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Editorial on the Research Topic
 Advances in metacognition and reflection




Metacognition, first coined in the literature in the 1970s by Flavell (1976) has been the focus of diverse disciplines (e.g., developmental, cognitive, and educational psychology, psychiatry, and criminal justice) because of its substantial, positive impact on development and learning in these fields. We know it is critical for greater and deeper learning and positive life outcomes (e.g., prisoner rehabilitation: Gois and Kane, 2025; academics: He et al., 2024; trauma-related treatment: Wiesepape et al., 2025) but we also know that it is rarely explicitly taught or fostered in formal or informal learning contexts and its development rarely occurs naturally. In fact, in Flavell's unveiling of this term, which has kept us all busy for many decades since, he focused not on its abundance but on how it is most conspicuous (and negatively impactful) in its absence:

“Resnick and Glaser's research provides us with some striking examples of children failing to solve problems for which they possess the necessary solution procedures. They ought to solve these problems, we think, and yet they do not. Why not? My own guess on the matter originates in the expected place, namely, the area in which I have done most of my recent research and thinking. This area is the development of metacognition.” (Flavell, 1976, p. 232).


Historical perspective

Although the official unveiling of the term “metacognition” is relatively new (Flavell, 1976, 1979), there is a long history of references to similar concepts such as reflection or introspection, traces of which can be seen as far back as the musings of Plato, Aristotle, and Simonides. John Locke, in 1690, introduced greater specification by distinguishing “reflection” as a more important and privileged form of thinking than other forms or “sensations” that do not tend to produce “long-lasting ideas” or a deep, reflective type of cognitive processing. Furthermore, early educators such as John Dewey had similar ideas. In his Pedagogic Creed (Dewey, 1897), Dewey stated his belief that the learning process would be disorganized and unsystematic (and thus not “educative”) if left unexamined and that looking within one's psychological processes would lead to educative leverage. It is likely that the influx of behaviorism into the field of psychology and education in the early 20th century is related to the hiatus in the focus on research and theorizing about metacognition and reflection and, similarly, to the resurgence of this focus shortly after the shift from behaviorism to cognition with the “cognitive revolution” of the 1950s. This shift resulted in the consequential work of developmental psychologist Flavell and his contemporaries. The zeitgeist was substantial and led to a greater convergence and alliance between the fields of psychology and education, making this body of literature more interdisciplinary and, ultimately, leading to greater contextualization, developmental appropriateness, and ecological validity in the study of metacognition. The rapidly growing body of extant meta-reviews (e.g., Eberhart et al., 2025; He et al., 2024; Norman et al., 2019; Ohtani and Hisasaka, 2018) and primary research (e.g., Coughlin et al., 2022; Desoete and De Craene, 2019; Fu and Qi, 2025; Özçakmak et al., 2021) on metacognition and reflection provide robust evidence of their strong and unique predictive power for important outcomes. Although metacognitive processes have been studied for at least five decades, it is only in recent years that this investigation has included infancy and early childhood, with initially promising and, in 2025, robustly positive and strong results (e.g., Chen et al., 2023; Gourlay et al., 2020; Marulis and Nelson, 2021; van Loon and Roebers, 2024; Whitebread and Neale, 2020). This shift is not only developmentally inclusive but also has critical implications for improving developmental and life trajectories based on the greater cognitive malleability in the early years of development. This Research Topic further elucidates early childhood metacognitive processes contributing to a comprehensive understanding of their developmental trajectory.



Conceptualization and measurement

Observing a set of family portraits, Sir Arthur Conan Doyle's fictional Sherlock Holmes, declaring himself a connoisseur of the arts, remarked on their high artistic quality and, ever the reflective thinker, continued to analyze his assessment of the portraits with the following: “I know what is good when I see it, and I see it now” (Doyle, 1902; p. 93). Perhaps the more known, definitely more modern, and non-fictional instance of this concept occurred in 1964 with U.S. Supreme Court Justice Potter Stewart's explanation of how he determined (i.e., measured) obscene material not protected under the First Amendment, which was essentially, “I know it when I see it.” At first glance, these statements elicit something nebulous without a defined set of characteristics, but the idea that “I” (seemingly referring to someone with expertise or authority over a matter) will be able to reliably identify this “something” is also powerful. In the case of this Research Topic, the “something” of focus–advancing our understanding of metacognition and reflection–is particularly important given the consistent, robust, and positive impact these skills have across development and types of learning. The inherent challenge, then, is to reverse engineer this knowledge into operationalized indicators. Since its debut in the literature, there have been calls for achieving a universally agreed-upon conceptualization of what “metacognition” is and is not. The challenges of this endeavor are as great as the rewards. On the one hand, the challenges and difficulties include contradictory findings and limited or no coherence; on the other hand, the benefits include convergent evidence across disparate methods and the emergence of a developmental trajectory for metacognition and reflection. To this end, we have seen decades of rigorous research yet, in some ways, we are no closer to a consensus. I suggest is that we direct our attention to a new charge: Rather than focusing on the struggle to achieve full unity, we focus on achieving conditional (contingent and adaptive), calibrated (precise), and unified (internally consistent) conceptualizations of metacognitive processes. Collaborative efforts such as this Research Topic reflect this type of pivot and represent metacognition for its complexity and strength.

In the Editorial of a previous Research Topic on metacognition in the International Electronic Journal of Elementary Education (Desoete and Özsoy, 2009), capturing metacognition was compared to the murkiness of Scotland's Loch Ness monster. For the sake of argument, I will posit that the authors of this Editorial were referring to the sightings (i.e., measurements) of the popular “monster” that are purported to have begun in 565 AD. In this case, it follows that there is something there; something is being seen (previous scientific explanations include boat wakes and other sea creatures such as large eels or water birds, and non-scientific explanations include mythology and intentional hoaxes) and perhaps some would say they would “know it when they see it.”

Metacognition was first conceptualized (in the 1970s) as “thinking about thinking,” or metacognitive knowledge followed by the addition of regulation of cognition (Brown, 1978, 1987), monitoring and control (Nelson and Narens, 1990) and more recently, motivational, and affective processes (Efklides, 2011). In practice, these conceptualizations translated into a 3-part skill set (plan, monitor, evaluate) (Fogarty, 1994). Their culmination is a broad conceptual agreement of metacognition as the knowledge, regulation, and monitoring of cognitive processes.

An apt analogy for the measurement of metacognition can also be found in black holes within the domain of the physical sciences. The history of the study of black holes has moved from mathematics to physics and from theory (general relativity) to simulations and experiments to telescopic evidence (Oldham and Auger, 2016). Similarly, the study of metacognition has evolved from an abstract conceptualization of the existence of “something” that was hard to pin down but had clear effects to the emergence of (sometimes contradictory) theories and models to the use of more precise and comprehensive measurement tools such as systematic observational coding protocols, computer hardware and software, eye-tracking, and electroencephalogram (EEG). Through these advances, like black holes that have powerful interactions with things around them but can only be seen with special equipment, we have not only been able to fine-tune and calibrate the conceptualization and measurement of metacognitive processes but have also gained a much deeper understanding of their importance for to successful learning and other life outcomes. In both cases, as measurement tools and methods have advanced, so have our understandings and applications.

Specific analogical comparisons between metacognition and black holes or the folklore of the Loch Ness monster may be a bridge too far; nonetheless, these converging ideas across disparate spheres underlie the concept of the existence of an important and impactful “something” (e.g., quality of art; obscenity; Nessie; black holes; metacognition). The important point here is the abstraction of an increasingly measurable “something” at the core of its domain. As important as art or black holes are to segments of society, so are metacognitive processes. The core aim of this Advances in Metacognition and Reflection Research Topic of Frontiers in Developmental Psychology was to build on this foundation and endeavor to fill existing gaps in the past four decades of research on metacognitive processes with a chief focus on reflective processes. As is representative of the literature on metacognition and reflection, the articles in this Research Topic employ diverse theoretical frameworks, methods, and developmental periods yet converge in one critical way: positive and moderate to strong associations and predictions of metacognition and reflection across developmental outcomes, contexts, and perspectives (Table 1). The key contributions thus lie in the elucidation and parsing of specific metacognitive components; the what, why, how, when, and for whom of detecting effects. In this way, we take a metacognitive approach to the study of metacognition. As we clarify and precisely investigate the conceptualization, operationalization, and measurement of metacognition and its subcomponents, its shape and form will become less amorphous, and we will not only vaguely “know it when we see it” but we will also be able to precisely identify and explicate its elements, associations, and impacts (see Terneusen et al., 2024). Achieving such conditional, calibrated, unified metacognition has important implications at both the basic (creating new knowledge) and applied (teaching, interventions, policies) levels across development, contexts, and individuals, resulting in more efficient and adaptive learning and successful developmental and life outcomes.


TABLE 1 Advancing and calibrating our understanding of metacognition and reflection: important characteristics and findings of nine Research Topic articles.
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In the context of agentive decision making and action, both executive and metacognitive processes serve self-regulatory functions—just on different hierarchical tiers. In the agency-based model proposed here executive processes monitor and control action and attention from an executive tier of operation, and metacognitive processes monitor and control those executive processes from a second-order metacognitive tier of operation-both with the function of facilitating effective and efficient behavioral decisions. Each is best conceptualized as comprising three key components: (i) what is regulated, (ii) how, via what processes, is it regulated, and (iii) where, in what cognitive workspace, is it regulated—either in individual or in shared agencies. Developmentally, evidence is presented that executive processes for regulating both individual and joint agencies emerge only after 9–12 months of age, and metacognitive processes for regulating both individual and collective agencies emerge only after 3–4 years of age. Cognitive flexibility, as an important outcome, derives from the child's attempts to metacognitively regulate differing social perspectives within shared agencies.

Keywords
executive function, self-regulation, metacognition, agency, decision making

Metacognition is often defined as “thinking about thinking.” But why do children (or adults) think about thinking? What psychological function does it serve? Most fundamentally, metacognitive processes serve self-regulative functions monitoring and controlling ongoing cognitive processes as children attempt to solve problems, learn new skills, or achieve challenging goals. Indeed, a term often used in the education literature is “metacognitive regulation.”

This self-regulation view of metacognition suggests that it is related to executive function. But there have been few systematic attempts to spell out this relation. Perhaps the most explicit attempt is by Roebers (2017), who claims that executive function and metacognition play quite similar roles in children's behavior and cognition: “Both are higher-order cognitive processes enabling an individual to operate flexibly and adapt efficiently to new and challenging tasks … [Both] similarly encompass dynamic and regulatory functions, which are utilized to optimize information processing of more elementary, first-order tasks” (p. 33). She argues that in the way they are studied in the current literature the two functions comprise different “sub-processes.” Paraphrasing slightly to emphasize aspects relevant to the current account, for executive function she identifies such things as attention shifting, behavioral updating, and behavioral inhibition, and for metacognition she identifies cognitive monitoring and cognitive control. My paraphrases (i.e., adding in explicit reference to “attention,” “behavior,” and “cognition”) are meant to emphasize the proposal I will defend here, namely, that executive function comprises cognitive processes that regulate attention and action, whereas metacognition regulates these executive-level cognitive processes themselves. Both are regulatory processes but operating at different psychological levels.

In this essay, I outline a theoretical approach to executive and metacognitive processes within a theory of human agency and its self-regulation, including processes of shared agency involving cooperative/normative self-regulation. After explicating the evolutionary foundations of the model, I spell out some of its implications for how best to conceptualize executive and metacognitive processes in human ontogeny.


1 Types of human agency

Tomasello (2022, in press) proposes a theory of human agency, decision making, and action that incorporates executive and metacognitive processes as two types of self-regulation. Beginning with a control systems account of agentive action, executive processes monitor and control action and attention in goal pursuit on an executive tier of operation, and metacognitive processes monitor and control those executive processes on a second-order metacognitive tier of operation—both with the function of facilitating effective and efficient behavioral decision making.

