly capture how the child typically reacts to certain 

situations, whereas the ITCQ mostly captures infant-initiated exploratory behaviours. As 

behavioural expressions may well be affected by how the child reacts to certain situations, 

we expected the temperamental facets to differentially correlate with the curiosity scores, 

while also being distinct from one another – meaning that at most we would observe 

moderate effect sizes (e.g., Nunnally & Bernstein, 1994). First, we expected Surgency to 

positively correlate with curiosity, as a more extraverted child may exhibit more 

exploratory behaviours across contexts. Second, we expected Negative Affect to 

negatively correlate with curiosity, as a more fearful and distressed child may exhibit 

fewer exploratory behaviours across contexts. Lastly, we did not have a clear prediction 

on how Effortful Control may correlate with curiosity but could hypothesise a positive 

relation with longer exploratory engagement.  

3.6.1.4 Analyses 

We computed mean scores for all scales (exploratorily also for the curiosity 

subscales) and conducted Spearman correlations between the temperament and curiosity 



 

86 

 

scores. We treated scores from the IBQ and ECBQ equally, as items form into the same 

three dimensions and because of their assessed longitudinal stability (Putnam et al., 2008; 

Rothbart, 1986). 

 

3.6.2 Results 

Correlations between the facets of temperament and curiosity are shown in Table 

3.4. We found significant, positive correlations of moderate effect sizes between both 

surgency as well as effortful control and the mean curiosity score. Exploratory 

correlations with the curiosity subscales revealed these to be strongest for the sensory 

exploration tendencies. 

Additionally, we found a negative correlation between curiosity and negative 

affect scores. This relation seemed to be mainly driven by lower social exploration 

tendencies so that young children reported to be more fearful and distressed were 

especially unlikely to interact with social others in the pursuit of information. 

 

Table 3.4. Spearman correlation matrix between curiosity and temperament mean scores. 

 Overall 

Curiosity 

 Sensory 

Exp. 

Investigative 

Exp. 

Social 

Exp. 

      

Surgency 0.39***  0.47*** 0.31** 0.16- 

Negative Affect -0.27* ---  -0.24*---- -0.14-- - -0.3** 

Effortful Control 0.25*---  0.3**--- 0.17- - 0.08 

Note. p < .001 ‘***’, p < .01 ‘**’, p < .05 ‘*’ 

 

3.6.3 Interim Discussion 

We investigated how the ITCQ related to other early traits measures, more 

specifically facets of temperament, to obtain evidence of its criterion validity. We found 

significant correlations of moderate effect size between all three temperament dimensions 

and overall curiosity, where the subscales offered additional insights. The negative 

correlation between curiosity and negative affect, that is, being more fearful and 

distressed, is in line with previous research in adults that showed anxiety to be negatively 

associated with epistemic curiosity (Collins et al., 2004; Kashdan & Roberts, 2004; 
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Litman & Jimerson, 2004; Litman & Spielberger, 2003; Naylor, 1981). Additionally, we 

observed the strongest negative correlation with social exploration which is consistent 

with the idea that neuroticism may specifically inhibit social interactions and respective 

exploratory behaviours (Green & Campbell, 2000). Together, these results provide 

evidence that curiosity and facets of temperament are related but still capture unique 

characteristics of the child’s personality. 

 

3.7 General Discussion 

Recognising the need to measure individual differences in trait curiosity in infants 

and toddlers, we developed the Infant and Toddler Curiosity Questionnaire (ITCQ) as the 

first caregiver report measure to assess trait curiosity in this targeted age group, with items 

capturing observable exploration behaviours specific to infants and toddlers between 5 

and 24 months of age. Across three studies we reported evidence for the scale’s reliability 

and validity, suggesting that the ITCQ could become a powerful tool for developmental 

research. 

The first study focused on the initial questionnaire development leading to a final 

set of 23 items, selected based on internal consistency and exploratory factor analyses. 

Three methodologically emergent sub-factors captured additional co-variance among the 

items and developmental exploration skills: sensory curiosity, investigative curiosity, and 

using social others to gain new information. The well-fitting bi-factor model using 

structural equation modelling offered sufficient evidence that the scale is unidimensional 

enough (Dunn & McCray, 2020) to justify the computation of an overall mean score. As 

both the full scale but also each of the sub-factors had good measures of internal 

consistency, we considered these sub-factors as curiosity subscales. Together, this work 

offers multiple avenues to disentangle effects of trait curiosity but also of specific types 

of curiosity. The second study then showed that the final scale had good test-retest 

reliability after 7 to 14 days. 

Lastly, study three indicated criterion validity as the ITCQ scores were 

significantly related to the well-established trait measure of temperament (Putnam et al., 

2014). Here, we found positive correlations between curiosity and surgency, which is 

considered a precursor of extraversion, as well as curiosity and effortful control, a 

precursor of conscientiousness. In contrast, curiosity negatively correlated with negative 

affect, a precursor of neuroticism. Together, these findings are in line with theoretical 
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considerations as well as previous adult research (e.g., Collins et al., 2004; Kashdan & 

Roberts, 2004; Litman & Jimerson, 2004; Litman & Spielberger, 2003; Naylor, 1981), so 

that a child who is more extraverted would score more highly across the wide variety of 

exploration behaviours captured in the new scale compared to a child who is generally 

more fearful. Crucially, the correlations were of only medium effect sizes, supporting the 

constructs to be related yet distinct. 

3.7.1 Limitations & future research 

 Questionnaire development is a strenuous process for which there is no gold-

standard as evidenced by numerous open discussions. Using the best practices as a guide, 

we created and assessed the ITCQ to be a reliable and valid measure (Downing, 2003; 

Dunn & McCray, 2020; Pett et al., 2003). Yet, future studies are needed to collect multiple 

independent samples replicating these findings as well as longitudinal data to establish 

temporal stability of the trait measure, and its convergent validity to other measures of 

early curiosity (Lee et al., 2023), problem solving (Hoicka et al., 2023) or observation-

based curiosity scores (Fortner-wood & Henderson, 1997). Nevertheless, our reported 

studies here suggest that the ITCQ is a promising measure for application in 

psychological research to potentially explain variance in observed exploration behaviours 

(e.g., Mandler et al., 1987; Piccardi et al., 2020; Slone et al., 2019; Smith & Yu, 2013) as 

well as developmental trajectories (e.g., Berg & Sternberg, 1985; Bornstein et al., 2013; 

Muentener et al., 2018; Shah et al., 2018). In fact, preliminary reports of our measure 

have already gained international interest so that a German and Dutch version of the ITCQ 

are currently undergoing validation, and a child version for 2–5-year-olds is also being 

developed (Altmann, et al., 2023b). 

 

3.7.2 Conclusion 

In this paper, we present the development of a newly constructed caregiver report 

questionnaire (ITCQ) and showcase that it effectively captures early exploration 

tendencies as a manifestation of individual differences in infants’ and toddlers’ trait 

curiosity. Importantly, the ITCQ fills an important gap in the scientific landscape of 

infancy research. Across three studies we demonstrated evidence for the measure’s 

reliability and validity following rigorous practice to ensure that future applications of the 

ITCQ will offer new and powerful insights into early human development.  
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S3 Supplementary Materials 

 

The r-script and data to reproduce the analyses, as well as a Qualtrics template and paper-

pen-version for the questionnaire have been made available on the OSF. 

 

S3.1 Final Item List  

Note: These are grouped by subscale, but we recommend presenting these items to 

participants in a randomized order, if possible. 

 

S3.1.1 Infant and Toddler Curiosity Questionnaire (ITCQ) 

Sensory curiosity subscale: 

Item.1 When my child encounters an object, they typically seem interested in its 

properties (e.g., how it feels, tastes, or sounds like, etc.). 

Item.2 My child actively inspects a variety of objects, whether it be toys or ordinary 

household items. 

Item.3 My child usually inspects objects from all angles and sides. 

Item.4 My child pokes at and probes objects to see how they feel. 

Item.5 My child is interested in a wide variety of objects. 

Item.6 My child likes to look around, scanning the environment for something new. 

Item.7 (R) My child does not typically engage with (look at, point at, reach for, inspect) 

a lot of things in their environment. 

Item.8 My child enthusiastically explores new environments (e.g., a new house, the 

beach, etc.). 

Item.9 My child is interested in what other people next to them are doing. For example, 

when someone prepares food, my child closely observes their every move. 

Item.10 My child shows visible enjoyment (e.g., smiling, gurgling, babbling) when 

discovering something new. 

Item.11 My child actively seeks out and enjoys new experiences.  

 

https://osf.io/9wd8y/
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Investigative curiosity subscale: 

Item.12 When I open my bag in front of my child, they will come and peek into it. 

Item.13 When my child looks into a container (e.g., a bag, kitchen drawer, etc.), they take 

out and inspect each of its contents. 

Item.14 When something is hidden from my child (e.g., in closed boxes, rooms, 

cupboards etc.), they will actively try to uncover it. 

Item.15 My child often bangs objects to see what noise they make. 

Item.16 If a toy has multiple functions, my child will typically discover and play with 

more than one of them. 

 

Social curiosity subscale: 

Item.17 When reading a picture book together, my child directs me (e.g., by pointing) 

towards what they want to know more about. 

Item.18 When we are in a new environment (e.g., the zoo, a shop, etc.), my child keeps 

pointing at all the things they find interesting. 

Item.19 My child often leads me to/brings me things that they want to know more about. 

Item.20 When faced with a problem, my child will seek the help of others in order to 

solve it. 

Item.21 When my child is confused by something, they look at me/another person for 

additional information. 

Item.22 When someone shows my child how something works, they watch with 

continuous interest. 

Item.23 When faced with a problem (e.g., fitting a block into its respectively shaped hole), 

my child typically keeps trying to figure it out until they have solved it. 

 

S3.1.2 Additional Items 

Excluded Items (original numbering) 
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Item.1 When I hold or move a toy or object in front of my child, they follow it with their 

eyes. 

Item.4 R When my child is introduced to something new, they are often not very 

interested. 

Item.5 When my child encounters an object, they are likely to put it in their mouth for 

further inspection (e.g., to see what it feels or tastes like). 

Item.9 My child is constantly reaching for objects to explore. 

Item.14 Once my child was able to crawl, they used this new skill to explore their 

environment on their own terms. 

Item.15 My child starts playing on their own, rather than waiting to be given something 

to play with. 

Item.18 When my child plays with an assembly toy (e.g., building blocks, puzzle, a toy 

with detachable parts), they like to take it apart for further examination. 

Item.21 My child is usually happy to try new foods they haven't eaten before. 

Item.25 When playing hide and seek, my child enjoys searching for the object or person 

that disappeared. 

Item.29 R My child does not seem to care when we go somewhere new, they still prefer 

to engage with familiar objects they brought from home (e.g., their pacifier or favourite 

toy). 

Item.36 My child is usually interested in new people. 

 

Mirrored Items for attention 

Item.16 R My child usually waits to be given a toy to play with, rather than start playing 

by themselves. (Excluded due to positive version being excluded) 

Item.23 R When someone shows my child how something works, they are usually not 

very interested. 
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S3.2 Additional considerations regarding the response scale 

As the response scale we decided on a 7-point Likert scale from 1 (“strongly 

disagree”) to 7 (“strongly agree”). We considered using a frequency scale from never to 

always which is used in several infant and early childhood questionnaires (e.g., 

temperament scales IBQ and ECBQ). While both agreement (that is, Likert) and 

frequency scales can be used to generate aggregate scores, it was found in a systematic 

review that agreement scales lead to better fit and response quality and that frequency 

scales can be problematic in their interpretation (Brown, 2004). Thus, we decided on the 

format of agreement. 

As the questionnaire was administered online using the secure software Qualtrics 

(Qualtrics, Provo, UT), we also had to consider in which way the response options would 

be presented. Next to the more conventional “radio-button” responses (one for each scale-

point), a “slider” was discussed where caregivers could indicate their level of agreement 

anywhere between 0 and 100. While reviews suggest that such sliders can be more 

engaging with comparable data quality, they are in fact more time-intensive and can lead 

to frustration (Sikkel et al., 2014) and higher drop-out rates (Couper et al., 2006; Cook et 

al., 2001). Furthermore, they seem to add cognitive complexity which would not be 

recommended for wider representation of the caregiver population (e.g., Funke et al., 

2014; Stanley & Jenkins, 2007). Based on these considerations, we decided to implement 

a conventional 7-point Likert scale with a button for each response option. 

 

S3.2.1 Number of exploratory factors 

Figure S3.1 Scree plot & parallel analysis to determine the adequate number of factors 

suggesting 3 or 4 factors as indicated by their explanatory eigenvalues and the “elbow” 

in the graphs. 
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S3.2.2 Additionally suggested modifications to the Bi-factor model 

Using structural equation modelling, one can also receive suggestions for 

modifications that would improve model fit even further. Here, we included suggestions 

with the five highest modification indices and relating to covariances among items. These 

were possibly due to similarities in content or wording as they included additional four 

covariances between items 17 and 28 (“new”), 10 and 22 (“observing others”), 26 and 30 

(“pointing”), and items 24 and 33 (“help from others”). Furthermore, it suggested relating 

item 20 (final item 15 about “banging objects”, currently part of the investigative sub-

factor) to the sensory sub-factor which also makes sense theoretically. Including these 

modifications, we saw a further model fit improvement with great fit indices (CFI = .95; 

RMSEA = .037(CF[.029;.046]); BIC = 22068.42). Note, however, that these additional 

parameters are mainly useful for conducting additional structural equation modelling 

analyses on the questionnaire and will not be considered for the discussion of which 

aggregate scores to compute. 
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4TRAIT CURIOSITY & 

ACTIVE EXPLORATION 
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4.1 Linking Statement 

In the following chapter, I describe an investigation into whether infants' trait 

curiosity can explain variance in their patterns of active exploration. Infant studies are 

notorious for the large amount of observed variance in the data, which often leads to small 

effect sizes. As discussed in the previous chapter, it is plausible that some of this variance 

- especially concerning observations of infants’ curiosity-driven exploration and 

information sampling - can be attributed to their trait curiosity, for which we now have a 

measure. However, due to the novelty of this conceptualisation, it was not clear what to 

expect, as a more curious child might be both more explorative and more focused on what 

they are exploring, thus, more exploitative. None of the previously formulated theoretical 

frameworks could offer precise hypotheses in this regard. Consequently, the analyses in 

this chapter were generally exploratory in nature. 