Figure 1 graphically illustrates the basic model. Although I know of no existing models of executive function and metacognition that take precisely this two-tiered form, there are existing hierarchical models of executive processes in both the adult (e.g., Koechlin and Summerfield, 2007) and developmental (e.g., Zelazo, 2004, 2015) literatures that focus on different phenomena than the current model. In particular: (i) the main focus of Zelazo's model is on consciousness (whereas I do not mention it); (ii) the structure of his model is detailed information processing (which I do not discuss); and (iii) his focus is on the complexity of rules that children can formulate and follow in adult-structured tasks (whereas I do not focus on rules at all). Also in developmental psychology, Carlson (2023) has recently begun investigating “reflection” (presumably a metacognitive process) in the context of executive function and the effect that children's sense of agency has on their cognition and motivation, which also is not in my model.


[image: Figure 1]
FIGURE 1
 Graphic depiction of the hierarchical model of executive and metacognitive regulation.



1.1 Phylogeny

Tomasello (2022) proposes an account of how this human psychological architecture built up over evolutionary time. The model begins with the basic premise that cognitive processes evolved to facilitate agentive decision making and action. Not all organisms operate with cognitive processes, but rather their behavior is reflexive or stimulus driven because natural selection can anticipate the predictable arrival of particular stimuli and needed responses (examples in humans are breathing and swallowing). But in situations of unpredictability and uncertainty, what has evolved is an architecture of agentive decision making in which the individual perceptually and cognitively assesses the situation and makes a decision about what it can do to best pursue its goals. The computational model for agency is cybernetic control systems such as thermostats and self-driving cars that pursue and maintain reference values in dynamically changing circumstances.

If we focus on the species forming an evolutionarily line to humans, there have been three basic forms of individual agentive organization.

• Goal-directed agency evolved in the first vertebrates. This architecture is a simple control system sufficient for the organism to make a go/no-go decision (action tier only in Figure 1). These creatures were restricted to this mode of decision making because they had no executive tier of proactive executive control (although they were capable of a simple process of global reactive inhibition or “freeze” response).

• Intentional agency evolved in the first mammals. This architecture is a control system supervised by an executive tier of functioning (executive and action tiers in Figure 1) with skills of thinking and planning sufficient for making an either/or decision between cognitively represented possibilities. These new types of decisions required proactive types of inhibitory control (e.g., suppression of unchosen behavioral options before acting) and executive coordination of attention.

• Metacognitive (or rational) agency evolved in the first great apes. This architecture is a control system supervised by an executive tier of functioning supervised by a metacognitive tier of functioning (metacognitive, executive, and action tiers in Figure 1) sufficient for reflecting on decisions already made and assessing their appropriateness given new information. These new types of decisions required metacognitive monitoring and control of executive decision making and metacognitive coordination of thinking and planning.

This hypothesized evolutionary trajectory reflects a natural buildup in complexity over evolutionary time, a common occurrence in biological systems of all types in which subsequent forms build on already existing forms (Bonner, 1988).

In addition, early humans also evolved some species-unique forms of shared agency based on cooperative goal pursuit and cooperative self-regulation, as they evolved more cooperative and cultural lifeways.

• Shared agency evolved in the early humans, who collaborated with others to make shared decisions in pursuit of shared goals. To do this they needed to coordinate with an individual partner (in a joint agency) or with the cultural group at large in terms of its conventions and norms (in a collective agency) and to collaboratively self-regulate these agencies normatively.

Evidence for this overall account comes from a wealth of behavioral experiments with contemporary model species: lizards as exemplars of the first land vertebrates acting as goal-directed agents; squirrels as exemplars of the first mammals acting as intentional agents; and chimpanzees as exemplars of the first great apes acting as metacognitive agents. The two forms of shared agency are connected to two early hominin species: Homo heidelbergensis as exemplars of the first joint agents, and Homo sapiens sapiens as exemplars of the first collective agents. The hypothesis is that there was a gradual transition from one form of agency to another across species in a perfectly normal process of evolution by means of natural selection.



1.2 Ontogeny

Tomasello (in press) argues that these same basic architectures structure children's cognitive development today, that they emerge at predictable ages, and that they both empower and constrain children's learning at particular ages. They emerge normally along the following general timeline.

• Goal-directed agency emerges in early infancy and operates throughout the first 9 months of life. Infants make only go/no-go decisions and operate with no executive processes other than a kind of global inhibition enabling them to freeze whatever they are doing and move on to another go/no-go decision.

• Both intentional agency and joint agency emerge at 9 to 12 months of age and predominate in toddlerhood until about 3 to 4 years of age. Toddlers make either/or decisions made possible by the emergence of an executive tier on which the toddler cognitively simulates possible actions and their likely results, regulating her attention and action via proactive thinking and planning. Toddlers also participate in joint agencies coordinating attentional perspectives and actions with others.

• Both metacognitive agency and collective agency emerge at 3 to 4 years of age and predominate in early childhood until about 6 years of age. Preschool youngsters make reflective decisions made possible by the emergence of a metacognitive tier on which the child regulates her executive-tier thinking and planning metacognitively. Preschool youngsters also coordinate their thinking, decision making, and perspectives metacognitively with peers in both joint and collective agencies.

The hypothesis is thus that there are qualitative shifts at 9–12 months and at 3–4 years of age in processes of psychological self-regulation. Specifically, from 9 months to 3 years of age children begin to executively regulate their actions and attentional perspectives proactively via thinking and planning—as well as those of partners in joint agencies. From 3 years of age onward children begin to metacognitively regulate their executive-tier thinking and planning via the coordination of conceptual perspectives—as well as normatively regulating others' and their own thinking and conceptual perspectives in both joint and collective agencies.



1.3 Novel features of the model

It is challenging to relate this agency-based model to the developmental literature on executive function and metacognition. The problem is that developmental psychologists have studied a variety of specific processes under these names, but these are typically defined in fairly narrow research contexts, leading to a proliferation of theoretical constructs. Thus, as the broader term, executive function includes such things as behavioral inhibition, cognitive inhibition, inhibitory control, self-control, effortful control, proactive executive function, continuous monitoring, working memory, self-regulation, emotion regulation, attentional control, attention shifting, attention regulation, cognitive flexibility, set shifting, task switching, and others. Although there is no consensus in the field, a widely used typology is that of Diamond (2013), who differentiates: (i) Inhibition (e.g., inhibitory control, self-control, behavioral inhibition, emotion regulation, etc.); (ii) Working Memory (i.e., holding information in mind and mentally working with it in various ways); and (iii) Cognitive Flexibility (e.g., attention shifting, set shifting, mental flexibility, etc.). This typology has proven useful in identifying individual differences in developmental outcomes such as school achievement and emotional adjustment. But many researchers have bemoaned the plethora of terminological jargon in the field, and some have doubted the psychological reality of this menagerie of constructs (e.g., Doebel, 2020).

The main issue is that the types in Diamond's typology are very diverse: “inhibition” is a basic psychological process, “working memory” is a cognitive workspace within which processes operate, and “cognitive flexibility” is a trait that people or processes possess. In contrast, in the current model executive and metacognitive processes are not just a collection of independent mechanisms; they each play a distinct role in a regulatory system evolved to monitor and control agentive decision making and action. We may thus rework Diamond's tripartite typology in the context of the current model in the following way. First, “working memory” is an attentional workspace, and there are two types: one is an executive workspace (on the executive tier in Figure 1) that monitors and controls action and attention, and the other is a metacognitive workspace (the metacognitive tier in Figure 1) that monitors and controls these executive processes.1 Second, inhibition is one of the main regulatory processes that takes place in these workspaces. But there are others, in particular processes that are more proactive such as planning and the coordination of thoughts and perspectives. Indeed, there can even be reactive and proactive processes of inhibitory control. Therefore, such things as “inhibition” and “cognitive coordination” in Diamond's typology may be recast as the actual regulatory processes by means of which agents monitor and control their decision making, processes such as thinking, planning, inhibitory control, coordination of thoughts, etc. Third, in this context, I would like to make a novel proposal—to be fleshed out in the next section that what Diamond and others call “cognitive flexibility” is about the coordination of perspectives, and this arises mostly in shared agencies in which individuals monitor and control one another's actions, attention, and perspectives. This interactive process is then internalized such that the individual can coordinate perspectives on things flexibly on her own.

To assess this model, in the coming section I empirically evaluate two hypotheses: (1) the hypothesis that there are systematic age-related changes in the organization of agency and decision making that structure the regulatory processes involved: first the executive regulation of attention and action beginning at around 9 to 12 months of age and then the metacognitive regulation of thinking and decision making beginning at 3 to 4 years of age; (2) the hypothesis that important aspects—indeed most of the species-unique aspects of children's cognitive flexibility arise initially from their participation in shared agencies in which they must coordinate their own actions, attention, perspectives, and decision making with those of a partner or a group with whom they are acting interdependently.




2 The ontogeny of human agency, decision making, and self-regulation

Most research on children's executive function and metacognition uses standardized tasks—often asking children to follow adult-specified rules and focuses on individual differences in children's performance. My focus here, in contrast, is on the kinds of spontaneous self-regulation that characterize all of children's agentive decision making and action throughout their daily lives.

The proposal is that how children make decisions and regulate them depends on the cognitive architecture within which they are working, which includes one or another type of cognitive representation and self-regulative workspace. Further, self-regulation can be more reactive (e.g., inhibiting ongoing action or cognition) or more proactive (e.g., planning and coordinating action and cognition before acting). Finally, shared agency requires flexible interpersonal coordination—sometimes even shared decision making and collaborative and/or normative self-regulation. My focus in this section is on how these things all work together in the agentive decision making and self-regulation of, in turn, young infants (0 to 9 months), toddlers (9 months to 3 years), and preschoolers (3 to 6 years).


2.1 Young infants as goal-directed agents

The capacity for goal-directed action requires young infants (below 9 months) to make decisions about whether or not to execute an action in a particular situation, that is, go/no-go decisions. Despite appearances, they are not making either/or decisions about which action to perform. Thus, at first blush, it would seem that infants do make either/or choices between alternatives. For example, Hamlin et al. (2007) presented 6-month-old infants with two stuffed animals, one of which had behaved more nicely than the other. Infants tended to touch or grab the nice animal, which could be taken as evidence of an either/or decision between the two options. But it is also possible that in their initial observation of the animals' behavior infants developed an attraction to the nicer animal, and as soon as they saw it, they went for it without comparing the relative values of the two different options. Under this interpretation, they are making a go/no-go decision for an attractor, not an either/or choice among alternatives. It is only after 9 months of age that young toddlers make either/or choices among alternatives.

Evidence for this interpretation comes from studies in which infants and toddlers have a prepotent tendency to go for a “wrong” option. The point is that if they succeed in overcoming this prepotent tendency, it suggests that they have attended to both alternatives and made an either/or decision. A good example is action-based object permanence tasks. If a desired object is hidden under a single cloth, 8-month-old infants quickly remove the cloth and retrieve the object. But at this same age they often make the famous A-not-B error. This error occurs in a version of the task in which the infant is confronted with an object hidden under one of two cloths. After she finds it under cloth A, it is placed in plain sight under cloth B. In this two-cloth situation, infants often search for the hidden object under the cloth where they last found it (A), rather than where they last saw it disappear (B). They make this error through the end of early infancy, first searching reliably for the object in its new location (inhibiting any prepotent attraction to the first location) only as toddlers at around 11 months of age (Diamond, 1985; Marcovitch and Zelazo, 2006). The important point is that the single-cloth task only requires the infant to make a go/no-go decision (to remove the cloth or not), whereas in the A-not-B task she is seemingly confronted with an either/or decision between the two cloths, each of which is a salient alternative for good reason. Young infants' behavior in detour tasks is similar. If a desired object is placed behind a transparent glass barrier, infants up to 11 months of age tend to just reach directly for the toy and bang into the glass (Diamond and Gilbert, 1989; Diamond, 1990). They cannot overcome this prepotent tendency and so choose the reach-around alternative, even after seeing this prepotent tendency fail several times, which implies, again, that they are not choosing between the two alternatives but simply seeing an opportunity to grasp an object and going for it. And again toddlers after 11 months of age succeed in choosing the less salient alternative action in this task.

The hypothesis is thus that young infants' actions are generated by a process of decision making that simply determines whether to perform a particular action in the situation at hand: is this an opportunity for a particular goal-directed action? One might propose that the issue for infants is not decision making but inhibitory control, and this would not be totally incorrect. But either/or decision making and inhibitory control go hand-in-hand in the sense that choosing among options means inhibiting the unchosen option before acting. I would thus characterize the issue more broadly. The issue, in the current hypothesis, is that infants before 9 months of age do not have an executive tier of functioning that can simulate alternative action possibilities and their likely outcomes before acting, and so they do not yet have the possibility of either/or decision making with proactive inhibition of unchosen behavioral alternatives. It is interesting that attempts to measure individual differences in inhibition in infants before 9 months of age mostly involve so-called delayed response tasks (e.g., Diamond, 1990), which only measure something like global inhibition of a single action and not selective (proactive) inhibitory control of one alternative in comparison to another before acting.



2.2 Toddlers as intentional and joint agents

In contrast to young infants (before 9 months), toddlers make either/or behavioral decisions in which they imagine behavioral options with their likely outcomes and then choose one before acting. This is what Berkman et al. (2017) call “value-based choice,” in which the preferred option is increased in value, and/or the less preferred option is decreased in value, relative to the other(s). Value-based choices require imaginative representations, that is, representations of actions and states of affairs that are not currently the case but could become actually the case.

One can see the origins of 9-month-old toddlers' either/or decision making already in their behavior in the two-cloth object permanence task. Soon after 9 months of age toddlers stop making the A-not-B error: they choose which of the two cloths is likely concealing the desired object and choose that one. This value-based choice involves a more flexible form of inhibitory control than the simple global inhibition characteristic of infants. As they are comparing behavioral options, choosing one involves suppressing the other, often prepotent, tendency such as removing the A cloth where the toy was previously found. In support of this interpretation, much research shows that toddlers' ability to make choices in this manner correlates strongly with other tasks measuring inhibitory control (Marcovitch and Zelazo, 2006). Moreover, either/or comparisons of this kind should take time to execute, and Kim et al. (2020) found that when 12- and 24-month-old toddlers are faced with more uncertainty in their potential choices, they take more time to decide. In general, toddlers seem to be making either/or decisions involving processes of proactive inhibitory control before acting.

Perhaps even clearer evidence for this kind of decision making comes during this same age range as toddlers make decisions in so-called opt-out tasks requiring them to compare options before choosing. A number of mammalian species—including dolphins, rats, and many non-human primates—have been confronted with a choice between an easy-to-obtain low reward and a more difficult to obtain high reward. When chances of obtaining the high reward are high, individuals will go for that; but when chances of obtaining the high reward are low, individuals often opt out and go for the easy-to-obtain low reward. Goupil et al. (2016) tested 20-month-olds in a situation with this logic (the opt-out response in this case was to request adult help) and found that toddlers made efficient choices. Further, Call and Carpenter (2001) found that when 30-month-olds felt uncertain about a decision, they actively sought more information to try to make a better decision, again showing the ability to comparatively evaluate alternative possible actions. The toddlers are monitoring their confidence or uncertainty in a value-based choice, and then responding appropriately.

But perhaps the strongest evidence comes from another experimental paradigm aimed at children's decision-making. The situation is slightly different from uncertainty monitoring in that the costs and risks of both possible choices are clear at the outset (often with one having a kind of prepotent attraction). Thus, Herrmann et al. (2015) confronted 36-month-olds with a spatial discounting task in which the child first spied a nearby small reward and then a farther-off large reward, and they were shown that going for one meant forsaking the other. They had to compare the two situations and make their choice before acting, which prevented a sequential guessing strategy involving only a sequence of go/no-go decisions. In a similar task toddlers had to choose one of two behavioral strategies given that the situation had noticeably changed, which meant inhibiting a previously successful action in favor of a new one demanded by a changed situation (again they had to choose before acting so that a sequential guessing strategy was not possible). In both of these tasks, toddlers were generally successful, equally as good as chimpanzees (but not as good as 6-year-olds).

Toddlers' behavior in all these tasks thus suggests either/or, value-based choices between two simultaneously available courses of action as they imagine them (in imaginative representations). Such value-based decision making among simultaneously available options cannot take place in creatures who operate as a simple goal-directed control system comprising only goals, actions, and attention. Rather, it requires control systems organization with an additional executive tier of monitoring and control to regulate the process of behavioral decision making.

In addition, from around their first birthdays, toddlers are able to form joint agencies with adults to do such things as build a block tower together, get the child dressed together, or walk the dog together. To create such joint agencies the two parties need to coordinate their actions and attention. One- and two-year-old toddlers are notoriously poor at coordinating with same-age peers (Brownell and Carriger, 1990), and they do not seem to participate in joint attention with same-age peers in anything like the way they do with adults either (see Tomasello, 2020a; for a review). The implication is that toddlers cannot really make joint decisions with others, but they can participate in joint agencies when an adult scaffolds the decision-making process. They coordinate actions and attention (but not decisions) with an adult (and not a peer) partner.

Modern conceptions of executive function view it as individual self-regulation, but joint agencies need to be self-regulated as well and this is a social process. In the beginning, toddlers do not participate much if at all in the coordination and self-regulation of the joint agency, as the adult scaffolds the process. But over time they come to coordinate their actions and attention with the adult more actively, sometimes by communicative acts aimed at the partner's actions and attention. My proposal is that it is these attempts at social and mental coordination with adults in joint agencies that create the uniquely human kinds of perspectival flexibility that are measured by the most basic tasks of attentional flexibility such as attention shifting, set shifting, and task switching (i.e., other species show these abilities, but not as flexibly humans). Of special importance are toddlers' newly emerging abilities of joint attention and cooperative communication that help them to establish and maintain joint agencies with others.

The process of establishing joint attention with a partner on some referential situation is not a one-shot, ballistically produced intentional action, but rather a process of cooperative coordination. Thus, indicating and identifying the referent of a pointing gesture (as done already by 12-month-olds) involves the coordination of attentional perspectives. In the prototypical case, one partner initiates things by pointing for the other to a referent that she (the communicator) is already attending to; her referential intention is the aligning of their attention in joint attention. The recipient, if he is being cooperative, goes from his own individual attention elsewhere to jointly attending with his partner. The interpersonal coordination thus involves each partner's sequential shifting from individual to joint attention, as either communicator or recipient, with adjustments as needed (Liszkowski et al., 2007). Unlike simply imagining what another person sees or knows, as occurs in many studies of infant social cognition, negotiating joint attention brings into focus the relation between self and other perspectives: to know that perspectives are or are not aligned there must be some imagining of the content of those perspectives and their relationship. Such negotiations require both imaginative representations and an executive workspace in which the two attentional perspectives may be imaginatively compared and coordinated.

From 9 months of age, then, toddlers are operating in a very different way from young infants. Young infants are perceiving and representing the actual world (even if it is behind an occluder at the moment). In contrast, toddlers are imagining possible courses of action and outcomes in the environment and basing their decisions on these imagined possibilities, a process which requires them to employ a kind of proactive inhibitory control in suppressing the imagined alternatives that they do not in the end choose. In addition, toddlers must coordinate attentional perspectives with adults in joint agencies, which requires them to employ a kind of attentional flexibility that is not needed by young infants (and non-human animals) who do not engage in joint agencies. Toddlers are able to do all this, in the current hypothesis, because of the maturation of a new cognitive architecture involving a single tier of executive monitoring and control, operating within a new executive workspace (executive working memory).



2.3 Preschool youngsters as metacognitive and normative agents

How animals and children use metacognition to make decisions is often studied using tasks of uncertainty monitoring. For example, when presented with a difficult discrimination or memory problem, many animal species and preschool children opt out and go for a safer alternative: in one interpretation, they know that they do not know. But there is controversy over whether opting out in such cases actually requires metacognition in the strict sense of the term (e.g., see papers in Beran et al., 2012). The key issue in the current context is whether children younger than 3 years of age are able to metacognitively reflect on the decision making process.

In a few studies researchers have claimed metacognitive decision making in 2-year-old toddlers. Specifically, in two studies already described above, when 2-year-olds were uncertain about their ability to solve a behavioral problem, they recruited a parent for help (Goupil et al., 2016), and when 2-year-olds did not see where an adult hid a toy—so they were uncertain where it was—they actively looked behind a barrier to gain needed information (Call and Carpenter, 2001). These two studies are sometimes characterized as involving metacognition under the interpretation that the toddlers “know that they do not know.” However, a different interpretation is that the toddlers in these studies are not metacognitively monitoring what they do and do not know, but rather they are executively monitoring what they can and cannot do: whether proceeding with a planned action is or is not likely to be successful in reaching the goal. In the view of Goupil and Proust (2023), monitoring behavioral uncertainty in this manner is not monitoring a thought but rather monitoring a feeling. That is, the toddlers are executively monitoring a feeling of uncertainty as they go about choosing an action on the behavioral tier of operation, not metacognitively monitoring the executive-tier cognitive processes they are using to make that decision. Goupil and Proust (2023) actually refer to this type of uncertainty monitoring as a procedural form of metacognition, that is to say, a form that focuses not on cognition proper but on ground-level processes of action and attention. I would thus characterize these two studies as concerned with the executive supervision and control of action and attention.

Then, beginning sometime after 3 years of age, with the development of the metacognitive tier of agentive architecture, young children become able to metacognitively monitor and control not just the feeling of behavioral uncertainty but the cognitive processes involved in executive decision making itself. That is, they become able to metacognitively monitor their executive-tier processes of thinking, planning, and decision making to decide among different possible either/or decisions, including revising already made decisions and beliefs in the light of new evidence or reasons. This takes place in two different forms. One takes place within the agent's mind, as it were, as young children plan and evaluate their own executive-tier decisions before making a final decision, or perhaps reassess things after a decision has been made if new information becomes available. The other takes place between agents' minds, as it were, as young children coordinate decisions with others in joint or collective agencies, jointly attending to the beliefs and reasons involved.

First, within minds, O'Madagain et al. (2022) gave both great apes and human children (3 and 5 years of age) the opportunity to visually locate the best food at location X. The subjects did this, indicating their belief/decision by choosing that location (though not receiving the food as a result). Then, they were exposed to new information that called their initial belief into question, information suggesting that the best food might be in location Y. Subjects then had the possibility to seek further information (or not) that could either confirm or disconfirm their initial belief. Many apes then actively sought more information to resolve the discrepancy between their original belief and the new information, by looking again into location X (and perhaps Y) to check their initial judgment so as to make the best decision. The apes were in this case metacognitively assessing their executive decision after they had already made it (which distinguishes the demands of this task from those of the two toddler studies described above); they were reflecting on the belief guiding their decision in the light of newly obtained information and discerning the need to possibly revise that belief and so decision. If this is indeed what they were doing, it is important because attempting to causally diagnose problematic decisions before they are behaviorally executed fulfills a standard criterion for reflective agency, and it clearly is metacognitive.