This experimental study followed logically from the previous two studies which 

conceptualised and measured infants' active exploration (Chapter 2) and their trait 

curiosity (Chapter 3). Our aim was then to explore how best to describe the specific 

relationships between trait curiosity and characteristics of infants' active exploration, and 

to test whether they could explain meaningful variance in the data. The results of this 

study have both theoretical and methodological implications for the interplay between 

trait and state curiosity, but also for the explanatory power of our caregiver report within 

experimental observations, which is not necessarily a given (e.g. Madhavan et al., 2024). 

 

This chapter is currently being prepared for submission to Cognition. 

 

Altmann, E. C., Bazhydai, M., & Westermann, G. (in preparation). Infants’ trait curiosity  

shifts the balance from exploitation towards exploration. Target submission: 

Cognition. 
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Research highlights: 

• Infants’ trait curiosity was related to their dynamic information sampling, indicating 

a shift from exploitation towards exploration. 

• Curiosity predicted overall engagement in an inverted U-shape, driven by sensory 

curiosity scores. 

• Curiosity positively predicted more between-category switching, driven by social 

curiosity scores. 

• Infants’ focused sampling towards one or both available information sources was, 

however, not related to curiosity. 

 

 

 

  

https://osf.io/ubwj4/?view_only=ecc50e1767684204a23a5713e449d028
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4.2 Abstract 

Infants actively explore their environment to construct their knowledge. This process 

requires the balance between exploration to discover sources of information in the 

environment and exploitation, that is, repeatedly engaging with the encountered 

information to robustly encode it into one’s memory. Yet, little is known about infants’ 

tendencies to balance exploration against exploitation in their dynamic information 

sampling or how their trait curiosity may impact this balance. We related infants’ trait 

curiosity measured by the Infant and Toddler Curiosity Questionnaire (ITCQ) at 10-12 

months of age to patterns in their active exploration of two novel categories as available 

information sources, captured by the Curious Choices paradigm. Specifically, their 

overall engagement formed an inverted U-shaped relationship with infants’ trait curiosity 

which was mainly driven by their sensory curiosity scores (e.g., scanning the environment 

and interacting with a wide variety of objects). Additionally, curiosity positively predicted 

higher levels of between-category switching, which was mainly driven by their social 

curiosity scores (e.g., requesting information from social others by pointing). However, 

there was no apparent systematic relationship between curiosity and the degree to which 

infants focused their sampling towards either or both categories. While these patterns 

were found on the whole sample (N = 60), they only explained significant amount of 

variance in the largest emergent cluster of balanced smaplers (n = 34). These findings 

offer first insights into the specific link between infant trait curiosity and active 

exploration, indicating that, across such dynamic information sampling, higher levels of 

curiosity shift the balance towards exploration of both, the constrained environment (the 

two information sources) and the wider environment (earlier disengagement from the 

task). 

  

Keywords: infant curiosity, active exploration, information sampling, exploration-

exploitation, trait and state curiosity 
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4.3 Introduction 

Exploration leads to new discoveries, but it also requires facing uncertainty and 

taking the risk of missing out on exploiting known rewards. To maximise those rewards 

there needs to be a balance between exploiting known sources and exploring the uncertain 

environment to find new sources worth exploiting (Charnov, 1976). In psychological 

research, this exploration-exploitation dilemma has mostly been used to characterise 

foraging behaviour in the pursuit of maximising external rewards (e.g., points, stickers, 

money; Averbeck, 2015). For this, studies showed that already young children employed 

reward-maximising but also uncertainty-reducing exploration strategies (Blanco & 

Sloutsky, 2021; Lapidow & Bonawitz, 2023; Schulz et al., 2019), with exploration 

becoming more efficient with age (Meder et al., 2021; Ruggeri et al., 2016) and memory 

capacity (Pelz et al., 2015). 

However, the exploration-exploitation framework can also be employed to 

describe the pursuit of information in the absence of external rewards (Gottlieb & 

Oudeyer, 2018; Oudeyer et al., 2007). That information can be experienced as 

intrinsically rewarding, and thus, worth exploiting (Daw et al., 2006) has been supported 

by studies in adults showing that the anticipation of information as well as knowledge 

acquisition itself correlated with increased activity in neurological reward circuits 

(Gruber et al., 2014; Jepma et al., 2012; Kang et al., 2009). Then, to maximise one’s 

knowledge construction, there needs to be a balance between exploiting encountered 

information sources, by engaging and repeatedly sampling from them to robustly encode 

that information into one’s memory (e.g., Rose et al., 1982), and exploring the wider 

environment to discover new information sources worth exploiting. 

Yet, little is known about the mechanisms underlying infants’ dynamic 

information sampling nor about individual differences in weighting exploration against 

exploitation. Considering active exploration behaviours as manifestations of infants’ trait 

curiosity (e.g., Altmann et al., 2024 (Chapter 3); Bazhydai et al., 2021), it is plausible that 

trait curiosity can explain variance in patterns of such exploration. Furthermore, curiosity 

is generally viewed as a highly positive attribute and has been related to enhanced 

learning (Ackermann et al., 2020; Chen et al., 2022; Engel, 2011; A. Singh & Manjaly, 

2022; Stahl & Feigenson, 2015) and beneficial developmental outcomes (Reio, 2024; 

Shah et al., 2018) but is barely understood in infancy – especially as a trait. Consequently, 
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it is crucial to better understand how trait curiosity may impact early exploration directly 

to explain those links. 

 

4.3.1 Exploiting information to construct knowledge 

Experimental studies have shown that infants’ engagement with their environment 

is related to the information they encounter and serves their knowledge construction. For 

instance, their looking duration as a measure of information encoding has been shown to 

predict the shift from a familiarity to a novelty preference (Hunter & Ames, 1988; Kosie 

et al., 2023; Poli et al., 2023; Rose et al., 1982), so that information is exploitatively 

engaged with until fully encoded at which point they are driven to explore novel 

information in the wider environment. Similarly, infants were found to look longer at 

intermediately predictable (Kidd et al., 2012, 2014) stimulus sequences that afforded the 

maximising of learning progress (Poli et al., 2020). A computational model of a curious 

learner (Twomey & Westermann, 2018) and findings from a recently developed paradigm 

capturing infants' dynamic exploration choices (Altmann et al., 2023; Chapter 2) 

additionally highlighted the importance of taking one’s information sampling history into 

account because what maximises learning (and the associated intrinsic reward) changes 

with every bit of new information and the extent to which one engages with it.  

The previous findings show infants’ information exploitation through their 

looking behaviour. A similar exploitative tendency has, however, also been observed in 

their repeated, manual engagement with a select few objects during free-play (Karmazyn-

Raz & Smith, 2023; Slone et al., 2019; Smith et al., 2018). Indeed, studies showed such 

information exploitation to be beneficial if not necessary for early categorisation (e.g., 

Mandler et al., 1991) and word learning (e.g., Smith & Yu, 2013). Lastly, in social context, 

infants have been found to express states of curiosity through gestures, pointing, and 

verbal prompts, thereby initiating interactions about something they want to know more 

about (Bazhydai et al., 2020; Liszkowski et al., 2007). Reacting to such gestures with 

information (e.g., labels) then benefitted their sustained attention (Suarez-Rivera et al., 

2019; Tamis-LeMonda et al., 2013) and learning (Begus et al., 2014; Lucca & Wilbourn, 

2018, 2019; Slone et al., 2019).  

Together, these findings suggest that infants’ early engagement is likely driven to 

exploitatively sample information sources to construct their knowledge of the world 

(Oudeyer & Smith, 2016; Piaget, 1976; Yu et al., 2019). While little is known regarding 
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early trait curiosity and its role in guiding infants’ active information sampling, recent 

work has linked higher levels of curiosity to longer looking at surprising events in infants 

(Lee et al., 2023) but shorter engagement durations in young children (van Schijndel et 

al., 2018). Thus, trait curiosity seems to affect how long one engages with encountered 

information, but the direction of this effect remains inconclusive. 

 

4.3.2 Exploration is necessary but costly 

The literature reviewed above indicates infants’ early exploitative tendency 

necessary to robustly construct knowledge. However, exploitation itself depletes the 

available resources (e.g., additional information) and its associated intrinsic reward 

(Hayden et al., 2011), so that exploration of the uncertain environment becomes necessary 

to discover new sources worth exploiting (Kaplan & Oudeyer, 2007; Oudeyer & Smith, 

2016). In a constrained environment which provides several information sources (e.g., 

toys in front of a child, stimuli on a screen, etc.), acts of exploration can be characterised 

as switching between these information sources (e.g., Altmann et al., 2023 (Chapter 2); 

Blanco & Sloutsky, 2020; Hayden et al., 2011). Such switching has been associated with 

the cost of having to inhibit a positively reinforced sampling action (exploitation) and 

redirecting one’s attention towards something more uncertain (Daw et al., 2006; Pelz et 

al., 2015). Very early in development, specifically in the visual exploration domain, this 

cost may be indicated by sticky vision. Sticky vision describes an infant’s inability to 

disengage from a central stimulus and to reorient towards a peripheral distractor 

(Colombo, 2001; Kulke et al., 2015). It is, however, hypothesised to disappear over the 

first year of life due to the development of top-down cognitive control (e.g., Wass & 

Smith, 2014).  

The notion that explorative switching requires cognitive control to overcome an 

exploitative tendency (see also Pelz et al., 2015) was further supported by Caruso (1993) 

who showed that infants’ breadth of exploration was a stronger predictor of problem-

solving abilities than their observed depth of exploration (exploitation). Additionally, this 

developmental shift towards exploration is reflected in the skills infants and toddlers 

develop and employ to broaden their explorable environment in search of new 

information (Adolph & Hoch, 2019; Hoch et al., 2019). Lastly, more sophisticated 

explore-exploit studies also indicated that throughout childhood, (systematic) exploration 

is the skill needed to develop to avoid uninformed exploitation of one reward source when 
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other options could offer higher rewards (Blanco & Sloutsky, 2021; Lapidow & 

Bonawitz, 2023; Meder et al., 2021; Ruggeri et al., 2016; Schulz et al., 2019; Şen et al., 

2024). 

Together, these findings reiterate an existing baseline tendency for exploiting 

rewards of both extrinsic and intrinsic nature, whereas exploration is necessary to 

maximise those rewards across sequential and dynamic sampling by discovering new 

sources worth exploiting. However, additional cognitive effort is required to disengage 

and switch to exploring a less certain part of the environment, as it could possibly delay 

and disrupt one’s reward accumulation. To our knowledge, no studies have thus far 

investigated how trait curiosity may affect this dynamic. One possibility is that it 

increases one’s perception of, or sensitivity towards, learning opportunities in the 

environment, manifesting in a lower switch cost and thus, more explorative tendencies. 

Importantly, as optimal development would require a delicate balance between 

exploration and exploitation, such insights can help explain the vast amount of variance 

found in infants’ active exploration and engagement with information (Bornstein et al., 

2013; Caruso, 1993; Colombo et al., 1991; Fortner-wood & Henderson, 1997; Franchak 

et al., 2016; Mandler et al., 1987; Muentener et al., 2018; Piccardi et al., 2020; Slone et 

al., 2019; Smith & Yu, 2013; Wass & Smith, 2014), as well as inform the discussion about 

curiosity’s benefits for developmental outcomes (Reio, 2024; Shah et al., 2018). 

 

4.3.3 The current study 

 In this study, we investigated the links between trait curiosity and patterns of 

active exploration in 10-12-month-old infants by relating measures from two previously 

reported studies (Altmann et al., 2023, 2024; corresponding to Chapters 2, 3). We will 

shortly describe these measures and their conceptualisations (for an overview, see Figure 

4.1) to facilitate the comprehensibility of our research questions. 

First, active exploration was measured with the Curious Choices paradigm, a 

novel gaze-contingent eye-tracking task (Altmann et al., 2023; Chapter 2). In this 

computerised task, infants could freely explore two information sources, each associated 

with a novel category, where, at each trial, looking at the respective areas on the screen 

triggered a new stimulus presentation from that category (Figure 4.1 A; more details in 

the Method section below). Infants’ self-generated exploration sequences were 

characterised through the number of triggers infants made throughout the task (overall 
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engagement), the proportion of between-category switches (switch proportion), and the 

systematicity with which they structured their information sampling towards available 

information sources (category entropy).  

Exploration sequences fell into three clusters (Figure 4.1 B) of brief explorative 

(characterised by relative short sequences with a high switch proportion and samples from 

both categories), long exploitative (characterised by relatively long sequences with few 

switches and most samples being from one category), and more balanced exploration 

patterns (characterised by relatively medium long sequences, higher switch proportions, 

and multiple samples from both categories). Thus, infants in this paradigm generated a 

range of exploration and exploitation tendencies, with the clusters capturing patterns of 

similar sampling sequences. 

Figure 4.1. Overview of measures included as variables in the here reported analyses. 

 

Trait curiosity was captured by the newly validated caregiver report measure, the 

Infant and Toddler Curiosity Questionnaire (ITCQ; Altmann et al., 2024; Chapter 3). This 

measure is the first questionnaire specifically developed to measure trait curiosity in 

infants and toddlers and does not follow any specific theoretical framework of curiosity. 

Instead, curiosity in the ITCQ is conceptualised as manifesting in various behaviours with 

which the infant explores and interacts with the environment. The authors provided 
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evidence supporting the computation of an overall curiosity score, but also reported the 

emergence of three subscales of sensory (e.g., scanning the environment and interacting 

with a wide variety of objects), investigative (e.g., focusing on the contents of a box or a 

toy’s functions), and social (e.g., requesting information from social others through 

pointing) curiosity (Figure 4.1 C).  

Based on these conceptualisations and measures, we investigated whether trait 

curiosity could (i) predict membership of either of the three exploration clusters, (ii) 

whether it could predict the specific variables characterising active exploration, and (iii) 

whether the three trait curiosity subscales could explain additional variance beyond that. 

We expected that higher trait curiosity would be related to a stronger weighting of 

exploration against exploitation characterised by shorter engagement, more switching, 

and more equal sampling from both information sources. However, as this study was the 

first to relate trait curiosity to infants’ active exploration, it is generally exploratory in 

nature. 

4.4 Methods 

4.4.1 Participants 

The full sample consisted of N = 60 typically developing infants (age range: 10-

12 months, M = 11.1, SD = 0.52, 45% females) from the northwest of England (previously 

reported in Altmann et al., 2023; Chapter 2, and Altmann et al., 2024; Chapter 3). Four 

participants from the original Curious Choices dataset were not included due to their 

caregivers not completing the ITCQ, whereas four additional observations were excluded 

as univariate outliers (using the IQR method) based on their mean curiosity scores 

compared to the whole sample (n=1) and to their respective cluster (balanced samplers: 

n=2; exploiters: n=1). Caregivers were reimbursed £5 for their travel to the University’s 

Babylab, and the child received a small gift (book or t-shirt) for participating. Informed 

consent was obtained for each of the measurements and the study was approved by the 

University Faculty’s research ethics committee. 

4.4.2 Materials 

4.4.2.1 Curious Choices Paradigm 

 Infants participated in a gaze-contingent eye-tracking study which employed the 

Curious Choices paradigm (Altmann et al., 2023; Chapter 2). Infants were presented with 

two identical houses in equal distance from the centre of a computer screen, associated 
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with either of two novel categories – ducks and tortoises - during a short warm-up phase 

and novel, animal-like stimuli (Fribbles, TarrLab; Barry et al., 2014) during the main 

exploration phase (Figure 4.1). By looking at a house for 700ms infants could trigger the 

presentation of a novel exemplar from the respective associated category. Once triggered, 

the stimulus enlarged over that house for 1 second and was then presented statically for 3 

seconds. A central, gaze-contingent attention getter ensured that each trial began with the 

infant fixating the middle of the screen. If neither house was triggered within 10 seconds, 

the trial was recorded as an empty trial (Wang et al., 2012) and the next trial was initiated. 

In this way, infants could freely trigger up to 30 trials, thereby actively generating their 

own exploration sequences (e.g., AABBBAB). 

4.4.2.2 Behavioural measures of active exploration 

Three measures were computed to characterise the sequences generated by the 

infants: Overall engagement as the number of triggers the infant made throughout the 

exploration phase (min. 1, max. 30; example above: 7); Switch proportion as the number 

of triggers marking a switch from the current category to the other one divided by the 

number of triggers minus 1 (stay/switch only possible from the second trigger onward; 

range: 0-1; example above: 3/(7-1)=.50); and Category entropy as the negative 

logarithm of the observed probability to trigger either category (Shannon, 1948), 

capturing the overall systematicity of observations (range: 0-1; example above: 0.986; 

maximal at equal probability of observations). Regarding the switch proportion, lower 

values indicate repeated triggering of the same category, and thus, stronger exploitative 

tendencies. Similarly, lower values for category entropy indicate more one-sided 

triggering, thus, more predictable sequences. A cluster analysis reported in Altmann et al. 

(2023) revealed patterns across these variables of exploration. 

4.4.2.3 Trait curiosity  

As a measure of trait curiosity, caregivers completed the Infant and Toddler 

Curiosity Questionnaire (ITCQ; Altmann et al., 2024; Chapter 3). The questionnaire 

consists of 23 items5 about observable behaviours related to their child's early exploration 

tendencies. Caregivers rated their agreement on a 7-point Likert scale ranging from 1 

('strongly disagree') to 7 ('strongly agree') with an option of 'not applicable (NA)' provided 

 
5Note: caregivers responded to all initial 36 items, however, based on analyses reported in Altmann et al. 

(2024; Chapter 3), the final set of reliable and valid items included the 23 items referred to here. 
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for behaviours not yet or not recently observed. Mean scores were computed for the 

overall curiosity score and the three subscales of sensory (e.g., “My child actively inspects 

a variety of objects, whether it be toys or ordinary household items.”), investigative (e.g., 

“When my child looks into a container (e.g., a bag, kitchen drawer, etc.), they take out 

and inspect each of its contents.”), and social (e.g., “My child often leads me to/brings 

me things that they want to know more about.”) curiosity. All scales had good internal 

consistency (overall: omega total = .89, Cronbach’s α = .87; sensory: α = .78; investigative 

α = .74; social: α = .81) and test-retest reliability (ICC(A, 1) = .82, p < .001). 

  

4.4.3 Procedure 

 Prior to the appointment, caregivers were asked to complete the ITCQ (Altmann 

et al., 2024, Chapter 3) alongside demographic questions (Singh et al., 2023) online. At 

the lab, exploration sequences were collected via gaze-contingent eye-tracking 

methodology with infants viewing a screen (24-inch, resolution of 1920x1080 pixels) 

from approximately 60 cm away, sitting on their caregiver’s lap or in a highchair. 

Fixations were recorded using a TobiiX120 eye tracker positioned below the screen, with 

a gaze sampling rate of 60 Hz and a five-point calibration. The experiment ended either 

after 30 trials, if the infant had three consecutive empty trials, or if they became fussy so 

that the experimenter terminated the experiment. All infants were included if they made 

any number of exploration triggers and as long as there were no concerns about technical 

problems (which led to the exclusion of n = 4 in the original sample reported in Altmann 

et al., 2023; Chapter 2). The total length of the experiment lasted under six minutes. 

Caregivers were again contacted about a year later for a follow-up on their child’s 

developmental outcomes (not reported here). 

4.4.4 Analyses 

Prior to analyses, the full sample as well as each of the three clusters were inspected 

for univariate outliers using the IQR method on their mean curiosity scores. We conducted 

a multinomial regression analysis to test whether infants’ trait curiosity predicted 

membership of these exploration clusters. We then computed multiple regression analyses 

with mean trait curiosity as the independent variable and overall engagement, switch 

proportion, and category entropy, respectively, as dependent variables, while controlling 

for possible age and sex differences. In order to investigate whether the three trait 

curiosity subscales (sensory, investigative, social) independently accounted for additional 
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variance in infants’ exploration patterns, we also conducted multiple regression analyses 

with infants’ subscale scores as independent variables.  We first conducted these analyses 

on the whole sample before focusing on the ‘balanced samplers’ to reduce the amount of 

additional variance originating from the very homogenous behaviour observed in the 

other two clusters. In this sub-sample, pairs of repeated measures were examined for 

influential bivariate outliers via scatter plot inspection (for non-linear relationships) and 

Cook’s distance (for linear relationships). 

Mean trait curiosity scores were centred to allow for non-linear terms while avoiding 

multicollinearity (e.g., Iacobucci et al., 2016). Furthermore, to test for multicollinearity 

between subscale scores we computed variance inflation factor (VIF) scores for each 

predictor variable. VIF scores of 1 indicate no correlation between the predictors whereas 

higher scores indicate a correlation and scores above 5-10 are generally seen as severely 

problematic (e.g., Thompson et al., 2017). Here, we found no concern of multicollinearity 

between subscales as VIF values fell into the range between 1 and 3 with the highest value 

for the linear sensory exploration predictor at VIF = 3.10. Model comparisons were 

conducted using ANOVAs and residuals were inspected to be approximately normally 

distributed. 

Overall, as these analyses depended upon results from two previous studies (Altmann 

et al., 2023, 2024 corresponding to Chapters 2 and 3) and the novelty of these research 

questions, they could not be pre-registered. Nevertheless, variables were pre-planned 

before inspecting specific relations and R scripts as well as raw data are available on the 

OSF. 

 

4.5 Results 

4.5.1 Trait curiosity did not reliably predict cluster membership 

The sample included in this analysis consisted of n = 34 balanced samplers, n = 19 

exploiters, and n = 7 brief/explorers. Results from a multinomial regression showed that 

overall trait curiosity scores did not significantly predict cluster membership (Figure 4.2). 

Descriptively, the small cluster of explorers had on average the highest curiosity scores 

(M = 6.20, SD = .49) with an estimated 1.78 points higher than balanced samplers (M = 

5.85, SD = .51, p = .083), while the cluster of exploiters (M = 5.89, SD = .40) scored an 

estimated 0.20 points higher than balanced samplers (p = .739). The cluster of balanced 

samplers, in comparison, showed the widest spread of scores including both the sample’s 

https://osf.io/ubwj4/?view_only=ecc50e1767684204a23a5713e449d028
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maximum and minimum. Similar patterns were found for the ITCQ’s three curiosity 

subscales (Supplementary Materials, Table S1), with the small cluster of explorers 

generally receiving the highest scores. It is to be noted, however, that the small group 

sizes, especially concerning the explorers, led to unreliable estimates that should be 

interpreted cautiously.  

 

Figure 4.2. Violin plots of the mean trait curiosity scores (y-axis) by exploration cluster 

(x-axis). 

 

4.5.2 Relationship between trait curiosity and overall engagement  

Visual inspection of the data suggested the relationship between trait curiosity and 

infants’ overall engagement to follow an inverted U-shape (Figure 4.3, left column). 

Indeed, multiple regression analysis on the full sample, controlling for age and sex, 

supported this as adding a quadratic term significantly improved model fit (∆F(1, 55) = 

4.06, p = .049). However, while the quadratic term reached significance (b = -8.97, p = 

.049), the model itself, explaining 13% of variance in the data, did not (F(4, 55) = 2.07, 

p = .097). Visual inspection of this relation by cluster indicated that the brief/explorers 

introduced floor effects as they generally engaged only very briefly regardless of their 

curiosity, while exploiters introduced ceiling effects as they generally recorded very long 

engagement. We therefore focused on the largest cluster of balanced samplers for further 

analysis (results regarding analyses on the full sample for the other two exploration 
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variables are reported in the supplementary materials but generally followed the same 

patterns, see Figure 4.3, row A). 

 

Figure 4.3. Relationships between trait curiosity and variables of active exploration. 

Left: Overall Engagement (number of triggers). Middle: Switch Proportion (proportion 

of triggers between-category switches). Right: Category Entropy (negative logarithm of 

observations towards either information source); A) across the whole sample, B) 

subsample of balanced samplers. 

 

From the cluster of balanced samplers, who showed more variable behaviour in 

the paradigm, we first identified and excluded two bivariate outliers who only engaged 

very briefly. Regression analyses on the remaining n = 32 observations (M = 11.2, SD = 

0.50, 15 females, 17 males), controlling for age and sex, reiterated the relationship to 

follow an inverted U-shape (Figure 4.3, bottom left). Adding a quadratic term 

significantly improved model fit (∆F(1, 27) = 5.12, p = .032) and this term was a 

significantly negative predictor (b = -8.81, p = .032). While this model explained 24% of 

variance in the data, it did not reach significance (F(4,27) = 2.11, p = .107). The most 



 

117 

 

conservative model explaining the most variance excluded age as a non-significant 

predictor and could still explain the same amount of variance in infants’ overall 

engagement (F(3,28) = 2.91, p = .052, R2 = .24). 

Regression analyses with the three subscales as independent variables indicated 

that this relationship was predominantly driven by infants’ sensory curiosity. Even though 

model fit significantly improved by adding a quadratic term for each subscale separately 

(sensory: ∆F(1, 25) = 9.04, p = .006; investigative: (∆F(1, 25) = 4.71, p = .040); social: 

(∆F(1, 25) = 5.08, p = .033), as well as by adding all three quadratic terms at once (∆F(3, 

23) = 4.45, p = .013), in this full model (F(8,23) = 2.49, p = .041, R2 = .47), only the 

quadratic term for sensory exploration remained significant (b = -8.21, p = .023). In fact, 

the most conservative model explaining the most variance only included the sensory 

terms (linear: b = -1.12, p = .651, quadratic: b = -7.69, p = .017) as well as sex as a control 

variable (b = -3.48, p = .136), together explaining 26% of the variance in the data (F(3,28) 

= 3.20, p = .038).  

Together, these findings indicate that infants with comparatively average curiosity 

scores tended to engage with the task the longest, whereas the reportedly less and more 

curious babies tended to disengage earlier. This relationship was, however, mainly driven 

by the balanced samplers and more specifically by their sensory curiosity scores. 