Like the apes, the human children in this task questioned their own belief and actively attempted to double-check it—but only at 5 years of age. The children at 3 years of age just went with one or the other choice without double-checking. However, in a second study, O'Madagain et al. (2022) provided apes and children with discrepant information in a different manner: the subject made an initial choice, again without receiving anything as a result, and then a conspecific entered and indicated a different choice. In this case, the apes did not double-check their initial choice, presumably because they did not compare the perspectives of themselves and the peer. In contrast, the human children actively double-checked their initial choice, and they did so even at 3 years of age! This suggests that, in contrast with apes, young children find different perspectives emanating from social partners to be more salient indicators of the need for belief revision than new information emanating from the physical world. In their individual decision making, young children are especially attuned to discrepant social perspectives, which prompt them (i.e., more strongly than physical evidence) to metacognitively reflect on and revise their beliefs and so decisions.

Second, between minds, in shared agencies preschool children for the first time begin to mentally coordinate with peers to make truly joint decisions in joint agencies. Whereas 2-year-old toddlers can to some degree coordinate their ongoing actions and attention with adults, preschool children can plan and coordinate their actual decisions with others, including peers. The process of coordinating not just actions but decisions is studied formally in game theory in what are called coordination games. A well-known coordination game is the stag hunt. In the classic parable, I am hunting alone for hares when I spy a stag, which is more and better food but which I cannot capture alone. You are in the same situation, and so it is in both our interests to drop our pursuit of hares and collaborate to capture the stag. The problem is that neither of us can be certain that the other will choose to go for the stag (maybe our partner did not see or hear the stag). Chimpanzees do not perceive the stag hunt as a dilemma: they just go for the stag and hope the other will follow. But 4-year-old children perceive the dilemma and so before leaving the hare they communicate to make a joint decision (Duguid et al., 2014). They are monitoring their partner and the possibilities for fruitful collaboration and making their behavioral decisions accordingly. Four- and 5-year-old preschoolers can even coordinate their decisions in situations in which the possibility of communication is eliminated, that is, in games of so-called “pure coordination” (which great apes cannot do; Duguid et al., 2020). That is, they are able to coordinate their decisions if there is some salient feature of one of the choices—e.g., one is red while all the others are white—which they can metacognitively predict will be a salient decision for their partner, whom they know is attempting to metacognitively predict their decision as well (Grüneisen et al., 2015). Moreover, children in this same age range are even able to plan a coordinated decision in a joint problem-solving situation by each partner determining which tool each of them must choose in her role and then coordinating their respective choices accordingly (Warneken et al., 2014).

Once a joint agency with a peer is formed, preschool youngsters attempt to self-regulate it through various forms of action and communication. For example, if the peer does not play her role adequately in their collaboration, the child protests normatively using words such as should or must or ought—to bring the wayward partner back into line. Often preschool peers initiate a collaborative activity with a joint commitment (“Let's do X,” agreed to with “OK”), and so the normative protest is then referring the partner back to “our” agreement to collaborate. That is to say, the child is self-regulating the collaborative activity, in an important sense collaboratively, by referencing the original formation of the shared agency and their individual responsibilities in it. This kind of normative self-regulation can be characterized as we > me normative self-regulation (Tomasello, 2020b).

In more discourse-based studies of decision making with peers, pairs of 3- and 5-year-olds are able to coordinate a joint decision by metacognitively comparing their different beliefs and even reasons for their beliefs—through perspective-taking discourse and joint reasoning. For example, in one study peer partners had different information from different sources about what some novel creatures typically eat. To resolve the issue, they metacognitively discussed the validity of the evidential sources from which they each had obtained their information (hearsay vs. direct observation) and came to a reasoned joint decision as a result (Köymen and Tomasello, 2018). The point is that in these joint problem-solving situations peers coordinate not just their actions but their decisions, which requires each of them to metacognitively monitor both their own and the partner's beliefs, as well as their respective reasons for their beliefs (see Köymen and Tomasello, 2020, for a review of these and similar studies).

Preschool youngsters are able to coordinate and regulate their decisions with peers because they are now operating with a new metacognitive tier of functioning that enables them to conceptualize and socially coordinate executive-tier cognitive processes such as beliefs and reasons, with which they, from 3 to 4 years of age, are operating. The Vygotskian hypothesis is that it is precisely this kind of social coordination of beliefs, reasons, and decisions with others that is the original source of preschool children's individual cognitive flexibility and conceptual perspective taking, as they internalize the social process into an internal dialogue which they use to deliberate on their own. The O'Madagain et al. (2022) study described above (in which children metacognitively examined their own beliefs more readily in the face of a discrepant social perspective than discrepant physical information) is generally consistent with this view. Also supportive is the study of Köymen et al. (2020) in which adults trained 3-year-olds in a kind of “meta-talk” about reasons, evidence, and their validity, and this led the children later to engage in more skillful joint decision making with peers.

Relatedly, there are also significant developments in individual cognitive flexibility at around 3 to 4 years of age as well. In preschoolers, cognitive flexibility is classically measured by tasks such as the Dimensional Change Card Sort task (DCCS; Zelazo, 2006). In the DCCS task children are required first to sort cards on one dimension (e.g., color) and then immediately sort them by another (e.g., shape). Early research tended to show that 3-year-old children had trouble classifying objects in a second way (see Doebel and Zelazo, 2015; for a review). But subsequent research employing more child friendly versions of the task has found that performance is quite good at 3 to 3.5 years of age whereas it is very poor at 2.5 years of age (e.g., Blakey et al., 2016). So age 3 would seem to be the key age of transition for successive multiple classification. Simultaneous multiple classification is most often assessed using a matrix completion task. In this task, children must find the missing object in a matrix created by crossing two dimensions, for example, placing a red triangle in the missing space defined by the convergence of a red vertical dimension and a triangle horizontal dimension. Again, early studies showed that 3- and 4-year-old children struggle with this task, but Podjarny et al. (2017) designed a more child friendly version and found that both 3- and 4-year-olds were quite competent. Interestingly and importantly, Podjarny et al. (2022) administered child friendly versions of both a successive and simultaneous task of multiple classification and found that young children were consistently better at the successive version.

What explains this relatively sudden competence at 3 to 4 years? Based on a series of nine studies using the DCCS (as well as a review of relevant literature), Zelazo et al. (2003) concluded that children's performance was not best explained by developments either in memory or in inhibitory control. The best explanation was what they called a “redescription account” (championed most prominently by Perner and Lang, 2002), which attributes growing success to young children's developing ability to appreciate multiple conceptual perspectives on the same object(s) at the same time. But why does this new ability emerge only at around 3 or 4 years of age? In the current account, the obvious reason is that 3 years is the age at which the new metacognitive tier of regulation emerges, and this enables children to re-represent all of the simple categorization activities in which they have been participating for several years already. So perhaps on one occasion the child labeled an object a “bird” and then on another occasion noted that it was a “cardinal,” or on one occasion she singled out the ovals from a group of blocks and on another occasion singled out the blue ones. These acts create discrepancies in that the same object is conceptualized as different things on different occasions. Reflective thinking and re-representation on the metacognitive tier use these kinds of discrepant experiences as the raw material to coordinate and perhaps synthesize different conceptual perspectives on the same entities to enable multiple classification of the same object in different ways for all kinds of creative purposes, first successively and then, in certain contexts, simultaneously. This happens most frequently and most saliently in collaborative social interactions with others, including both adults and peers. Thus, if a child came to maturity on a desert island with no social interaction, she would not learn to take different perspectives on things and integrate them.

Finally, a more explicitly social kind of cognitive flexibility comes out in a variety of tasks that Perner et al. (2003) call “perspective problems,” that is, problems that bring different conceptual perspectives into conflict (though this is often only apparent and can be resolved), requiring the child to do some kind of coordination of perspectives (perhaps especially with peers) to make sense of things. For example, from her viewing angle a child may see a drawing of a horse as right side up, but a partner on the other side of the table claims that it is upside down. How to resolve the situation? Further, the child may initially believe that something is a rock, but another person uses it as a sponge. How can something appear to be one thing but be used as another? Or the child may know that an object is a tree but hear someone else call it a “bush,” or know that an object is a dog and hear someone else call it an “animal.” How can an object be two things at once? Or, most famously, the child may know that an object has been hidden in one place but an agent who did not witness the hiding process believes it is in a different place. How to coordinate the child's own perspective, the agent's perspective, and alight on the objective perspective of where the object really is? To construct the necessary concepts to resolve these conflicts, the child needs to flexibly coordinate conceptual perspectives on the world (Tomasello, 2018). Children are typically not successful in any of these tasks (visual perspective taking, appearance reality, dual naming, or false belief) until 3 or 4 years of age. In the current hypothesis that is because they are not able to metacognitive only reflect on their own and others conceptual perspectives from a metacognitive tier of operation and coordinate them effectively which, again, occurs most readily and most saliently in their social interactions with others, especially peers, which could in principle be empirically evaluated in some kind of training study.




3 The regulation of agency

In order to bring all of the different aspects of these various self-regulatory process together, I propose focusing on three key components of agentive self-regulation: (i) what is regulated, (ii) how, via what processes, it is regulated, and (iii) where, in what cognitive workspace, it is regulated. First, the proposal is that in individual agencies during toddlerhood what is regulated is basic-level things like action and attention, whereas during early childhood it is also more cognitive things like thinking and decision making. Second, these are all regulated by processes of monitoring (a higher tier attends to one below it) and control in terms of (a) reactive processes (like reactive inhibition), and (b) proactive processes (like anticipatory coordination). Third, this is all done in either an executive workspace on an executive tier during toddlerhood or a metacognitive workspace on a metacognitive tier during early childhood—and either in individual or joint agencies. Figure 2 thus provides a typology of agentive self-regulation in terms of four main dichotomies:

• executive vs. metacognitive workspace

• monitoring vs. controlling as distinct phases of self-regulation

• reactive vs. proactive regulatory processes

• self-regulation in individual vs. shared agencies
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FIGURE 2
 Summary of what is regulated, how it is regulated, and where (in which workspace) it is regulated—for both individual and shared agencies in toddlerhood and early childhood (“D-M” refers to decision making).


Then, in addition, the target of regulation—what is regulated—is shown in the cells of Figure 2 in terms of what behavioral and/or cognitive processes are being regulated (and, in the case of control, a bit about how they are controlled).

The current model thus has three distinctive features relative to other treatments of executive function and metacognition in the literature. First, the model is articulated within the context of an overall theory of human agency and decision making, which provides coherence and functional continuity. Second, the model is hierarchically structured such that executive and metacognitive processes are two analogous control systems operating on different material from different tiers (workspaces) of agentive architecture—emerging at different ages. And third, the account of shared agency provides a principled account of uniquely human processes in the coordination of perspectives—both attentional and conceptual—that integrates what has traditionally been called cognitive flexibility with other processes of agentive self-regulation, as well as specifying unique processes of collaborative or normative self-regulation.

The specific mechanisms of executive and metacognitive function currently posited in the literature (often defined by cognitive tasks) simply reflect a focus on one or another sub-process in this overall regulatory architecture, or else a specific application of these. Particular tasks measure one or more of these processes made more specific in the context of that task. For example, various go/no-go tasks (e.g., delayed response) would be inhibition of action (either reactive or proactive); effortful control and emotion regulation would mostly be inhibition of emotional expression (either reactive or proactive); attention shifting and task switching would be the coordination of attention or action depending on the task; the DCCS would be coordinating conceptual perspectives successively; matrix completion would be coordinating conceptual perspectives simultaneously; and so forth. The model thus provides a theoretical vocabulary for relating specific processes to one another. It is possible that it could be extended to older children to account for some of the phenomena of self-directed cognitive control studied by Frick and Chevalier (2023).