 

4.5.3 Relationship between trait curiosity and switch proportion 

Visual inspection of the data suggested the relationship between trait curiosity and 

infants’ switch proportion to be linear (Figure 4.3, middle column).  We first identified 

and excluded three bivariate outliers in the subsample of balanced samplers based on 

Cook’s distance. Regression analyses on the remaining n = 31 observations (M = 11.2, 

SD = 0.50, 15 females, 16 males), controlling for age and sex, showed that overall 

curiosity positively predicting switch proportion (b = 0.12, p = .006) with the model 

explaining 27% of the variance in the data (F(3, 27) = 3.28, p = .036). 

Additional regression analyses with the three subscales as independent variables 

indicated that this linear relationship was predominantly driven by the infants’ social 

curiosity scores. More specifically, the full model could explain 41% of the variance in 

the data (F(5, 25) = 3.46, p = .017), however only the social subscale remained significant 

(b = 0.10, p = .008). In fact, the most conservative model explaining the most variance 

only included the social curiosity predictor (b = 0.09, p = .002) and sex as a control 
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variable (b = 0.05, p = .187), together explaining 29% of the variance in the data (F(2, 

28) = 5.82, p = .008). 

Together, these findings indicate that more curious infants tended to switch more 

between sampling from either of the two available information sources. This relationship 

was, however, mainly driven by their social curiosity scores. 

 

4.5.4 Relationship between trait curiosity and category entropy 

Visual inspection of the data suggested no systematic relationship between trait 

curiosity and infants’ category entropy, that is, the extent to which they sampled from 

either or both available information sources (Figure 4.3, right column). After excluding 

two bivariate outliers from the cluster of balanced samplers based on Cook’s distance, 

regression analyses on the remaining n = 32 observations (M = 11.2, SD = 0.47, 16 

females, 16 males), controlling for age and sex, showed that curiosity did not significantly 

predict category entropy (b = 0.07, p = .262) and could only explain 12% of the variance 

in the data (F(3, 28) = 1.31, p = .290). Additional analyses on the ITCQ’s three curiosity 

subscales could not disentangle nor explain any additional variance either (all ps > .05). 

Together, these findings indicate that the extent to which infants focused their sampling 

towards one or both available information sources was not directly related to their trait 

curiosity. 

 

4.6 Discussion 

The current study aimed to test whether early trait curiosity could explain variance 

in infants’ active exploration patterns, specifically, how they weighted exploration against 

exploitation when freely sampling from two novel categories. Trait curiosity here was 

captured by the Infant and Toddler Curiosity Questionnaire (ITCQ, Altmann et al., 2024; 

Chapter 3) generating an overall curiosity score as well as scores for three subscales of 

sensory (e.g., scanning the environment and interacting with a wide variety of objects), 

investigative (e.g., focusing on an object’s functions), and social (e.g., requesting 

information from social others through pointing) curiosity. Active exploration, on the 

other hand, was captured in the Curious Choices paradigm (Altmann et al., 2023; Chapter 

2) in which infants’ self-generated exploration sequences grouped into three clusters 

based on their overall engagement, switch proportion, and systematicity of sampling from 

either or both sources: brief/explorers, balanced samplers, and exploiters. While the 
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largest cluster of balanced samplers recorded the most variance in their sampling, the 

other two clusters were substantially smaller – especially that of explorers – and recorded 

much more homogenous sampling at either end of the explore-exploit spectrum. 

We found no significant differences in caregiver reported trait curiosity between 

these clusters, which may have been due to the varying cluster sizes leading to unreliable 

estimates. By investigating the specific exploration variables across the whole sample, 

we found that the relationship between trait curiosity and overall engagement was best 

described as an inverted U-shape but could not explain significant variance in the data. 

Indeed, these results reiterated the limitation by the two smaller clusters, as their 

homogenous behaviours introduced floor and ceiling effects. Also regarding the other 

exploration variables, this led to the overall relationships being present but not explaining 

enough of this variance to reach significance (reported in the supplementary materials). 

Thus, we focused on the cluster of balanced samplers (n=34) demonstrating this inverted 

u-shaped relationship more clearly and found that this relationship was mainly driven by 

scores on the sensory curiosity subscale. Furthermore, trait curiosity positively predicted 

switching behaviour, predominantly driven by scores on the social curiosity subscale. In 

contrast, we did not find any systematic relationships between trait curiosity or its 

subscales and the extent to which infants focused their sampling towards either or both 

categories. 

 The inverted U-shaped relation between trait curiosity and overall engagement 

indicates that up to a certain degree, curiosity predicts longer engagement (compare Lee 

et al., 2023). This could imply that infants lower in curiosity may struggled to perceive 

the learning opportunities offered by this study and were therefore not intrinsically 

motivated to engage more exploitatively. In contrast, infants very high in curiosity 

engaged less long, perhaps due to perceiving learning opportunities throughout their 

environment. This would have led them to disengage from the task earlier and explore the 

wider environment to discover new sources of information worth exploiting. 

Alternatively, earlier disengagement can also reflect faster information processing speed 

(Cao et al., 2023; Poli et al., 2023; Rose et al., 1982), leading to faster depletion of the 

available information associated reward. Unfortunately, we did not control for cognitive 

development in this study. However, the main driver of this relationship being the infants’ 

sensory curiosity would speak in favour of the former interpretation, supported by similar 

results recently found for language development (Chapter 5). Additionally, Piccardi et al. 

(2020) showed that infants high in visual sensation-seeking tended to disengage 
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prematurely compared to the learning potential further engagement would have offered 

them. Nevertheless, curiosity seemed to also have a protective function in infants from 

the two more extreme clusters, as it was associated with engaging longer compared to the 

other brief explorers but also disengaging earlier compared to the other exploiters 

(supplementary materials). However, these findings were non-significant and should be 

interpreted cautiously. 

Furthermore, the positive relation between curiosity and higher levels of 

switching between the two categories may indicate a more gradual shift from exploitation 

towards exploration as a function of curiosity. One explanation for this effect could be 

that, when considering the cost associated with making such exploratory switches (Daw 

et al., 2006; Hayden et al., 2011; Pelz et al., 2015), more curious infants experience a 

lower switch cost and may possess more cognitive flexibility (Caruso, 1993). This is 

especially plausible when bearing in mind that this relationship was predominantly driven 

by the balanced-samplers’ social curiosity. This subscale included behaviours such as 

pointing and interacting with social others to request information, which, as indicated by 

lower mean scores for this subscale, was not yet a skill developed and widely employed 

by all participating infants who were 10-12-months-old at the time. Thus, in this age 

group, higher scores might be especially predictive of more switching due to reflecting 

advanced cognitive development in line with previous research on the onset of joint 

attention and use of pointing gestures (Colonnesi et al., 2010; Mundy & Jarrold, 2010). 

Indeed, in older children, higher levels of curiosity have been linked to shorter exploration 

durations but also better learning outcomes (van Schijndel et al., 2018), suggesting more 

efficient and flexible information sampling abilities in line with both of our main findings. 

However, curiosity was not related to the systematicity with which infants 

sampled from either or both categories. This aspect of their self-generated sequences may 

consequently indicate infants’ individual reward-experience leading to personal 

preferences for specific encountered information sources (compare Tummeltshammer et 

al., 2014; Zettersten, 2020) rather than a general tendency to explore and exploit all 

available sources. Concurrently, previous studies have observed that infants and toddlers 

showed personal, but not systematic, preferences for the toys they explored and 

repeatedly engaged with (Karmazyn-Raz & Smith, 2023).  

It is to be noted, however, that these interpretations are based on relationships 

which were present in the full sample but mainly driven by the sub-sample of balanced 

samplers. While this cluster represented more than half of the full sample, its size is still 
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comparatively small. Thus, our findings may serve as suggestions for how infant trait 

curiosity may affect the balance between exploration and exploitation within infants’ 

dynamic information sampling, but also call for additional research controlling for their 

cognitive development and information processing speed (e.g., Piccardi et al., 2020; Poli 

et al., 2023). Only then can specific mechanisms of trait curiosity be disentangled more 

robustly. For instance, more switching and earlier disengagement as the outcome of 

higher curiosity interacting with faster processing speed would lead to a balance between 

exploration and exploitation and, thus, optimised knowledge construction. The alternative 

would suggest a high level of distractibility in the absence of robust information encoding, 

representing the over-prioritisation of exploration at the expense of exploitation. 

Consequently, this early behaviour could have cascading implications for infants’ further 

development (e.g., Reio, 2024; Shah et al., 2018; Smith et al., 2018), highlighting the 

importance of better understanding this intricate dynamic. 

To summarise, this study presents, for the first time, systematic relationships 

between caregiver-reported trait curiosity in infants and the infants’ observed exploration 

behaviours in an interactive, computerised task. Specifically, the relation between 

curiosity and overall engagement with the task was best described as an inverted U-shape, 

whereas higher levels of curiosity linearly predicted more switching between available 

information sources. In other words, higher curiosity shifted the balance from a general 

exploitative tendency towards more exploration within the constrained environment 

(switching) as well as the exploration of the wider environment through earlier 

disengaging from the task. Yet, these results were mainly driven by a sub-sample of 

infants and certain types of curiosity. In conclusion, these findings offer new and 

important insights regarding curiosity’s role in how infants weigh exploration against 

exploitation when dynamically sampling information. 
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S4 Supplementary Materials 

Table S4.1. Mean scores (and Standard Deviations) for each curiosity subscale and 

cluster. 

 

S4.2 Additional Results on the whole sample 

S4.2.1 Relationship between overall engagement and curiosity subscales 

Regression analyses on the whole sample but with the three subscales as 

independent variables indicated that this relationship was mainly driven by infants’ 

sensory curiosity. Separately adding a quadratic term for this subscale (b = -8.58, p = 

.030) but not for either of the other subscales nor all three combined significantly 

improved model fit (∆F(1, 53) = 4.97, p = .030). In fact, the most conservative model 

explaining the most variance only included the sensory terms (linear: b = -3.77, p = .206, 

quadratic: b = -8.05, p = .030) as well as sex as a control variable (b = -3.75, p = .130), 

together explaining 12% of the variance in the data (F(3,56) = 2.64, p = .059). 

Yet, it seemed that the more curious exploiters tended to disengage earlier than 

the less curious cluster members (reiterated by negative slopes estimated for this cluster 

in an exploratory mixed effect analysis: y=31.25–0.75x; Table S4.2). 

 

Table S4.2. Random slope coefficients of overall trait curiosity per cluster and dependent 

variable. Terms marked in bold indicate the cluster-specific slopes with opposite polarity 

compared to the other two clusters. 

 Exploration Clusters 

 

Exploration Facets 
 

Brief/Explorers 

 

Balanced Samplers 

 

Exploiters 

Sensory 6.63 (.34) 6.23 (.57) 6.33 (.37) 

Investigative 6.50 (.60) 6.24 (.58) 6.10 (.64) 

Social 5.17 (.71) 4.87 (.74) 4.82(.85) 

    

 Exploration Clusters 

DV/behavioural 

exploration variable 

 

Brief/Explorers 

 

Balanced Samplers 

 

Exploiters 

Overall Engagement -13 + 2.76x 18.25 + 0.28x 31.25 – 0.75x 

Switch-Prediction  1.21 – 0.07x 0.19 + 0.02x -0.22 + 0.05x 

Category Entropy 0.95 – 0.02x 0.89 – 0.02x 0.36 – 0.03x 
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S4.2.2 Relationship between switch proportion and trait curiosity and its subscales 

Multiple regression analysis on the whole sample, controlling for age and sex, 

estimated curiosity to positively predict switching (b = 0.13, p = .071) together explaining 

11% of the variance in the data, however, not significantly so (F(3, 56) = 2.16, p = .103). 

Visual inspection of this relation by cluster indicated that the exploiters introduced floor 

effects by seldomly switching regardless of their curiosity scores, while brief/explorers 

introduced ceiling effects as the majority tended to switch at every sampling trigger they 

made. Yet it seemed that the more curious explorers tended to switch less (reiterated by 

negative slopes estimated for this cluster in an exploratory mixed effect analysis: y = 

1.21–0.07x; full table in supplementary materials, Table S4.2). Additional regression 

analyses with the three subscales as independent variables could not explain any 

additional variance in the data (all ps > .05). 

S4.2.3 Relationship between category entropy and trait curiosity 

Multiple regression analysis on the whole sample, controlling for age and sex, 

indicated no systematic relationship between trait curiosity and category entropy, as 

curiosity did not significantly predict a change in category entropy (b = .01, p = .894) and 

the model could only explain 3% of the variance in the data (F(3,56)=0.60, p=.619). 

  

Note. None of these terms, nor the model itself reached significance. 
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5 TRAIT CURIOSITY & 

LANGUAGE DEVELOPMENT 
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5.1 Linking Statement 

In this last experimental chapter, I describe an investigation into how infants' trait 

curiosity can predict language development one year later. Previous research indicated 

predictive links between specific exploration behaviours and vocabulary size (e.g., 

Colonnesi et al., 2010; Muentener et al., 2018), but could not establish a comprehensive 

account of how explorative or exploitative tendencies, or trait curiosity holistically, 

explained these links. In this short report, we examined the longitudinal relationship 

between trait curiosity at 10 to 12 months of age and vocabulary size about one year later. 

However, due to the novelty of this conceptualisation, the direction of this link was 

uncertain. For instance, a more curious baby with tendencies to explore broadly might 

discover a multitude of objects and, thereby, has the opportunity to learn more labels. 

However, a more curious baby with tendencies to explore more specifically 

(exploitatively) might encode the language-related information more robustly. 

Consequently, the analyses in this chapter were generally exploratory in nature. 