The current proposal is not intended to replace any of the important work that has been done in the study of either executive function or metacognition. Studies of inhibitory control, effortful control, continuous monitoring, working memory, emotion regulation, attention shifting, set shifting, task switching, etc., need to be described at a more detailed level—in terms of the specific task context and demands—than the very coarsely cut categories in the current model in Figures 1, 2. The current model is simply an attempt to provide a larger psychological framework within which current research may be categorized and interrelated. The hope is that keeping the various phenomena in their appropriate theoretical places may provide a unifying framework within which the menagerie of theoretical constructs in the field may be meaningfully interrelated and so spur further research progress.



4 Conclusion

In closing, what I am offering here is a way of unifying executive and metacognitive processes within an overall psychological architecture of agentive decision making and its self-regulation, one that unfolds in a distinctive, two-step developmental pathway. I also believe that integrating social agencies into this account provides additional dimensions of the process of agentive self-regulation especially the proactive coordination of perspectives and normative self-regulation that can broaden the scope of research into executive and metacognitive processes as they emerge and shape young children's cognitive and social development.
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Footnotes

1One could potentially posit emotion as something else to be regulated on the basic tier of action and attention. But what one is monitoring and controlling in such cases is less the involuntary emotions themselves and more their behavioral expressions and/or their effects on one 's actions.
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Previous research suggests that metacognition (the knowledge and skills related to knowledge acquisition) and executive functions (skills needed to plan and execute goals) are possible predictors of academic performance, including math and reading abilities. This study sought to clarify the relationship between school readiness and these abilities. A visual identification task was used to measure preschool children's metacognitive skills, specifically their ability to monitor their confidence on their answers (explicit) and ability to ask for a clue only when necessary (implicit). Response time to answering was also measured to obtain a non-verbal implicit measure of metacognition. Executive functions were measured using the Flanker and Dimensional Change Card Sorting (DCCS) tasks from the NIH toolbox. It was hypothesized that both metacognition and executive functions would predict school readiness and that implicit metacognitive skills would be more highly related to school readiness than explicit skills. A hierarchical linear regression was run with age and sex as control variables, and with executive function and metacognition (implicit and explicit) as predictors. Results indicated that both implicit and explicit metacognition remained significant predictors of school readiness scores beyond age and sex. In addition, we found correlations between explicit metacognition and executive functions and a relationship between response time and explicit metacognitive skill. Results highlight the importance of early metacognitive abilities beyond other cognitive skills and the importance of being able to effectively use metacognitive strategies from a young age. The implications relating to academic abilities are discussed.
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1 Introduction

School readiness or preparedness can be defined as the social, cognitive, and emotional skills required to succeed in an academic environment (sometimes grouped under the concept of self-regulation; Blair, 2002; Mashburn and Pianta, 2006; Blair and Raver, 2015) and whether their family and community environment is ready to support them (Williams et al., 2019). Because school readiness is such a broad concept, it is important to define which aspect is being measured in any assessment. The most commonly measured aspect of school readiness is whether children have accumulated the basic knowledge needed to understand what is taught in school (e.g., language, numbers). These types of assessments are routinely used to determine whether younger children are ready to enter either Kindergarten or Grade 1. It has been argued that such assessments put certain economic or racial minorities at a disadvantage (Bierman et al., 2008; Evans and Schamberg, 2009; Blair et al., 2011; Ursache et al., 2013; Fitzpatrick et al., 2014; Blair and Raver, 2015; Micalizzi et al., 2019). To remediate such discrepancies and close this gap, it may be beneficial to study the skills that knowledge accumulation requires to encourage their development. Indeed, understanding what skills contribute to these individual differences in school readiness scores is essential, as they have been shown to predict academic, social, and behavioral outcomes later in life (La Paro and Pianta, 2000; Lonigan et al., 2000; Lonigan, 2006; McClelland et al., 2006; Duncan et al., 2007; Bernier et al., 2017; Mariano et al., 2019; Williams et al., 2019).

Although the environment has a significant role to play in precocious academic competence, children's cognitive skills can have a significant effect on academic achievement, making them an interesting focus of study (McClelland et al., 2006; Bernier et al., 2017; Mariano et al., 2019). The present study focuses on the main cognitive abilities that have been linked to early school performance: metacognition (e.g., Veenman and Spaans, 2005; Schraw et al., 2006; Schneider, 2015; Freeman et al., 2017) and executive function (e.g., Bierman et al., 2008; Fitzpatrick and Pagani, 2012; Bernier et al., 2020) by comparing their respective contribution to school readiness in a cross-sectional design. This differs from most other studies on this topic as it measures both abilities in a number of ways, which will be detailed below.

Metacognition is the ability to reflect upon personal thoughts, or “thinking about thinking” (Flavell, 1979; Schneider, 2008; Heyes et al., 2020). People display metacognition in their daily lives when they assert confidence in their knowledge or beliefs, or reflect upon their own emotions, for example. Broadly, metacognition can be separated into two distinct skills: metacognitive knowledge and metacognitive skills (Nelson, 1990; Nelson and Narens, 1994; Efklides, 2008; Schneider, 2008). Metacognitive knowledge, or declarative metacognition, encapsulates the knowledge one has about learning strategies and factors that can affect learning. Metacognitive skill, also known as procedural metacognition, includes the ability to monitor ones confidence and apply learning strategies when appropriate (e.g., Flavell, 1979; Nelson, 1990; Schneider, 2008). Metacognitive skills can be measured explicitly (“Are you sure?”) or implicitly, by measuring behaviors such as eye-gaze, response time to a decision, or persistence behavior (Roderer and Roebers, 2014; Goupil and Kouider, 2016; Leckey et al., 2020; Resendes et al., 2021). Indeed, to make decisions based on their knowledge, individuals can rely on various cues such as their explicit monitoring skills (e.g., “Am I sure? Am I ready?”) or implicit monitoring skills, which amounts to relying on performance cues such as response fluency (Simmons and Nelson, 2006; Thompson, 2010; Geurten and Willems, 2016), or how long it takes for one to answer, and perceptual fluency (Alter et al., 2007), or how easily a problem can be perceived and interpreted. Metacognitive skills can also be measured by assessing how efficiently one puts learning strategies to appropriate use. The latter can be measured by asking individuals if they want to use a particular metacognitive strategy in the context of a learning activity, for example if they want help on a task or not (e.g., Geurten and Bastin, 2019). Some consider this an implicit measure of metacognition, as it does not necessarily rely on individuals' explicit ability to articulate confidence but can instead rely on an implicit ‘feeling-of-knowing' (Koriat, 1993, 2007) or even on response fluency cues (Geurten and Willems, 2016) which even toddlers and infants may have access to (e.g., Balcomb and Gerken, 2008; Hembacher and Ghetti, 2013; Lyons and Ghetti, 2013; Goupil and Kouider, 2016).

Together, the metacognitive abilities described above allow individuals to self-regulate by identifying mistakes or errors and selecting and applying strategies to improve their performance (Hembacher and Ghetti, 2013; Destan et al., 2014; Geurten and Bastin, 2019). In summary, much like many cognitive mechanisms, metacognition involves an implicit process in addition to a more deliberate and conscious one (Thompson, 2010; Henrich and Broesch, 2011). Individuals would then be able to weigh both implicit and deliberate metacognitive cues to make decisions (Stanovich, 2009). Studies have reported significant concurrent relationships between metacognitive skills where monitoring one's confidence correctly may allow for more efficient strategy use (Roderer and Roebers, 2014; Roebers and Spiess, 2017; Marulis and Nelson, 2021; Dutemple et al., 2023) but this relationship is inconsistent in young children (e.g., Roebers and Spiess, 2017). Though they might be measuring related constructs, they may therefore be distinct from one another. This strongly suggests that they should be investigated separately in relation to other cognitive skills and outcomes, especially when measuring younger children.

Research on metacognition has a long history (Flavell, 1979; Efklides, 2008) including research about metacognition's role in learning and school achievement (e.g., Sternberg, 1998; Efklides and Misailidi, 2010; Efklides, 2011). Metacognition has been related to better theory of mind (Feurer et al., 2015), better executive function and motivation (Marulis and Nelson, 2021), and better academic success as measured by language or mathematical skills (Duckworth and Seligman, 2005; Veenman and Spaans, 2005; Schraw et al., 2006; Dunlosky and Metcalfe, 2008; Dunlosky and Rawson, 2012; Schneider, 2015; Freeman et al., 2017), among other things. These studies mostly measured metacognitive control, so implicit metacognition, as they noted how well children engaged in strategies that fostered learning (e.g., selecting relevant information to review, planning studying, etc.; Veenman and Spaans, 2005). As far as we know, no one has yet tested the impact of explicit versus implicit metacognitive skills on most of these outcomes in children who have not yet entered grade school. Evidence suggests that it might be a better predictor of learning performance than general measures of intelligence (Veenman and Spaans, 2005), making metacognition an ideal candidate for cognitive skills to work on and improve from a young age. Metacognitive development has also been known to be intertwined with the development of executive function because it relates to regulation and planning (Marulis et al., 2020).

In the educational literature, metacognition has sometimes been referred to as calibration, which refers to a person's sensitivity to their knowledge, as expressed, for example, in better confidence on correct than on incorrect answers (e.g., Hattie, 2013; Roebers and Spiess, 2017). Calibration has been found to be linked to overall educational performance (Duncan et al., 2007; Hadwin and Webster, 2013), reading comprehension (Dabarera et al., 2014), as well as learning disabilities (Klassen, 2002). In infants and toddlers, metacognition impacts from whom children decide to learn, where better metacognition leads to choosing knowledgeable sources over ignorant ones (Kuzyk et al., 2020; Resendes et al., 2021). As Heyes (2020) suggested, the ability to think about our own thoughts may therefore give us insight into other people's competence and expertise, which in turn informs our decision to learn from them. This suggests that early development and nourishment of these abilities may be pivotal to improving quality of life and learning.

Executive functions are typically split into three abilities, namely inhibition (i.e., controlling impulses), shifting (i.e., switching quickly and efficiently between tasks), and working memory (i.e., holding and manipulating information in your mind; also known as updating) (Diamond, 2013; Weintraub et al., 2013). Together, they allow the planning and execution of actions flexibly (Miyake et al., 2000; Zelazo and Carlson, 2012). In children, however, some have found that executive functions cannot be reliably parsed into three separate abilities (Hughes et al., 2009; Wiebe et al., 2011; Diamond, 2013; Willoughby et al., 2016), but can rather be grouped into a single unitary construct which differentiate when the children reach older childhood (Lerner and Lonigan, 2014). Despite this, researchers typically evaluate two or three out of these skills when assessing executive functions in children and average them (e.g., Jacob and Parkinson, 2015). Executive functions are also sometimes referred to as “self-regulation” (not to be confused with the broader model of self-regulation; Efklides, 2008) or “effortful control” (Rothbart and Bates, 2006).

Studies have shown that executive functions are related to several positive outcomes including school achievement (e.g., Blair and Diamond, 2008; Razza and Blair, 2009; Monette et al., 2011; Fitzpatrick et al., 2014; Spiegel et al., 2021), mathematics ability (e.g., Espy et al., 2004; Clark et al., 2010; Bull and Lee, 2014; Fuhs et al., 2014), early reading skills (Kieffer et al., 2013), school readiness (specifically updating and set shifting; Bierman et al., 2008; Vitiello et al., 2011; Fitzpatrick and Pagani, 2012; Bernier et al., 2020), effortful control (Blair and Razza, 2007), theory of mind (Sabbagh et al., 2006; Hughes and Ensor, 2007; Carlson et al., 2015; Brock et al., 2019), and better metacognitive abilities (Bryce et al., 2015; Roebers, 2017). Some have also suggested that school readiness may in turn promote better executive functioning (Bierman et al., 2008).