This correlational study aimed to explore how best to describe the specific 

predictive relationships between trait curiosity and vocabulary size, and to test whether 

they could explain meaningful variance in the data. The results of this study have 

substantial theoretical implications for the role of trait curiosity in shaping infants’ 

language development trajectories. 

 

This chapter is currently prepared for submission in First Language. 

 

Altmann, E. C., Bazhydai, M., & Westermann, G. (in preparation). Subscales of infants’ 

trait curiosity differentially predict their productive vocabulary one year later. 

Target submission: First Language. 
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Research highlights: 

• For the first time, infants’ trait curiosity was longitudinally related to trajectories of 

language development. 

• Curiosity subscales differentially predicted productive vocabulary, with subscales 

capturing tendencies to explore information more deeply (investigative and social 

curiosity) predicting larger vocabularies one year later. 

• Broader exploration tendencies (sensory curiosity), however, formed an inverted u-

shaped relationship. 

• The results highlight infant curiosity’s benefits, but also suggest a risk of too much 

exploration if it comes at the expense of information exploitation. 

 

 

  

https://osf.io/pzujq/?view_only=f23496099f894e1cac78e6f44e173428
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5.2 Abstract 

Infants are capable information processors who construct their language by detecting 

regularities in their environment but also by creating learning opportunities themselves. 

However, little is known about how infants’ trait curiosity, manifested in their exploration 

tendencies, impacts the trajectories of their language development. We related infants’ 

trait curiosity measured by the Infant and Toddler Curiosity Questionnaire (ITCQ) at 10-

12 months of age to their vocabulary size at 24 months. Longitudinal data from N = 30 

British infants (13 female, 17 male) showed no direct predictive link between overall 

curiosity and vocabulary; however, it revealed that curiosity subscales did differentially 

predict infants’ productive vocabulary size one year later. Specifically, higher levels of 

investigative (e.g., inspecting an object’s functions or a container’s contents) and social 

(e.g., requesting information from social others by pointing) curiosity were positively 

predictive, whereas sensory curiosity (e.g., scanning the environment and interacting with 

a wide variety of objects) formed an inverted U-shaped relationship with productive 

vocabulary size. Similar patterns were found regarding toddlers’ receptive vocabulary, 

however not explaining a significant amount of the variance in the data. These findings 

offer first insights into infant trait curiosity’s role within language development. 

 

Keywords: infant curiosity, language development, vocabulary development, individual 

differences 
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5.3 Introduction 

Infants rapidly develop a plethora of new skills across the first two years of life 

with which they explore and interact with their surroundings, constructing their own 

understanding of the world (Berlyne, 1960; Piaget, 1976). From the second half of the 

first year, the development of language is an integral aspect of this process (for review 

see Mani & Ackermann, 2018). Such active learning is largely thought to be driven by 

children’s curiosity, that is, their exploration and learning for its own sake (Bazhydai et 

al., 2021; Begus & Southgate, 2018; Gottlieb et al., 2013; Grossnickle, 2016; Kidd & 

Hayden, 2015; Reio et al., 2006) and associated with an intrinsically rewarding 

experience (Gruber et al., 2014; Jepma et al., 2012; Kang et al., 2009; Oudeyer et al., 

2007). Numerous studies in adults have shown positive associations between trait 

curiosity and developmental outcomes such as academic success, job performance, 

innovation, and creativity (Grossnickle, 2016; Hardy et al., 2017; Kashdan et al., 2020; 

Kashdan & Yuen, 2007; Mussel, 2013; Reio & Callahan, 2004; Reio & Wiswell, 2000; 

Schutte & Malouff, 2020). Similar developmental benefits of trait curiosity are plausible 

in infancy, yet, up until recently there was no validated trait measure for this target group. 

Therefore, this is the first study to examine this, by linking infants’ trait curiosity to their 

language development. 

 

5.3.1 Exploration and language development 

Emerging research demonstrates that infants explore in ways that allow them to 

improve their representation of the world by, for example, engaging with stimuli that are 

neither too predictable nor too unpredictable relative to their exploration history (Altmann 

et al., 2023 (Chapter 2); Chen et al., 2022; Kidd et al., 2012, 2014; Poli et al., 2020; Stahl 

& Feigenson, 2015) and with those that can reduce uncertainty (e.g., Bazhydai et al., 

2020; Zettersten, 2020). Infants also use their developing motor skills to widen their 

explorable environment (Adolph & Hoch, 2019; Thurman & Corbetta, 2017), request 

information from social others through active non-verbal communication (Bazhydai et 

al., 2020; Begus et al., 2014; Iverson & Goldin-Meadow, 2005; Liszkowski et al., 2004; 

Tomasello et al., 2007) and later through verbal requests (e.g., Chouinard et al., 2007). 

Furthermore, young children engage in exploratory play to gain information (Bonawitz 

et al., 2012; Cook et al., 2011; Legare, 2012, 2014; Schulz et al., 2008; Schulz & 

Bonawitz, 2007) and thrive when given the opportunity to engage with what they are 
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curious about (Engel, 2011; Singh & Manjaly, 2022; Watson et al., 2018). For instance, 

being in a state of curiosity was linked to information-encoding benefits in infants (Chen 

et al., 2022) and toddlers (Ackermann et al., 2020), with Begus et al. (2014) showing that 

toddlers learned the function of an object better when they had previously pointed at it to 

express their interest. Together, this research shows that children express their curiosity 

from infancy onward, actively shaping their own learning experiences and benefitting 

from it in the form of improved learning and enjoyment of learning (Alan & Mumcu, 

2024; Engel, 2011; Gruber & Fandakova, 2021; Singh & Manjaly, 2022; Watson et al., 

2018). 

Similarly, language development throughout the first two years of life is also not 

a passive process based solely on external input. Instead, input interacts with the child’s 

selective request for and engagement with it (e.g., Mani & Ackermann, 2018). As such, 

early manual exploration (Karmazyn-Raz & Smith, 2023) and visual experience in 

naturalistic contexts (Smith et al., 2018) seem to be dominated by a small, selective cluster 

of objects, also largely overlapping with the first acquired nouns. This suggests that 

infants control their own learning curriculum and that repeated engagement with a 

selection of information is beneficial if not necessary for early word learning. 

Additionally, concerning curiosity’s role in language acquisition, recent experimental 

studies have shown that toddlers’ interest in an object category led to better learning as 

well as retention of newly learned labels for these objects (Ackermann et al., 2020, 2023). 

Likewise, curiosity expressed through pointing (Begus et al., 2014; Colonnesi et al., 2010; 

Lucca & Wilbourn, 2019) and object-directed vocalisations (Goldstein et al., 2010) was 

also found to predict better word learning. Considering the importance of early language 

on children’s general developmental prospects (e.g., Jago et al., 2023; McKean & Reilly, 

2023), a better understanding of the differences in their trait curiosity and their self-

generated learning opportunities (Smith et al., 2018) could help identify new points for 

intervention. 

 

5.3.2 Trait Curiosity and Language Development 

While the emergent body of research summarised above generally points towards 

the beneficial role of curiosity on word learning in infancy, these studies are mainly 

concerned with state curiosity, i.e., the infants’ specific interest in the objects for which 

labels were learned. Little is known, however, about individual differences in young 
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children’s trait curiosity and how they may shape the trajectories of their language 

development. Yet, some studies have shown links between this developmental outcome 

and individual differences in specific exploration behaviours. For instance, one study 

found that infants who showed more efficient exploration, that is, who engaged at a higher 

rate with more functions of a novel object, developed larger vocabularies than their less 

efficient peers nine months later (Muentener et al., 2018). Additionally, a meta-analysis 

found that the onset and frequency of pointing were shown to longitudinally predict 

language development (Colonnesi et al., 2010). Such studies, however, notably focused 

on a limited number of specific manifestations of curiosity, rather than curiosity as a trait, 

observed a large amount of unexplained variability in the data, and reported some 

inconclusive findings (Ackermann et al., 2020b; Bazhydai et al., 2022; Nicoladis & 

Barbosa, 2024). Furthermore, the temporal stability of specific exploration behaviours 

including manual exploration, visual exploration and investigative pointing was largely 

found to be inconsistent (Aureli et al., 2013; Bornstein et al., 2020; Camaioni et al., 1991, 

1991; Carranza Carnicero et al., 2000; Colombo et al., 1987; Gaertner et al., 2008) likely 

reflecting developmental shifts towards employing newly acquired exploration skills. 

Consequently, adopting a more holistic approach to measuring infants’ trait curiosity, 

expressed through multiple and varied observable behaviours across their early life, might 

offer novel and unifying insights into its role in language learning. 

 Trait curiosity in adults and older children has been the subject of research for a 

long time (Grossnickle, 2016; Jirout & Klahr, 2012; Reio, 2024), for instance, showing 

that children’s trait curiosity predicted better information and knowledge acquisition 

(Inagaki, 1978) even after controlling for intelligence (van Schijndel et al., 2018). In 

contrast, trait curiosity in infants has only recently gained more rigorous scientific 

attention. This emergence coincides with a generally increasing awareness that to better 

understand a psychological construct and its development we also need to acknowledge 

and understand the extent of its variability between individuals (Pérez‐Edgar et al., 2020). 

The correspondingly recent research on early trait curiosity has already shown great 

potential to explain additional variance in, for instance, looking time towards surprising 

events (Lee et al., 2023) and academic success in kindergarten (Shah et al., 2018).  

Altmann et al. (2024; Chapter 3) developed and validated a caregiver report 

questionnaire and showed that it was able to reliably measure infants’ trait curiosity as 

the general tendency to actively explore one’s immediate surroundings. In this scale, the 

pool of items targeting observable exploration behaviours grouped into three subscales of 
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sensory (e.g., scanning and interacting with a wide variety of objects), investigative (e.g., 

inspecting an object’s functions or a container’s contents), and social (e.g., using pointing 

to request information from social others) curiosity. Altmann and colleagues also 

demonstrated that overall curiosity scores, as well as the three curiosity subscales, were 

related yet distinct from early measures of temperament, altogether providing evidence 

for a valid measure of infants’ trait curiosity. Considering the impact such differences in 

trait curiosity could have on shaping developmental trajectories from infancy onward, it 

is crucial to address this construct holistically throughout development in order to 

reconcile trait curiosity research across the ages.  

 

5.3.3 The current paper 

The current paper aimed to, for the first time, establish the link between trait 

curiosity and developmental language outcomes by employing the newly validated Infant 

and Toddler Curiosity Questionnaire (ITCQ; Altmann et al., 2024, Chapter 3). We thereby 

sought to address (i) whether infant trait curiosity is predictive of language development 

and (ii) whether curiosity subscales (namely sensory, investigative, and social curiosity) 

can explain additional variance in the data. We expected trait curiosity to positively 

predict vocabulary outcomes but did not have specific hypotheses regarding the 

predictive patterns for each subscale. To answer these questions in a longitudinal study, 

we measured curiosity in infants at 10-12 months of age to predict their vocabulary size 

about a year later at 24 months of age. Due to the novelty of the scale and its subscales, 

however, this study was generally exploratory in nature. 

 

5.4 Methods 

5.4.1 Participants 

The final sample consisted of N = 30 responses from primary caregivers of 

normally developing, English-learning, white children from the north-west of England, 

who completed measures at two timepoints (T1: children’s age in months at T1: M = 11.2, 

SD = 0.5, range: 10.2 – 12.0; T2: M = 23.9, SD = 0.3, range: 23.5 – 24.7; 13 females, 17 

males). Four additional responses were excluded due to the child’s age exceeding the age 

range at timepoint two (n=1), caregiver-indicated concerns for the child’s language 

development (n=1) and being univariate (mean curiosity; n=2) outlies. Caregivers were 

recruited from the University Babylab’s database initially to take part in an in-person 
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study (T1), for which caregivers received £5 for their travel to the Babylab, and the child 

received a small gift (book or t-shirt) for participating. Those who were happy to complete 

the follow-up survey about one year later received an additional £5 online gift voucher of 

their choice (via express.giftpay.com). The study was approved by the University’s 

Faculty of Science and Technology research ethics committee. 

 

5.4.2 Materials 

5.4.2.1 Curiosity 

 As a measure of curiosity, caregivers completed the Infant and Toddler Curiosity 

Questionnaire (ITCQ; Altmann et al., 2024; Chapter 3) for which they indicated their 

agreement with 236 items asking about observable behaviours regarding their child’s early 

exploration tendencies on a 7-point Likert-Scale from 1 (“Strongly disagree”) to 7 

(“Strongly agree”) with an option of “Not applicable (NA)” indicating behaviours not yet 

or not recently observed. An overall mean score, as well as mean scores for the three 

subscales of sensory, investigative, and social curiosity, were computed across applicable 

items, with all scales indicating good internal consistency (overall: omega total = .89; 

Cronbach’s α = .87; sensory: α = .78; investigative α = .74; social: α = .81) and test-retest 

reliability (ICC(A, 1) = .82, p < .001). 

5.4.2.2 Vocabulary 

 Caregivers completed the Oxford-CDI (Hamilton et al., 2000) consisting of 416 

items and indicated their child’s comprehension and production for each word. Based on 

the responses, we computed the number of understood words for their receptive 

vocabulary, and the number of understood and said words for their productive vocabulary.  

 

5.4.3 Procedure 

At both time points, the questionnaires were completed online via the secure 

platform Qualtrics (Qualtrics, Provo, UT). Prior to the in-person appointment during 

which the infants participated in the gaze-contingent eye-tracking study (previously 

reported in Altmann et al., 2023; Chapter 2), caregivers were asked to complete the ITCQ 

(Altmann et al., 2024; Chapter 3) and provide demographic information, and were then 

 
6 Note: caregivers responded to all initial 36 items, however, based on analyses reported in Altmann et al. 

(2024; Chapter 3), the final set of reliable and valid items included the 23 items referred to here. 
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contacted shortly before their child’s second birthday and invited to complete the follow-

up survey, including the Oxford CDI as well as the Ages-and-Stages problem-solving 

subscale (not further reported here due to the paper’s focus on language development). 

Participants read an information sheet and provided informed consent before answering 

any of the survey questions.  

 

5.4.4 Analyses 

Prior to analyses, curiosity mean scores were inspected for univariate outliers based 

on the IQR method and pairs of repeated measures were examined for influential bivariate 

(overall curiosity) and multivariate (across subscales) outliers via scatter plot inspection 

and Cook’s distance. Curiosity mean scores (overall and per subscale) were centred after 

outlier exclusion to allow for non-linear terms while avoiding multicollinearity (e.g., 

Iacobucci et al., 2016). Age at T2 was centred as well to allow for more direct 

interpretation of the intercept indicting vocabulary size at the sample’s mean age. To 

address research question 1, we conducted regression analyses with receptive and 

productive vocabulary as dependent variables, controlling for sex and age at T2, and 

overall curiosity as the independent variable. To address research question 2, we 

conducted the same analyses using the three curiosity subscales instead of overall 

curiosity to disentangle additional variance in the data. Model fit comparisons based on 

an ANOVA tested whether including quadratic predictor terms led to significant fit 

improvements. Residuals were inspected to be approximately normally distributed.  

As curiosity subscales are correlated (from Altmann et al., 2024; Chapter 3) and 

thus might lead to multicollinearity, we addressed this by computing variance inflation 

factor (VIF) scores for each predictor variable. VIF scores of 1 indicate no correlation 

between the predictors whereas higher scores indicate a correlation and scores above 5-

10 are generally seen as severely problematic (e.g., Thompson et al., 2017). Here, the VIF 

values were of no concern as all scores were close to 1 (maximal for sensory curiosity 

with VIF = 2.19).  

As these analyses depended upon results from a previous study (Altmann et al., 2024; 

Chapter 3), they could not be pre-registered. Furthermore, this study was the first to relate 

trait curiosity to infants’ language development and was therefore generally exploratory 

in nature. Nevertheless, variables were pre-planned before inspecting specific relations 

and R scripts as well as raw data are available on the OSF. 

https://osf.io/pzujq/?view_only=f23496099f894e1cac78e6f44e173428
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5.5 Results 

5.5.1 Productive vocabulary 

To explore the relationship between trait curiosity and productive vocabulary one 

year later we first excluded one bivariate outlier based on Cook’s distance. Regression 

analyses on the remaining n = 29 participants (Figure 5.1, top left), controlling for sex 

(13 females, 16 males) and age at T2 (M = 23.9 SD = .31), found that productive 

vocabulary was not directly predicted by overall curiosity (b = 34.10, p = .522) and 

curiosity could only explain 4% of variance in the data (F(3, 25) = 0.39, p = .763). As 

visual inspection suggested a possibly inverted u-shaped relationship, we tested whether 

adding a quadratic term for overall curiosity could explain any additional variance and 

improve model fit, which it did not (∆F(1, 24) = 1.14, p = .296). 

 

Figure 5.1. Relations between productive vocabulary size and curiosity scores. 

Separately presented for (top left) overall curiosity (n = 29), (top right) sensory curiosity, 

(bottom left) investigative curiosity and (bottom right) social curiosity (n = 28) after 

outlier exclusion. 
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To explore the relationship between the subscales of trait curiosity and productive 

vocabulary one year later we first excluded two multivariate outliers based on Cook’s 

distance. Regression analyses on the remaining n = 28 (Figure 5.1), controlling for sex 

(12 females, 16 males) and age at T2 (M = 23.9 SD = .30), found significant linear 

relations between productive vocabulary and the subscales (sensory: b = -136.79, p = 

.025; investigative: b = 112.96, p = .023) with the model explaining 33% of the variance 

in the data, but non-significantly so (F(5, 22) = 2.14, p = .099). However, as visual 

inspection suggested the relationship between sensory curiosity and vocabulary to follow 

an inverted u-shape, we tested whether including a quadratic term for this subscale could 

explain any additional variance and improve model fit, which it did (∆F(1, 21) = 7.99, p 

= .010). Indeed, by adding this term, the model could now explain 51% of the variance in 

the data (F(6, 21) = 3.68, p = .012) with each of the subscale predictors reaching 

significance. Specifically, infants who had higher scores on the investigative subscale (b 

= 107.68, p = .014) and on the social subscale (b = 57.80, p = .034) at 10-12 months had 

reportedly larger productive vocabularies at 24 months. The inverted u-shaped 

relationship between sensory curiosity and productive vocabulary indicated that infants 

with comparatively intermediate curiosity scores reportedly formed the largest productive 

vocabulary by 24 months (linear term: b = -211.40, p = .001; quadratic term: b = -165.03, 

p = .010). Neither sex (bmale = -13.12, p = .708) nor age at T2 (b = -20.57, p = .740), 

however, were significant predictors. 

 

5.5.2 Receptive vocabulary 

To explore the relationship between trait curiosity and receptive vocabulary one 

year later we first excluded one bivariate outlier based on Cook’s distance. Regression 

analyses on the remaining n = 29 participants (Figure 5.2, top left), controlling for sex 

(12 females, 17 males) and age at T2 (M = 23.9 SD = .30), found that receptive vocabulary 

was not directly predicted by overall curiosity (b = -21.08, p = .449) and could only 

explain 3% of variance in the data (F(3, 25) = 0.27, p = .844). As visual inspection 

suggested an inverted u-shaped relationship, we tested whether adding a quadratic term 

for overall curiosity could explain any additional variance and improve model fit, which 

it did not (∆F(1, 24) = 0, p = .996). 

To explore the relationship between the subscales of trait curiosity and receptive 

vocabulary one year later we first excluded three multivariate outliers based on Cook’s 
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distance. Regression analyses on the remaining n = 27 (Figure 5.2), controlling for sex 

(11 females, 16 males) and age at T2 (M = 23.9 SD = .26), found that receptive vocabulary 

was not linearly predicted by the subscales either (all predictors’ ps > .05) with the model 

explaining 13% of the variance in the data, but non-significantly so (F(5, 21) = 0.64, p = 

.671). However, as visual inspection suggested the relationship between sensory curiosity 

and vocabulary to follow an inverted u-shape, we tested whether including a quadratic 

term for this subscale could explain any additional variance and improve model fit, which 

it did (∆F(1, 20) = 4.33, p = .050). By adding this term, which itself reached significance 

(b = -73.86, p = .050), investigative curiosity became a significantly positive predictor of 

receptive vocabulary (b = 59.06, p = .024) and the model could now explain 29% of the 

variance in the data. However, the model itself did not show a significant fit (F(6, 20) = 

1.34, p = .285). 

 

Figure 5.2. Relations between receptive vocabulary size and curiosity scores. Separately 

presented for (top left) overall curiosity (n = 29), (top right) sensory curiosity, (bottom 

left) investigative curiosity and (bottom right) social curiosity (n = 27) after outlier 

exclusion. 
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5.6 Discussion 

The current longitudinal study tested whether differences in infants’ trait curiosity 

at 10-12 months of age were predictive of vocabulary at 24 months. While overall trait 

curiosity did not significantly predict vocabulary about a year later, we found that the 

curiosity subscales did differentially predict this developmental outcome – however, only 

regarding productive vocabulary. Specifically, infants with higher levels of investigative 

(e.g., inspecting an object’s functions or a container’s contents) and social (e.g., using 

pointing to request information from social others) curiosity were found to develop larger 

productive vocabularies, whereas sensory curiosity (e.g., scanning and interacting with a 

wide variety of objects) formed an inverted U-shaped relationship with productive 

vocabulary size. Similar patterns were found regarding the receptive vocabulary, 

however, the model itself could not explain a significant amount of variance in the data. 

 That both infants’ tendencies to employ investigative and social curiosity were 

predictive of a larger productive vocabulary is in line with previous observational studies 

on specific exploration behaviours. For instance, it has been found that more efficient 

exploration of an object’s functions (Muentener et al., 2018), sustained attention (Yu et 

al., 2019), as well as the onset and frequency of pointing behaviours (Camaioni et al., 

1991; Colonnesi et al., 2010; Fenson et al., 1994; Rowe et al., 2008) predicted larger 

vocabularies (but note Nicoladis & Barbosa, 2024). However, it was unexpected that 

sensory curiosity formed an inverted U-shape with vocabulary size. This finding could be 

explained by previously shown benefits of early exploitative tendencies focused on a 

small selection of objects with repeated language-related information being linked to 

earlier and more robust word learning (Karmazyn-Raz & Smith, 2023; Slone et al., 2019; 

Smith et al., 2018). Furthermore, solidified information encoding requires such 

exploitative engagement (Jalongo & Sobolak, 2011) and the learning of word-object 

mappings has been shown to be a slow and gradual process (Horst & Samuelson, 2008; 

McMurray et al., 2012). Given that the ITCQ’s sensory curiosity subscale captures 

infants’ broader exploration, at the extreme end, such explorative tendencies might be 

detrimental to effective word learning if it comes at the expense of deeper engagement 

with the encountered information. 

From this discussion it also becomes clear that the non-significant result regarding 

overall curiosity can be explained by the differential impact of sensory curiosity. While 

higher levels of investigative and social curiosity plausibly lead to the beneficial 
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exploitative engagement, too much sensory curiosity might negate this benefit if it 

manifests in distractibility. Alternatively, both vocabulary scores as well as scores on the 

former two subscales in this young age group are likely linked to the infant’s cognitive 

development (Mundy & Jarrold, 2010; Tomasello et al., 2007) and processing speed (e.g., 

Poli et al., 2023), which were not measured in this study. Consequently, controlling for 

individual differences in these domains might reveal a positive effect of overall curiosity 

as well, meaning that as long as the infant is an effective and fast information processor 

(see also Lany, 2018; Lany et al., 2018b), more curiosity overall, including a stronger 

explorative tendency, would predict larger vocabularies. 

Of note are the null findings regarding curiosity’s role in predicting receptive 

vocabulary, as even though certain predictors reached significance in line with the above 

pattern, the model itself did not. However, as most studies on infants from around 24 

months of age tend to not report receptive vocabulary and neither do studies on links with 

exploration behaviours (Muentener et al., 2018; Rantalainen et al., 2021), this finding 

does not stand in contrast to the literature. There have been previous suggestions of 

receptive vocabulary scores being noisy due to a risk of overestimating children’s early 

word comprehension (compare Lany et al., 2018a). This is because caregiver reports of 

their children’s understanding require assumptions and inferences about their abilities, 

whereas word production is directly observable and thus more reliable (e.g., Fenson et 

al., 1994). Indeed, it has been shown that infants as young at 6 months know the meanings 

of words that caregivers fail to report (Bergelson & Swingley, 2012, 2015). We therefore 

propose to treat this result with caution and suggest testing this with a word recognition 

task instead (e.g., Reznick, 1990). 

In conclusion, this brief report presented a longitudinal study that found three 

distinct exploration tendencies of trait curiosity at 10-12 months of age to predict 

productive vocabulary at 24 months. These findings offer new insights regarding the 

benefits but also the potential pitfalls of infant curiosity, indicating that language 

development requires exploration but not to the degree that it comes at the cost of 

exploitation of learning opportunities. This is the first time this association has been 

established via a holistic approach, capturing various exploration tendencies as 

manifestations of infants’ trait curiosity. Considering how trait curiosity has been linked 

to occupational trajectories and positive developmental outcomes in adults (Grossnickle, 

2016; Reio, 2024) while also highlighting the developmental importance of early 

language abilities (e.g., McKean & Reilly, 2023), our findings help better understand the 
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intricate yet wide-reaching impact trait curiosity might already have from infancy 

onward. 
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Curiosity plays a pivotal role in our exploration, motivation to learn, and 

continued growth throughout development. Nevertheless, research has been largely 

neglecting its conceptualisation and mechanism during the early stages of development. 

This is due to the fact that even its existing, adult-oriented definitions have not yet formed 

a consensus and are challenging, if not impossible, to apply to infant behaviours. 

Consequently, the overarching objective of this thesis was to advance our comprehensive 

understanding of infant curiosity through pioneering research on both state and trait 

curiosity, as well as by establishing links between these constructs and important 

developmental outcomes. 

 

6.1 What were the main findings? 

Chapter 2 introduced a novel gaze-contingent eye-tracking paradigm to 

investigate the mechanisms underlying infants' active exploration. The study showed that 

infants structured their information sampling based on an epxloitative tendency to re-

engage with a novel category, but that the self-generated sequences fell into clusters 

characterised by briefer more explorative, longer more exploitative, and intermediately 

long, overall more balanced sampling patterns. Furthermore, infants’ engagement with a 

triggered exemplar at one trial was associated with their likelihood to re-engage or 

disengage from that information soure (here category) at the subsequent trial. 

Specifically, infants were more likely to switch from exploiting one category to exploring 

the other after spending less time looking at the presented stimulus, shifting their gaze 

more frequently to the untriggered side, and especially when it took them longer to trigger 

the subsequent trial. These behavioural measures interacted with the degree of similarity 

between the previously viewed stimuli, indicating that infants’ moment-to-moment 

information sampling, as an indicator of their state curiosity, was not spontaneous but 

driven by their preceding engagement with the encountered information. 