The relationship between executive functions and metacognition has been a topic of recent discussion because of the similarities noted between the two abilities (Roebers, 2017; Filippi et al., 2020; Marulis et al., 2020). Indeed, both contribute to a child's ability to self-regulate (Efklides, 2008; Lyons and Zelazo, 2011) and behave in a goal-directed manner, however one is thought of as slower and more deliberate (metacognition) and other more automatic (executive functions). Self-regulation as a broader concept, which has also been known to relate to other factors such as a child's temperament (Chae, 2022), has also been linked to higher school achievement (Blair and Razza, 2007; Pianta et al., 2017; Weimer et al., 2021). In her framework, Roebers (2017) argued that executive functions lay the groundwork for metacognitive abilities; indeed, inhibition may explicitly contribute to metacognitive monitoring, as it allows an individual to pause and reflect on their answer (Bryce et al., 2015), and shifting and updating may be needed to keep in mind the goal of the task and decide, based on what was monitored, whether any control strategies need to be implemented to improve performance. Executive function and metacognition would therefore be highly correlated until children begin attending school, during which time the more deliberative type 2 metacognitive skills become more dependent on feedback from one's environment to improve those skills. In sum, the two cognitive abilities are closely related but grow apart as children begin attending school, which is why assessing their separate contributions to school readiness and performance is essential.

Given the state of the literature, the main goal of the present study is to elucidate with greater specificity the relationship between different subcomponents of metacognition and executive function, and how they differentially contribute to school readiness as measured by children's early arithmetic and language skills using a cross-sectional design. Specifically, it examined whether executive function and metacognition (monitoring, control, and implicitly measured) are longitudinally related to school readiness. School readiness was measured with the Lollipop Test (Chew and Morris, 1984, 1987). The metacognition task consisted of a perceptual discrimination task in which children had to recognize blurry pictures (Geurten and Bastin, 2019) thanks to which we could measure metacognitive monitoring and control in addition to an indirect measure of metacognition. Finally, executive functions (inhibition and shifting) were measured using child-appropriate versions of the Flanker task and of the Dimensional Change Card Sorting Task from the NIH toolbox (Weintraub et al., 2013). Three hypotheses were tested: (1) executive functions and metacognition will be related, (2) executive functions and metacognition will predict school readiness, and (3) metacognition will predict school readiness beyond executive functions. Given previous studies, implicit forms of metacognition, especially control, were expected to be more related to school readiness than implicit metacognition. Other than this, the link between implicit metacognition and school readiness has not been explored, therefore there is no specific hypothesis to be outlined. Together, these results aimed to shed light on the mechanisms that help children become self-sufficient, confident, and successful learners.



2 Methods


2.1 Participants

Participants lived in a large Canadian city and were recruited from a laboratory's database of past participants and through recruitment on social media. Informed consent was obtained before testing. An a priori statistical analysis for a linear regression using G*Power 3.1.9.7 suggested a sample size of 129 (six predictors, four tested predictors, power = 0.95, α= 0.05). We tested 136 participants but had to exclude 6 due to undisclosed developmental delays (N = 5) or excessive distractiveness (N = 1) leaving a final sample of 130 (Mage = 68.6, SD = 4.12; 63 males). Eighty-three participants were tested in English and 47 in French. Multilingual children were allowed to answer in whichever language they felt most comfortable in. No significant difference was found on any of the reported variables based on language of testing or language status (monolingual vs. multilingual) so these variables were ignored in the main analyses. The median income of the families was between 100,000 and 150,000 CAD per year, making our sample upper middle class. Families primarily identified their children as Caucasian (57%), however 21% identified as Asian, 6% as Latin/Central/South American, 8% as African, 5% as Caribbean, and 4% Middle Eastern. Participants were allowed to choose up to 3 ethnicities with which they identified.



2.2 Measures
 
2.2.1 School readiness

School readiness was measured using the Lollipop test (Chew and Morris, 1984, 1987). It assesses four aspects of school readiness, specifically children's knowledge of colors and shapes, letters, numbers, and spatial recognition. Each of these four subscales is separately scored, and the total test is scored on 69. This test has good convergent validity with other school readiness tools (Chew and Morris, 1984) and been shown to predict academic achievement in both English and French (Chew and Morris, 1989; Chew and Lang, 1990; Venet et al., 2003; Boivin et al., 2014), lending credence to its validity as a tool to measure school ability. The French translation was also found to have good internal consistency (α = 0.89), test-retest reliability (Venet et al., 2003), and was found to be the variable most related to various academic achievement measurements (Hammes et al., 2016).



2.2.2 Metacognition

We adapted the visual discrimination task from Geurten and Bastin (2019) and translated the procedure into French (Dutemple et al., 2023). A visual representation of the task can be found in Figure 1. The task was run on PsychoPy (version 2022.2.2). Children first practiced the task on three trials, after which they were given test trials and standardized metacognitive feedback (see Table 1). This also allowed the experimenter to explain to the child what a clue was if they did not know (i.e., “a clue is something that can help you decide which picture looked the most like the blurry picture.”) If the child still did not understand they were given additional support (e.g., “the clue was a candle! Which picture is like the candle? Yes, because the light bulb makes light!”) We also used the synonym “hint” if they preferred and understood that word. They were not given any feedback during the 32 following test trials.


[image: Figure 1]
FIGURE 1
 Schematic of the metacognition task.



TABLE 1 Metacognition task feedback according to children's answers.

[image: Table 1]

Children were seated at a table roughly 60 cm (arm's length) from the computer screen. They were then shown blurry pictures which appeared on the screen for 1 s. Two clear but similar pictures appeared on the screen. The experimenter asked the children “which of the two pictures looks the most like the blurry picture you just saw?” Their time to answer was automatically recorded by Python to get an indication of their answer fluency. After their selection came the metacognitive monitoring trial. Two drawings of a boy appeared on the screen (e.g., Lyons and Ghetti, 2013; Geurten and Bastin, 2019). They were asked whether they were “very sure” or “not sure at all” about their answer, like the boy on the right or the boy on the left. Next, we tested their metacognitive control by assessing if they could appropriately apply the strategy of asking for help. The image of a gift with a question mark appeared on the screen with the words “yes” and “no”. They were given the option to ask for a clue (or a “hint” if they preferred that word) if they believed they made a mistake. The hints were semantically or visually related to the blurry pictures (e.g., grass as a hint for a flower) thus pointing the child toward the correct answer. Finally, they were offered the opportunity to change their initial answer. In total, therefore, three measures of metacognition were recorded: (1) implicit metacognition (response fluency), (2) confidence monitoring, (3) metacognitive control (clue selection/help seeking).

The difficulty of the trials varied according to the child's ability, where more correct responses incurred more difficult trials, and more incorrect trials incurred easier trials. Specifically, there were three levels of difficulty. All children started with “medium” difficulty pictures as defined in the original study. If the child answered two out of three visual discrimination trials correctly, they were given more difficult pictures (“Hard” pictures). If they did not answer at least two out of three correctly, they were given easier pictures (“Easy” pictures). This was repeated throughout the whole task, where children moved between categories as they made mistakes. This served two purposes. For one, it was to ensure that every child would provide both correct and incorrect trials to compare their confidence. In addition, it allowed to more confidently assert that children's individual visual discrimination skills were considered, and that each participant was exercising a similar amount of effort. The only significant changes made between this iteration and the original task were to (1) omit one version of the task where children were exposed to the clue selection before the confidence selection and (2) to reduce the number of practice trials from 6 to 3. This was done to first ensure children would see the clue as soon as they requested it rather than doing their confidence judgement before the clue was revealed to them, and second to cut the time this task would take. Indeed, pilot testing suggested 6 trials were not necessary to understand the task (the original researchers used this task on a younger population and therefore were justified in a longer practice) and shortening testing time increased engagement throughout. In addition, Geurten and Bastin (2019) did not report any order effects, suggesting this deviation would not have major effects on performance.



2.2.3 Executive function
 
2.2.3.1 Shifting

The NIH toolbox (Weintraub et al., 2013) Dimensional Change Card Sorting Task (DCCS) for 4–7-year-olds was administered. The children were seated approximately 8 inches away from an iPad, which was set up at an angle on the table. During the task, participants were shown pictures of balls or trucks that were yellow or blue. They had to classify them according to shape or color on randomly alternating trials. Children were required to pass 3 out of 4 practice trials before beginning the test trials. The first test block required children to pass 4 out of 5 trials for both the color and shape trials, which were kept apart. The second block was mixed (30 trials), meaning children had to actively alternate between sorting pictures according to color or shape. The children were given raw scores, computed scores, and standard scores, as calculated by the NIH toolbox. Raw scores indicate how many trials were correctly answered by the participant. Computed scores calculate two vectors, one for accuracy and one for speed, both scored on five and then combined, resulting in scores out of 10. Finally, standard scores compare the children's computed scores to a normed sample of scores from other children (see Zelazo et al., 2013 for the mathematical equations used to determine the computed scores).



2.2.3.2 Inhibition

The NIH toolbox (Weintraub et al., 2013) Flanker task for 4–7-year-olds was administered. The set up was identical to that of the DCCS described above. The children first experienced sixteen trials with a row of fish, where the middle fish sometimes pointed in the same or different direction than the fish around it. The children were told that to feed the fish, they had to select the button with the arrow that pointed in the same direction as the middle fish was swimming. The children were given 4 practice trials, three of which had to be correct before moving on to the first block of 20 test trials. To proceed to the second block, children had to commit fewer than two mistakes. The second block of 20 trials replaced the fish with arrows. Once again, children received three scores as described above (raw, computed, and standard).





2.3 Procedure

Parents were seated in the testing room and filled out the demographic sheet while their children participated. The tasks were administered as part of a larger battery of tasks. There were eight possible orders in which the children could complete the tasks. Between 14 and 18 participants completed each counterbalance order. Each task was set up on a different table to allow the child small breaks between the games. The two executive function tasks on the iPad were always split up to ensure children did not need to sit at the same table for more than 15 min. Observation of the children during piloting confirmed that the iPad tasks were the least engaging and therefore not ideal to encourage participation and engagement early in the session, therefore none of the counterbalanced orders began with them. The original design also included the NIH working memory task, however piloting revealed that this task was too difficult for the children to grasp and therefore was dropped. This also had the benefit of keeping the length of the sessions to an hour, which was deemed a reasonable length of testing for children that age. To ensure that no notable order effects were present, we ran t-tests between the groups that were administered each task either early or late (i.e., we assessed whether those who completed the Lollipop early or late showed a difference in their scores, etc.) Between those who were administered the metacognition task early or late in the assessment, there was no difference between their accuracy on the task [t(125) = −1.54, p =0.126, d = – 0.27], their confidence judgements according to their accuracy [t(126) = 1.15, p =0.126, d = 0.20], their clue selection according to their accuracy [t(125) = 1.24, p =0.218, d = 0.22], or their response latency according to their accuracy [t(119) = 0.55, p =0.583, d =0.10]. Finally, between those who were administered one executive function task before the other, there was no difference between the two groups [t(128) = 0.83, p =0.41, d = 0.15]. None were therefore significant.




3 Results

Univariate statistical outliers (± 3 standard deviations from the mean) were determined per measure and excluded. Two participants did not complete the metacognition task and one participant's data was partially lost due to a computer malfunction (N = 127). Two outliers were identified for the school readiness task (> 44.46, N = 128), no outliers were identified for the executive function tasks, one outlier was identified on the clue selection measure of the metacognition task (> 39.06, N = 126), and seven were identified for the response time measure (>1.7, N = 120).