Chapter 3 introduced the Infant and Toddler Curiosity Questionnaire (ITCQ) as 

the first caregiver report measure designed to assess trait curiosity specifically in infants 

and toddlers aged 5 to 24 months. The final questionnaire comprised 23 items, each 

evaluating observable exploration behaviours on a 7-point Likert scale. The questionnaire 

was found to be unidimensional enough to allow for an overall curiosity score, with three 

emergent subscales (sensory, investigative, and social7 curiosity) showing acceptable 

 
7 Note: social as in using social others as a means of gaining information, not curiosity about social others. 
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internal consistency as well. Two additional smaller studies demonstrated the ITCQ’s test-

retest reliability and that this measure of infants’ trait curiosity was related to, yet distinct 

from, their temperamental dispositions. 

Chapter 4 explored the correspondence between infants’ trait and state curiosity 

by relating observations from the previous two studies. This study, driven by the cluster 

of balanced samplers (Chapter 2), found that infants with comparatively intermediate 

curiosity scores engaged with the paradigm the longest, while curiosity scores linearly 

predicted stronger tendencies to switch between the two novel categories. However, 

curiosity did not significantly relate to the extent to which infants focused on exploiting 

either or both categories. In this way, the findings suggest that trait curiosity affects 

infants’ dynamic information sampling by shifting the balance from exploitation towards 

exploration. Together, they provided the first evidence of a caregiver report measure of 

trait curiosity relating to infants' experimentally captured patterns of exploration. 

Finally, Chapter 5 explored the predictive link between trait curiosity and 

language development, one of the most extensively researched areas in developmental 

psychology. This longitudinal study found that while overall curiosity scores did not 

directly relate to vocabulary size, the ITCQ’s three curiosity subscales did differentially 

predict productive vocabulary one year later. Specifically, infants rated by their caregivers 

to score higher in investigative and social curiosity were found to have larger productive 

vocabularies one year later. In contrast, infants with lower and higher reported levels of 

sensory curiosity were found to develop smaller productive vocabularies. This last finding 

implies potential limits to the benefits of curiosity, with infants’ high levels of sensory 

curiosity potentially leading to overemphasising exploration of the wider environment at 

the cost of exploiting the encountered information sources to robustly construct their 

knowledge. Together, these findings also provided the first evidence of a longitudinal 

association between infants' trait curiosity and vocabulary development. 

 

6.2 What are the methodological contributions for measuring curiosity? 

 Research specifically on infant curiosity has only recently gained more attention. 

Such research has mainly taken the form of looking-time studies, testing which 

information characteristics lead to infants’ longest engagement as an indication of their 

state curiosity (e.g., Chen et al., 2022; Kidd et al., 2012, 2014; Poli et al., 2020). These 

studies are invaluable for a more nuanced understanding of curiosity from an information-
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processing perspective but cannot capture how curiosity guides infants’ active exploration 

and information sampling in the real world. In contrast, there has been a lot of research 

on global patterns and on the development of infants’ active exploration (e.g., Caruso, 

1989, 1993; Hoch et al., 2019; Karmazyn-Raz & Smith, 2023; Schatz et al., 2022; Slone 

et al., 2019; Smith et al., 2018; Tamis-LeMonda et al., 2013). However, their 

conceptualisation and measurement were typically too broad to allow investigations on 

the underlying mechanisms of curiosity. Furthermore, until now, it was hypothesised but 

not empirically tested whether individual differences in infants’ engagement and self-

generated exploration patterns were linked to their underlying trait curiosity. 

 A significant contribution of this thesis was the development of methodological 

approaches that address the limitations of previous studies. First, the innovative Curious 

Choices paradigm, presented in Chapter 2, bridges the gap between structured looking-

time studies and unstructured designs that observe infants’ active exploration in more 

naturalistic settings. It also enables researchers to adapt their designs to test specific 

hypotheses regarding how characteristics of the environment (e.g., the number of 

available information sources, the degree of uncertainty) and the available information 

(e.g., varying the familiarity of or similarities between stimuli) influence infants’ state 

curiosity and dynamically guide their re-engagement. 

Secondly, the ITCQ presented in Chapter 3 is the first caregiver report measure of 

trait curiosity specifically developed and validated for infants and toddlers up to 24 

months of age. Given the lack of research on infants’ trait curiosity, the ITCQ marks a 

meaningful contribution to this emerging field. Due to the lack of applicable theoretical 

frameworks, we decided to avoid the implementation of any specific approach and instead 

followed a folk psychology definition of trait curiosity as a keen desire or tendency to 

actively explore one’s immediate surroundings. This approach allowed the formulation of 

items about observable behaviours which can minimise potential social desirability due to 

curiosity’s very positive connotation in Western cultures (e.g., Keller, 2016). Furthermore, it 

provided a foundation for future investigations into curiosity in cultures where the construct 

may be viewed less positively (e.g., Jukes et al., 2021; Chuang & Su, 2009). 

The process of questionnaire development is an ongoing and time-consuming 

endeavour for which there is no gold standard (Downing, 2003; Dunn & McCray, 2020; 

Pett et al., 2003). It requires an extensive amount of data and the integration of theory in 

ways that generate large quantities of researchers’ degrees of freedom. Consequently, it 

is subject to scrutiny from both psychometric and topic-specific research communities, 
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which makes it an unpopular endeavour to embark on. This thesis, however, succeeded 

in developing a new questionnaire with a clear and logically accessible procedure while 

taking a neutral theoretical stance due to the elusiveness of the psychological construct. 

Chapters 4 and 5 additionally demonstrated that the ITCQ could explain variance in 

infants’ active exploration and even their language development trajectories, making it 

informative and meaningful, albeit a reliable and cost-effective measure of trait curiosity. 

Together, these two methodological innovations represent a substantial 

advancement in curiosity research in early development. It is also noteworthy that all data, 

analysis scripts, and materials have been made openly available to support not only the 

important trend of transparency and research integrity but also to enable other researchers 

to adapt and apply them for use in their own studies. 

 

6.3 What were the theoretical contributions for conceptualising curiosity? 

 By solving two central methodological shortcomings in the measurement of infant 

curiosity this thesis was able to make meaningful contributions to its theoretical 

conceptualisations. The findings highlighted the complex nature of active exploration in 

the pursuit of knowledge construction, including the interplay between infants' 

engagement behaviour, environmental stimuli, and trait curiosity. 

The findings of Chapter 2 emphasise the importance of integrating both the 

available information (Kidd et al., 2012, 2014; Poli et al., 2020) and the infants’ actual 

engagement with this information (Hunter & Ames, 1988; Oakes et al., 1991; Rose et al., 

1982) for conjointly predicting infants’ active exploration as a manifestation of their state 

curiosity (compare Twomey & Westermann, 2018). Furthermore, they demonstrate that 

actively switching between information sources is effortful (Daw et al., 2006; Hayden et 

al., 2011; Pelz et al., 2015), but that this cost seems to decrease as the infants’ state 

curiosity subsides. This was indicated, for instance, by the predictive association between 

shorter looking at an encountered stimulus which was very similar to the preceding one 

and shorter durations to subsequently trigger a switch. However, it is also important to 

acknowledge the vast amount of variance in exploration patterns, which indicate the 

possible influence of early trait curiosity. 

 The development of the ITCQ, as reported in Chapter 3, demonstrated that trait 

curiosity can be reliably measured in infants but also it also allowed the identification of 

potential facets of curiosity. These are indicated by the three subscales of exploration 
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tendencies manifesting sensory, investigative and social curiosity. Sensory curiosity (e.g., 

e.g., “My child actively inspects a variety of objects, whether it be toys or ordinary 

household items.”) seems to capture a tendency to prioritise the exploration of a wider 

learning space (e.g., a whole room; a spectrum of toys) over the exploitation of a smaller, 

more specific learning space (e.g., the functions of a single toy). Conversely, such 

exploitation would be more prevalent in infants who display higher levels of investigative 

(e.g., “When I open my bag in front of my child, they will come and peek into it.”) and 

social (e.g., “When reading a picture book together, my child directs me (e.g., by pointing) 

towards what they want to know more about.”) curiosity. Nevertheless, a general curiosity 

factor was evidenced to underly all three subscales. This indicates that a highly curious 

infant is likely to achieve a balance between exploration (broad/diversive, Berlyne, 1960; 

Caruso, 1993) and exploitation (deep/specific). This enables them to make new 

discoveries but importantly, also to robustly construct their knowledge.  

Indeed, the findings of Chapters 4 and 5 have enriched this interpretation by 

demonstrating that overall curiosity, and in particular these subscales, could explain 

variance in observed exploration behaviours (Chapter 4) and predict knowledge 

construction in the form of vocabulary size (Chapter 5). Specifically, the results indicated 

that higher reported levels of curiosity, manifested in deeper and specific exploration 

tendencies (investigative and social curiosity), led to more switching between information 

sources within a constrained learning space (two novel categories on screen). This, in 

turn, may facilitate more robust information encoding through their comparison (Oakes 

et al., 2009). Furthermore, the same tendencies were also found to predict larger 

productive vocabularies one year later, consistent with observational studies 

demonstrating benefits for similar behaviours in terms of sustained attention and pointing 

gestures (Colonnesi et al., 2010; Smith et al., 2018; Yu et al., 2019). 

Conversely, very high levels of sensory curiosity were found to predict earlier 

disengagement from the task, indicative of a tendency to explore the broader environment 

more quickly. This was accompanied by smaller productive vocabularies one year later. 

Similar tendencies in the form of visual sensation seeking were recently found to predict 

infants’ premature disengagement from stimuli that could have still offered them 

substantial learning progress (Piccardi et al., 2020). It can be argued that there is a point 

at which sensory curiosity becomes maladaptive, whereby it leads to an excessive focus 

on exploring the broader environment, to the detriment of information exploitation. Such 
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an imbalance would hinder the robust encoding of information, and in turn impair the 

construction of language-related knowledge.  

Together, the findings presented in Chapters 4 and 5 are complementary, and 

collectively contribute to our understanding of infants’ trait curiosity. They underscore 

the influence trait curiosity exerts on infants’ evolving states of curiosity, including the 

potential for adverse consequences resulting from an imbalance between exploration and 

exploitation. This intricate interplay, however, has not yet been incorporated into any of 

the existing theoretical frameworks of curiosity reviewed in the general introduction. 

Thus, in the following section, I will briefly introduce our new, unifying framework to 

provide a more comprehensive and holistic picture of the mechanisms underlying 

curiosity-driven information sampling from infancy onward. 

6.3.1 What could a holistic approach to conceptualising curiosity look like? 

The framework upon which our unifying theory of curiosity is based, is learning 

progress maximisation driving dynamic information sampling (Gottlieb et al., 2013; 

Gruber et al., 2014; Kang et al., 2008; Kaplan & Oudeyer, 2007; Oudeyer et al., 2007). 

In the context of the exploration-exploitation framework, this would state that a curious 

learner engages with an information source (e.g., an object, a category, a topic) as long as 

it offers intrinsically rewarding learning progress, but disengages when learning progress 

subsides (e.g., available information is fully encoded). Subsequently, they turn to explore 

the broader environment in order to discover new information sources worth exploiting 

(Figure 6.1), in order to maximise learning progress across time and to construct their 

knowledge (Kaplan & Oudeyer, 2007; Oudeyer et al., 2007; Poli et al., 2020, 2022; Ten 

et al., 2021). 

Then, changes in dynamic information sampling can be explained by considering 

which information sources are anticipated to provide maximal learning progress given 

the learner’s exploration history and prior knowledge (Twomey & Westermann, 2018; 

Wade & Kidd, 2019). This can be achieved by either further engaging with the current 

source or exploring the broader learning space to discover a better option. In this way, 

previous dual-process approaches, such as Berlye’s specific and diversive exploration 

(1960), can be unified by identifying a single underlying mechanism, eliminating the need 

for differential motivations through boredom and uncertainty. A learner with 

metacognitive abilities would be able to identify a gap in their knowledge if they 

anticipated maximal learning progress from a certain bit of information which is not 
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immediately accessible (Loewenstein, 1994; Murayama et al., 2019). In the event of 

unsuccessful sampling in pursuit of that specific bit of information, the negative state of 

deprivation may be experienced (Litman & Jimerson, 2004). 

 Figure 6.1. Illustration of the mechanism underlying dynamic information sampling in 

the new, unifying framework of curiosity. 

 

We further expand this by proposing an individually varying parameter that can 

explain differences in more stable tendencies to weigh exploration against exploitation, 

namely the boredom threshold (Figure 6.1). In the absence of salient external information 

redirecting a learner’s attention, this threshold determines the amount of learning progress 

that is not intrinsically rewarding enough to positively reinforce further engagement, and 

where the learner is likely to disengage from the current information source. We employed 

this term, not to reflect a boredom-based trigger mechanism (Berlyne, 1960), but because 

of the negative emotional state (Danckert, 2019) experienced when individuals are 

required to employ additional resources to continue engaging in an activity that does not 

challenge or satisfy them cognitively (Danckert & Merrifield, 2018; Eastwood et al., 

2012). 

This implies that given identical information and the same processing speed (Poli 

et al., 2023), a learner with a higher boredom threshold (reached sooner through declining 

learning progress, Figure 6.1) would disengage at an earlier stage (compare Piccardi et 

al., 2020) than a learner with a lower threshold. It can thereby reflect a more stable 

tendency to weigh exploration against exploitation and is likley manifested within trait 

curiosity, as observations from Chapters 4 and 5 would suggest. However, if the learner 
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is still experiencing learning progress above this threshold, disengaging and switching to 

another information source then comes at a cost for inhibiting further, positively 

reinforced sampling behaviours (Daw et al., 2006). 