3.1 Chance analyses

First, it was important to determine whether the metacognitive and school readiness tasks were too difficult for the sample. Chance analyses were therefore run. Overall, participants performed above chance on the visual discrimination task {M =0.63, SD =0.11, t(126) = 13.36, p < 0.001, 95%CI [0.11-0.15], d = 1.19}. For the metacognitive component of the task, chance analyses were performed according to the proportion of correct and incorrect trials (see Table 2). Difference scores were calculated to obtain a measure of calibration. Confidence on incorrect trials was subtracted from confidence on correct trials; clue selection on correct trials was subtracted from clue selection on incorrect trials; and response time on correct trials was subtracted from response time on incorrect trials. Positive scores are indicative of better metacognition. Participants performed above chance on all three difference score measures (see Table 2), suggesting they could differentiate between correct and incorrect trials based on both explicit and implicit metacognitive measures. Children also performed above chance on the school readiness task [M = 61.12, SD = 4.62, N = 128, t(127) = 65.2, p < 0.001, d = 5.76].


TABLE 2 Chance analyses for the metacognition task.
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3.2 Task-specific results

To determine the extent to which there were significant differences between children's answers on accurate and inaccurate trials, a series of within-subjects repeated measures one-way ANOVAs were run (accuracy: correct and incorrect) on confidence judgements (metacognitive monitoring), clue selection (metacognitive control), and response time (implicit measure of metacognitive monitoring). Children were more confident on correct than on incorrect trials [F(1, 127) = 24.8, p < 0.001, η2 =0.01]. Children chose a clue more often on incorrect trials than on correct trials [F(1, 127) = 26.62, p < 0.001, η2 =0.01] and children were slower on incorrect trials than on correct trials [F(1, 122) = 47.70, p < 0.001, η2 =0.07].

Performance on the executive function tasks is reported in Table 3. The NIH toolbox provides three scores, and reported in the table below are the computed scores and the standard scores (mean of 100 and standard deviation of 15) comparing the children's performance to that of their same-aged peers. The latter are derived from the computed scores, which take into consideration both the child's performance (scored on 5) and the speed at which they answered (scored on 5) when they performed above a certain threshold (see Zelazo et al., 2013 for more details on the scoring procedure).


TABLE 3 Descriptive statistics for the executive function tasks.
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3.3 Intertask correlations

Performance on all tasks of interest is included in the following correlation matrix to determine whether they were related in this sample (see Table 4, Figure 2). Bivariate Pearson correlations were run with missing data removed pairwise. School readiness was positively correlated with both explicit (r(124) = 0.248, p = 0.005) and implicit (r(123) = 0.222, p = 0.013) metacognition as measured by confidence judgements and clue selection, respectively. Explicit and implicit metacognition were also significantly related to one another (r(125) = 0.426, p < 0.001). Executive function was significantly correlated with explicit metacognition (r(126) = 0.239, p = 0.006). This remained true if the average computed scores or the averaged standard scores were used (the standard scores are reported here). Finally, implicit metacognition as measured by response time was related to explicit metacognition (r(119) =0.215, p =0.018). All correlations remained significant after correction for pairwise comparisons with False Discovery Rate analyses (Benjamini and Hochberg, 1995).


TABLE 4 Intertask bivariate correlations.
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FIGURE 2
 Correlations between school readiness and metacognition variables.




3.4 Regression analyses

Multivariate outliers were identified and removed. They were defined as those who had Cook's distances above 4/n (4 divided by our sample size, or 0.032). The final sample for the regression was 118, accounting for 125 participants without any missing data (Mage = 68.69) and 7 multivariate outliers (Mage = 66.86). The two groups are not different in age {t(123) = 1.14, p =0.129, d =0.44, 95%CI [−1.35; 5.01]}. All assumptions were then verified and met. Specifically, visual inspection of the residuals confirmed multivariate linearity and homoscedasticity; no collinearity was detected as measured by tolerance values (0.882–0.995 >0.1) and VIF statistic (1.01–1.26 < 5); and autocorrelation was not present as measured by a Durbin-Watson test (1.5 < 2.05 < 2.5).

Following the removal of the multivariate outliers, a hierarchical regression with age and sex as baseline demographic factors was performed. The models were run based on the initial prediction that both executive function and metacognition would contribute to school readiness scores. Model 1 with demographic factors only accounted for 9% of the variance in school readiness scores. Model 2 with executive functions predicted an identical 9% of the variance. Model 3 with all predictors included explained 19% of the variance in school readiness scores (see Table 5). Age remained significantly predictive of school readiness (B = 0.24, β = 0.25, p = 0.006). Implicit metacognition remained significant beyond age (B = 6.01, β = 0.20, p = 0.037; see Table 6 for model details) as did explicit metacognition (B = 6.31, β = 0.19, p = 0.047) though that latter was only marginally significant.


TABLE 5 Hierarchical model summary with school readiness as dependent variable.
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TABLE 6 Hierarchical model summary by predictor.
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4 Discussion

This study sought to investigate the cognitive predictors of school readiness. Findings suggest significant relationships between implicit and explicit metacognition and school readiness but no such link between school readiness and executive functions. This relationship mostly holds in a hierarchical regression which included age and sex as demographic factors, suggesting metacognition is an important contributor to school readiness. Metacognitive monitoring and control were significantly correlated, and aspects of executive functioning (inhibition and shifting) were related to metacognitive monitoring. Metacognitive monitoring was also related to our implicit metacognitive measure, suggesting 5-year-old children may be able to use processing fluency as a metacognitive cue.

Previous research had shown that metacognition plays an important role in academic achievement and learning, but no study had yet studied how early this link can be observed with a school readiness measure. Another innovative feature of the current study was to investigate this link with a preschool population with explicit and implicit measures of metacognition. Indeed, our children demonstrated that despite the fact that they were somewhat overconfident (as expected in this population; see Lipowski et al., 2013), the more they were able to discriminate between their correct and incorrect answer by asking for help only, when necessary, the better they performed on the school readiness task. This strongly suggests that being able to act upon personal thoughts and knowledge scaffolds early academic development and interest in gaining knowledge. Indeed, some have suggested that metacognition fuels curiosity, or the desire to learn, which implies being able to discern what one knows or does not know (Goupil and Proust, 2023). Curiosity can also be thought of as some sort of implicit metacognitive process as it does not rely on people directly reflecting about their knowledge but asking for information. This may also be related to children's positive approaches to learning (i.e., children's motivation, persistence, and initiative toward learning; Kagan et al., 1995) which have been found to positively predict school readiness (McClelland et al., 2000; Fantuzzo et al., 2004; McWayne et al., 2004). An awareness of what one knows and does not know would therefore encourage aspiring students to seek out and remember new information. It also implies a motivational component or an assumption that the children desire to seek out unknown information, which was not controlled for in this study. An interesting future direction may be to follow a longitudinal sample further into their academic progress and investigate whether this relationship strengthens or disappears with time (e.g., Roebers et al., 2012; Tibken et al., 2022) and how motivation may play a role.

Because the Lollipop did not provide a large variability in scores, it limited our ability to detect a relationship between the skills. Another option as a measure of school readiness would have been the Bracken School Readiness Assessment (Bracken, 1998, 2002; Panter and Bracken, 2009), as it includes 88 items, some of which may have been a little more difficult, thus providing even more variability in scores. It is important to note that these school readiness tasks were designed to identify individuals with difficulties rather than those who have none, meaning high scores on these tasks with a typically developing population is to be expected.

Moreover, we were able to look at the relationship between the different potential predictors of school readiness. We found that metacognitive monitoring and control measured verbally were related and that response fluency (also an index of implicit metacognition), which replicates previous research by demonstrating an even earlier link between verbal monitoring and control skills than previously recorded (e.g., Roebers and Spiess, 2017). This is consistent with results showing that children seek out more information when not confident (Call and Carpenter, 2001) or opt-out of answering when they believe they cannot answer (Balcomb and Gerken, 2008; Bernard et al., 2015), meaning children after age 5 may be able to use their lack of knowledge to guide whether they seek help to obtain information (Hembacher and Ghetti, 2013; Destan et al., 2014; Coughlin et al., 2015; Destan and Roebers, 2015; Goupil and Kouider, 2019; Lapidow et al., 2022). Although other studies have shown children's limited ability to use certain cues such as retrieval fluency to guide their metacognitive monitoring (e.g., Koriat and Ackerman, 2010), the results from this study extend the current research in this area by showing that children may be able to use answering time implicitly to guide monitoring, but maybe not control. In addition, the monitoring metacognition component was correlated with the executive function measure, replicating previous work drawing a link between these abilities (Garner, 2009; Bryce et al., 2015; Spiess et al., 2016; Roebers, 2017). Surprisingly however, it was metacognitive monitoring that was most strongly related to executive function, in conflict with prior research suggesting that metacognitive control was most dependent on skills such as inhibition and shifting (e.g., Bryce et al., 2015; Spiess et al., 2016; Roebers, 2017). It is possible that monitoring in the context of the visual discrimination task required children to inhibit their initial impulse to answer to reflect more on their accuracy. Furthermore, shifting skills may have allowed them to evaluate each image on its own merit rather than automatically declare themselves confident. This relationship is worth investigating in more detail and is a rich area for future work.

This study has many strengths. Adequate statistical power was obtained by testing a large sample size; therefore, results can be confidently interpreted. Next, the impact of metacognition was thoroughly investigated by including explicit and implicit measures of metacognition. To our knowledge, this is the first study to parse metacognition's impact on school readiness this way. In addition, the measurement of executive functions alongside metacognition provides a comprehensive picture of the possible cognitive influences on school readiness. This study is amongst the first to measure these relationships in preschoolers and to directly compare the relative importance of these skills for school readiness. Indeed, these results will hopefully lead developmental psychologists to encourage parents and educators to engage in interactive activities developing metacognition, as the latter has been found to be a trainable skill (De Jager et al., 2005; Michalsky et al., 2009) to set their preschoolers on a path of success in the academic realm. Interestingly however, recent studies have shown that feedback from teachers may not be enough to train metacognitive skills in school-aged children (Buehler et al., 2023) which may further suggest that environmental and motivational factors may be at play in the development of metacognition. Metacognition may operate in a similar way to executive function; Zelazo (2015) indeed makes a distinction between “cold” and “hot” executive functions, the latter being more influenced by an individual's emotional or motivational state during the task (e.g., the marshmallow task; Munakata and Michaelson, 2021). Instead of training metacognition alone, perhaps self-regulation skills (Efklides, 2008) need to be trained in tandem to result in long-term benefits. Future studies may want to further explore the longitudinal relationship between these skills in the context of a training study and extend the findings to other outcomes; for instance, does the training indeed have an impact on metacognitive skills that translates onto school readiness? In addition, because children in lower SES are more likely to have lower school readiness scores, speculating about how this training may be implemented at the community or preschool levels would be essential (e.g., Roberts, 2011; Weiland and Yoshikawa, 2013; Blair and Raver, 2015; Bierman et al., 2020; Joo et al., 2020; Shaw et al., 2021).

Despite our best efforts, this study also has limitations. For one, the scores on the Lollipop test were generally high and somewhat limited in variability. This was surprising, as Venet et al. (2003) used this task in a similar age group (Mean age of 67 months) and had obtained a lower average score of 47.4/69. This task was chosen because it is available in both French and English and has been validated in both languages. The marked difference in scores may be because we were measuring school readiness in a higher SES sample (e.g., Geoffroy et al., 2010). As discussed above, parents from higher SES tend to foster more learning in their young children, perhaps setting them up for better success on these types of school readiness tasks. For the reasons outlined above.

Next, a complete battery of executive function measures generally includes updating, or working memory, as an important component; however, it was not included here as pilot testing suggested the working memory task available was too difficult for children to complete. Future research may wish to consider simpler tasks to measure working memory in preschoolers even if executive functions at that age are not entirely differentiated (Miyake et al., 2000; Jurado and Rosselli, 2007; Garon et al., 2008; Miller et al., 2012; Brydges et al., 2014; Willoughby et al., 2016). In addition, though some have found associations between executive functions and academic performance, the causality of this relationship is less certain, suggesting a link between the two skills need not always be apparent (Jacob and Parkinson, 2015). Finally, the academic performance task was a school readiness task rather than the reading- or mathematic-only tasks reported in other studies, suggesting EF may be important for specific subcomponents of academics rather than overall readiness to learn and participate in school.