These conceptualisations have potentially wide-reaching implications for research 

topics, including but not limited to interest formation (e.g., Murayama et al., 2019), 

boredom and the default mode network (e.g., Danckert, 2019), as well as the distinction 

between being curious or distractable (e.g., Chere, 2022). However, a discussion of these 

consequences would exceed the scope of this thesis. 

 

6.4 Which are notable limitations of this thesis? 

 In regard to the experimental chapters of this thesis, it is necessary to acknowledge 

the challenges and limitations that were encountered. One consequence of giving infants 

an active role in the experimental studies was that the variance in the data increased and 

the observable effects decreased. Yet, this variance is nevertheless informative as infants 

do differ in their exploration and dynamic information sampling, so that it is important to 

acknowledge these differences. Demonstrating that we could explain some of that 

variance through trait curiosity further highlights the importance of such endeavours in 

the pursuit of a more holistic understanding of the construct (Pérez‐Edgar et al., 2020). 

Furthermore, gaze-contingent eye-tracking in infants may raise the question of 

awareness. Indeed, it is not possible to ensure that infants were aware of what they were 

doing or of the available information sources they could actively explore. Nevertheless, 

numerous studies have employed this methodology throughout infancy and robustly 

shown that infants rapidly learn this contingency (e.g., Bazhydai et al., 2022; Deligianni 

et al., 2011; Keemink et al., 2019; Tummeltshammer et al., 2014; Wang et al., 2012; 

Zettersten, 2020). Although this approach may not result in all infants discovering or 

engaging with all available information sources equally, it offers more ecologically valid 

and informative observations regarding infants’ curiosity-driven, active exploration 

compared to predefined stimulus sequences. Nevertheless, this may have caused the 

necessarily reduced sample size in Chapter 4, as only the exploration patterns of infants 

who sampled from both categories in a more balanced way revealed the relationship to 

trait curiosity. 

Furthermore, given the sensitivity of a gaze-contingent procedure to noisy 

sampling of infant gaze location, it is plausible that trials were not triggered appropriately 
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due to missing data or low-quality calibration. However, in order to minimise this risk, 

an algorithm was implemented which was designed to ignore minor glitches in the data 

and only abort a gaze hit if a genuine look away from the screen occurred. Furthermore, 

a threshold of 700 ms was selected to minimise the probability of this occurring by 

chance, given that a look of such duration towards one location is unlikely to happen by 

chance when the infant is fussy. Finally, if the experimenter had any concerns about 

inappropriate triggering, the video recordings were inspected, which resulted in the 

reported exclusion of three infants. It is worth noting that analysing looking behaviour as 

a predictor of trigger choices, which were also based on infants’ looking behaviour, could 

be perceived as circular. However, the behaviours during pre-trigger engagement and 

subsequent trigger phase were not identical. For instance, infants did not exhibit a greater 

tendency to shift their gaze or a decreased tendency to look during the trigger phase, 

which resulted in a switch. 

Nevertheless, there is more to the paradigm that I had wished to explore, which I 

was unable to do due to the reduced testing time resulting from the COIVD-19 pandemic. 

Consequently, I needed to adapt my research plans and, instead, added the questionnaire 

development. Thus, I hope to address these limitations in the future. Based on the gained 

insights from my work, a more comprehensive version of these studies would include the 

following: To begin with, I would include a structured warm-up phase, with the aim of 

ensuring that each infant triggered each available information source for their 

“awareness” of these options, which could possibly support more balanced sampling 

across the sample. Furthermore, I would add a test phase to inform the depth of their 

information encoding and category formation, as well as a re-test to reflect whether 

patterns of exploration indeed captured more general tendencies or methodological 

artifacts. Lastly, I would control not only for their trait curiosity, but also for their 

temperament (van den Boom, 1994) and processing speed (Poli et al., 2023). 

 With regard to the development and validation of the questionnaire, one 

significant limitation of this thesis is the use of the same sample throughout all 

experimental chapters. On the one hand, this allowed us to measure the links between 

state and trait curiosity and explorative behaviours (Chapter 4) including a longitudinal 

study (Chapter 5) in the relatively short PhD time-frame. On the other hand, it is possible, 

that these findings could emerge only because the same data informed the factor structure 

in Chapter 3. To elaborate, questionnaire development is an iterative process that requires 

multiple independent samples to verify the reliability and validity of the established 
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structures, and typically leads to adapted and revised versions (e.g., Putnam et al., 2014). 

Across their applications, findings might be inconsistent due to varying response patterns 

of caregivers from different socioeconomic backgrounds and cultures, which is why 

validation efforts are crucial. However, this was not possible in this thesis.  

On a similar note, all data came from a rather homogenous WEIRD population 

(Western, Educated, Industrial, Rich, Democratic; Table 6.1) with a predominantly white 

ethnic background, which together, poses a clear need for additional studies in order to 

justify any generalisations (Putnam et al., 2024; Singh, 2024). Especially limiting in this 

 

Table 6.1. Sample overview across the first two experimental chapters. 

Chapters N Age 

(months) 

Sex 

(m:f) 

Add. 

demo.a 

Birth-

order 

Monoling. 

English 

Maternal Education 

Chapter 2b 

 

68 10-12 34:34 70% 1st: 42% 

2nd: 49% 

≥3rd: 9% 

93% Postgraduate: 26% 

Higher Education: 54% 

Practical skills/Trade 

studies: 9% 

Upper Secondary: 7% 

Lower Secondary: 4% 

Chapter 3c 

 

370 5-24 

months 

182:188 91% 1st: 50% 

2nd: 40% 

≥3rd: 10% 

97% Postgraduate: 36% 

Higher Education: 46% 

Practical skills/Trade 

studies: 7% 

Upper Secondary: 8% 

Lower Secondary: 2% 

No formal schooling: 0.3% 

a
Additional demographic data was optional so that not all participants indicated it. Percentages indicate full 

set of demographic data. Percentages for birth-order and maternal education are based on number of 

available responses per variable. 
b
Base-sample included throughout all experimental chapters (also in the full Chapter 3 sample). Chapter 4: 

representative subsample of n=60 and Chapter 5 of n=34. Not reported due to redundancies. 
c
Full sample reported of which the second and third within-chapter studies are comprised. Study 2: 

representative subsample of n=67 and Study 3 of n=75. Not reported due to redundancies. 

 

regard is the predominantly high level of education. Even though the recruitment for the 

questionnaire study was largely conducted online via social media, and thus had the 

potential to reach a more representative population, the final sample ultimately reflects a 

self-selection bias. This bias alerts to the concern that the encouragement of curiosity 

likely is a privilege of those who have the time and resources, as well as, the 

environmental safety to allow it. Studies in Tanzanian and Chinese parents, for example, 
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have indicated that despite cultural norms emphasizing obedience over independence and 

curiosity, parental education and financial security were strong predictors of more 

positive and encouraging attitudes (Jukes et al., 2021; Chuang & Su, 2009). However, such 

potential relations emerging from the ITCQ cannot reliably be established based on the 

here presented distributions, and thus, call for caution with regards to their 

generalisability. 

Another limitation was that sample sizes in Chapters 4 and 5 were relatively 

limited due to experimental constraints and longitudinal attrition. Ideally, the samples 

would have overlapped more consistently to allow for a mediation analysis testing how 

infants’ trait curiosity predicts language development via effects on their state curiosity. 

However, this was not possible given the available data, and the samples were therefore 

reported in two separate studies. Nevertheless, it can be contended that this approach 

facilitated a clearer report of two distinct constructs, active exploration and language 

development, also considering that the eye-tracking study did not specifically examine 

the relationship between exploration and word learning, nor did it assess any learning 

outcomes.  

To conlcude, investigating the mechanisms underlying infants’ active exploration 

is a complex process that necessitates a balance between making conservative decisions 

for stronger effects and aiming to explain the variance emerging from more ecologically 

valid observations. The reported findings, all of which are more exploratory in nature due 

to their novelty, nevertheless managed to lay an important foundation for future studies 

to build upon. 

 

6.5 Where should we go from here?  

A number of questions remain unanswered by this thesis, but it has opened up new 

avenues for future research. For instance, Chapters 2 and 4 suggested that exploration is 

a skill with cognitive development, processing speed, and the ability to overcome a switch 

cost being plausible parameters of individual differences, in addition to trait curiosity. 

Thus, future research should aim to differentiate the effects of state and trait curiosity 

from facets of cognitive development. Previously, it was demonstrated that infants' 

breadth of manual object exploration was linked to their problem-solving abilities 

(Caruso, 1993); thus, the Curious Choices paradigm in conjunction with the ITCQ and 

additional controls could be a novel approach to elucidate the underlying mechanisms 
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that underpin this association. Finally, it would be beneficial to gather neurophysiological 

insights, for example by comparing the EEG activity during a passive and ative version 

of the paradigm, to enhance our understanding of the predictability of sampling choices, 

information encoding, and the possibility of an individually varying threshold to 

disengage (Piccardi et al., 2020). 

Furthermore, recent research has shown that clustering (several repetitions close 

in time, reoccurring across the whole session) in parents’ toddler-directed speech during 

free-play sessions resulted in superior word learning (Slone et al., 2023). However, little 

is known about the learning benefits of different timing schedules (clustered compared to 

massed together or spaced further apart; Goh & Barabási, 2008; Kim & Jo, 2016; Vázquez 

et al., 2006) early in development. The Curious Choices paradigm has recently inspired a 

collaboration to develop an adaptation to test which schedules lead to the best learning 

outcomes and which schedules toddlers actively generate themselves. 

Additionally, the ITCQ thus far has been demonstrated to be reliable and 

informative in explaining variance in exploration behaviours and developmental 

trajectories via infants’ trait curiosity. However, additional validation efforts are necessary 

to learn more about its value for research and its generalisability. For example, it could 

be investigated to what degree its expression and benefits are hindered by shyness (Hilton 

et al., 2019), and whether curiosity can be positively reinforced through caregiver 

nurturance (Alan & Mumcu, 2024; Merlo et al., 2007). Another important research 

question to address is whether trait curiosity corresponds to a neurophysiological marker 

such as greater theta oscillations (Begus & Bonawitz, 2020) or stronger activation of the 

reward circuits and hippocampus-dependent learning circuits (Gruber et al., 2014). 

Furthermore, this work has already inspired new collaborations to translate and 

validate the ITCQ into several languages, including Dutch, German, and Italian, as well 

as an international collaboration for the development of its continuation into early 

childhood, the Early Child Curiosity Questionnaire (ECCQ; Altmann et al., 2023b). Both 

questionnaires could help control for additional variance in infants’ engagement, thereby 

becoming a key measure throughout developmental research. Additionally, they could 

help reveal how the wide-reaching positive effects of trait curiosity in adulthood (review 

see, Reio, 2024) may find their origin already in infancy. 

Finally, the ITCQ has made an important contribution by demonstrating that trait 

curiosity, as manifested in observable exploration tendencies, can be measured in pre-

verbal infants, a population that, until recently, has been excluded from this research area. 
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Another population that has experienced such exclusion concerns animals, despite the 

ironic fact that the earliest curiosity studies investigated spontaneous exploration in 

rodents (Berlyne, 1955). As personality research also exists for animals (Stamps & 

Groothuis, 2010), the development of the ITCQ might inspire a similar approach to 

capture a curious trait and open new avenues for interdisciplinary, comparative research 

(Forss et al., 2024). 

 

6.6 Conclusion 

The importance of curiosity in infant development has been underestimated for 

too long. This is a significant gap in the literature, as infants represent the population 

possibly most reliant on curiosity to guide their exploration and knowledge construction. 

This thesis offers methodological innovations in the form of the Curious Choices 

paradigm and the ITCQ to measure the links between state and trait curiosity and patterns 

of active exploration. These innovations enabled theoretical contributions to this 

emerging research field, by conceptualising infants’ state curiosity through dynamic 

information sampling choices and their trait curiosity as their tendencies to actively 

explore their immediate surroundings. Through my work, I was able to demonstrate that 

infants are active explorers whose individual information-sampling tendencies also 

impact their language development trajectories, showcasing curiosity’s real-life 

importance. Collectively, this work emphasises the necessity to more comprehensively 

understand the interplay between state and trait curiosity from infancy onward, offering 

new tools and insights to do so. Importantly, this thesis confirms that infants are, in fact, 

in the driver's seat of their own development. 
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• State curiosity: The response to encountered information in the 

environment, measured in infants typically via the duration (e.g., play 

or looking time) or latency of engagement. 

• Trait curiosity: A holistic account of various exploration behaviours 

the infant generally employs to interact with their environment to 

construct their knowledge of the world.  

• Active exploration: Infant-directed, self-guided, selective 

engagement with an information source which is captured 

dynamically across multiple information sampling events; includes 

both exploration and exploitation within a constrained environment.  

• Exploitation (methodologically): Sustained engagement or active re-

engagement with a specific information source in the environment; 

can be scaled to the size of the considered information/learning space 

(e.g., one stimulus, one category, one task, one topic, one room, etc.); 

comparable to the term of “specific exploration”.  

• Exploration (methodologically): Disengagement from current 

information, switching to another, not yet or not recently sampled 

information source in the environment; comparable to the term of 

“diversive exploration”. 

• Learning Progress: Updating one’s internal representation, for 

example through prediction error reduction or connective weights 

eadjustments in one’s knowledge network. 

Glossary 
 