Finally, as discussed previously, school readiness is a broad concept that includes more than the basic knowledge children have acquired. Future studies may want to include other factors that some have included in their definitions of school readiness, such as measures of social adjustment, or even measures related to the school or parenting environments, to extend our understanding of which factors are found to be reliably linked to school readiness and later school performance (e.g., McCallan, 2010; Denham et al., 2012; Flook et al., 2015; Darling-Hammond et al., 2020; Joo et al., 2020). Indeed, this would allow researchers to answer interesting questions related to the cognitive correlates of school readiness; does better metacognition compensate for certain environmental deficiencies? Do executive functions play a bigger role in gaining social skills and integrating inside the classroom? Further research on the longitudinal correlates of metacognition (e.g., does it lead to better academic and social success? Is it associated with better health?) may cement metacognition itself as a component of school readiness as a “readiness to learn” and something to be more explicitly encouraged in classrooms from a young age. Furthermore, future studies may want to explore the growth of metacognitive knowledge in parallel with metacognitive skills in the context of school readiness.

In conclusion, school readiness is related to metacognitive control beyond the effects of age. Explicit metacognition was correlated with executive functions and implicit metacognition as measured by asking for clues and reaction time. Finally, executive functions were not related to school readiness in this population. This study aimed to clarify the link between these cognitive skills and school readiness with the hope to better understand which skills are best to nourish early in preschool.
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When assessing their certainty, children are often poor at accurately monitoring their level of learning. The study examined the relationships between memory performance, intellectual ability, and metacognitive monitoring accuracy in kindergarten children. We also explored whether specific thresholds in memory performance and non-verbal intellectual ability influence metacognitive monitoring accuracy to identify group-specific patterns that might be masked by an overall linear analysis. We assessed the monitoring discrimination of 290 kindergarteners (Mage 6 years) using a paired-associates learning task. Results showed small correlations between task performance, intellectual ability, and metacognitive monitoring. Non-verbal intellectual ability provided explanatory value for monitoring accuracy beyond memory performance. We observed group-specific results consistent with the unskilled-and-unaware effect; children with the highest memory skills were more effective at discriminating between correct and incorrect answers than their peers with the lowest memory skills. However, kindergarteners with the highest non-verbal intellectual abilities did not demonstrate greater cognitive adaptability in novel tasks, as their monitoring accuracy was comparable to that of peers with average or lower intellectual abilities. Findings indicate that both task performance and non-verbal intellectual ability are relevant for monitoring accuracy, but the impact of non-verbal intellectual ability was less significant than anticipated. The modest correlation suggests that kindergarteners' non-verbal intellectual ability and metacognitive monitoring abilities operate relatively independently.

Keywords
monitoring, memory, non-verbal intellectual ability, metacognition, discrimination, unskilled-and-unaware, intelligence


1 Introduction

Imagine a kindergarten child playing a memory game with peers. When trying to remember the correct location of the matching card, she may demonstrate metacognitive monitoring skills by evaluating different candidate positions and selecting the card for which she is most certain. However, her performance in the game may also benefit from overall and generally good memory skills or superior intellectual abilities compared to her peers. While in the adult literature, memory skills and intellectual abilities have been found to influence metacognitive monitoring, very little is known about the impact of one or both factors on children's emerging metacognitive monitoring skills. In the present approach, therefore, we will shed light on these intertwined and interacting cognitive processes in kindergarten children. Metacognitive monitoring is a fundamental part of metacognition (Flavell, 1979), referring to the ability to accurately monitor the certainty or uncertainty of one's ongoing cognitive activity and is critical for detecting errors and making informed decisions about the strategic regulation of behavior (Nelson and Narens, 1990; Lyons and Ghetti, 2011; Ghetti et al., 2013; Coughlin et al., 2015). Metacognitive monitoring is important in many everyday life situations, such as remembering shopping lists, memory cards' locations, peers' names, trains' departure times, and the like. In early childhood, children's metacognitive monitoring skills are shaped by their everyday experiences. These experiences, such as interactions with caregivers (Fukkink et al., 2024), play activities (Moore et al., 1986), and early childhood educational programs (Eckhardt and Egert, 2020), form the basis for cognitive and metacognitive skills. Individual differences in developmental trajectories can be attributed, at least in part, to contextual factors such as the interactions children have at home or at school (Ornstein et al., 2008). For example, with increasing experience, children become more skillful at using conscious strategies to remember sets of words, objects, and pictures (Schneider and Pressley, 1997). Metacognitive monitoring skills are also considered a prerequisite for self-regulated learning as it enables an individual to identify knowledge gaps, recognize and correct errors, and control and orchestrate the different cognitive processes involved (Flavell et al., 1997; Efklides, 2008; Schneider and Löffler, 2016).

There is no doubt that metacognitive monitoring processes depend on the underlying memory being monitored and the person's general intellectual abilities. When considered separately, both intellectual ability and metacognitive monitoring have consistently been shown to be strong predictors of performance across different studies involving children and adults (Neisser et al., 1996; Roth et al., 2015; Roebers, 2017; Ohtani and Hisasaka, 2018). Given that these cognitive processes undergo rapid development in children aged 5 to 7 and are not yet functioning optimally (Blair and Raver, 2015; Roebers, 2017), it prompts the question: to what extent are these interrelated processes associated during early development? Might general and abstract intellectual abilities potentially serve as a driving force in this dynamic interplay? Or are individual differences in the task at hand, the memory task, more important for children's emerging metacognitive monitoring abilities?

Indeed, research has shown that students with higher intellectual abilities not only excel in task performance but also possess a superior ability to monitor performance (Sternberg, 1985, 1999; Alexander et al., 1995; Efklides, 2019). At the same time, metacognitive monitoring appears to be distinctly influenced by the individual's level of task performance, indicating that better task performance is often associated with more accurate monitoring (Roderer and Roebers, 2013; Destan and Roebers, 2015; Händel and Dresel, 2018). However, the influence of intellectual differences on task performance, and consequently on metacognitive monitoring, has often been overlooked in previous research (Roebers, 2017). To understand the early development of metacognitive monitoring, researchers might want to consider a child's cognitive resources alongside her memory skills. This is especially the case as both metacognitive monitoring and intelligence are considered higher-order cognitive processes. It has been suggested that metacognitive monitoring ability in adolescents and adults may not entirely depend on their intellectual abilities (Veenman and Elshout, 1999; Veenman and Beishuizen, 2004).

In the present study, we aimed to investigate the relationship between metacognitive monitoring and non-verbal intellectual ability during the early stages of cognitive development, as these different cognitive processes unfold. In other words, this study aimed to understand factors contributing to differences in metacognitive monitoring among kindergarten children, especially because children in this age range typically show pronounced difficulties in assessing their memory abilities. To do so, we examined the relationships between non-verbal intellectual ability and task performance in a memory task, on the one hand, with monitoring accuracy, on the other hand, in a large sample of kindergarten children. In the following, we consistently refer to non-verbal intellectual ability as intellectual ability. We sought to explore to what extent memory performance, intellectual ability, and metacognitive monitoring are interrelated and how individual differences in intellectual ability influence metacognitive monitoring over and above task performance. Understanding this interplay may – in the long run – be informative for the development of kindergarten programs that strengthen not only children's cognitive but also metacognitive skills.

One way to study the impact of performance on metacognitive monitoring abilities is to compare students with lower and higher achievement levels. Research examining a variety of outcome variables suggests that high performers within a sample, defined as those with scores above the median, tend to provide more accurate metacognitive monitoring judgments than students performing below the median in that sample (e.g., Hacker et al., 2000; Händel and Fritzsche, 2016; Serra and DeMarree, 2016; Händel and Bukowski, 2019), but slightly underestimate their actual performance (Kruger and Dunning, 1999). Conversely, low performers often show less accurate monitoring, along with a tendency to overestimate their performance (Hacker et al., 2008; Roderer and Roebers, 2013). Kruger and Dunning (1999) referred to this cognitive bias as the “unskilled-and-unaware-effect,” whereby poor performers not only lack sufficient task-relevant knowledge but also experience a deficit in metacognitive monitoring ability. This effect has been documented in studies with adults in a variety of contexts, such as logical reasoning tasks, grammar (Kruger and Dunning, 1999), card games (Simons, 2013), medicine (Hodges et al., 2001), or mathematics (Händel and Dresel, 2018).

The “unskilled-and-unaware effect” is also evident in children. Lucangeli et al. (1997) demonstrated that students who achieved higher assessment scores had a more comprehensive understanding of the sequential steps and were more familiar with the rules and criteria required to complete tasks effectively compared to lower-achieving age-mates. This deeper understanding not only helped higher achievers to complete tasks efficiently, but also improved their ability to judge the accuracy and quality of their own work, which in turn contributed to their more accurate monitoring judgments.

A body of literature focusing on children with and without learning disabilities has highlighted the importance of possessing task-relevant knowledge for accurate monitoring (Klassen, 2007; Job and Klassen, 2012; Crane et al., 2017). These studies revealed that children facing learning difficulties who lack such task-specific knowledge tend to exhibit lower accuracy levels and are more prone to overconfidence in their judgments. For example, Desoete et al. (2006) conducted a study with third graders. They found that children with learning disability in math, regardless of their intelligence level, not only had difficulty understanding the knowledge required for the tasks but also made significantly more errors and generally had lower monitoring accuracy than children without learning disabilities. By providing children with learning difficulties with both task-relevant and metacognitive knowledge (i.e., awareness of their own strengths and weaknesses as learners), Lucangeli et al. (2019) aimed to train the children's ability to accurately monitor their performance and identify errors. Post-training results showed that students with mathematical difficulties outperformed the control group in both performance and monitoring accuracy. After the training, these children were more active and independent in applying metacognitive monitoring, better at recognizing difficult tasks, and more engaged in identifying errors and finding solutions compared to the untrained control group.

To date, research on the unskilled-and-unaware effect in typically developing samples of young children is limited. Roderer and Roebers (2013) addressed this gap by conducting research involving fifth graders in a real-world school setting over a year. Their study focused on students' performance estimations and the deviation from their actual mathematics and science performance. Based on their test scores, these students were categorized as low, average, or high achievers. The results revealed significant differences in monitoring accuracy between lower and higher achievers, with high-achieving children consistently demonstrating higher monitoring accuracy across most of the tests. Importantly, only the two extreme groups differed from one another; that is, children with average performance did not significantly differ from either group with respect to their monitoring accuracy.

In addition to task performance, intellectual ability is known to have a direct impact on metacognitive monitoring skills. Several studies have shown that intellectual ability is a significant factor in memory and learning situations (Shore and Dover, 1987; Alexander et al., 1995; Hannah and Shore, 1995; Sternberg, 1999). A review of the literature reveals a variety of theoretical assumptions regarding the relationship between metacognition and its facets (metacognitive knowledge, metacognitive monitoring, and control) and intelligence (see for a review Alexander et al., 1995). A prominent example is Sternberg's Theory of Adaptive Intelligence, which views metacognition as a manifestation of intelligent thinking. According to Sternberg's definition of intelligence, a key ability is to adapt effectively to the environment (Sternberg, 1980, 1988, 2019). Intellectual differences determine how effectively individuals can approach new, challenging tasks or adapt to new situations. In this context, Sternberg's (1999) concept of metacognition (referred to as metacomponent) is of particular importance, as it considers metacognition as a fundamental skill essential for navigating and excelling in complex tasks. This concept emphasizes a profound link between metacognitive monitoring and intellectual differences, ultimately suggesting that these interrelated aspects converge into a single, overarching skill essential for effective task performance. Empirical support for Sternberg's theoretical considerations originates from giftedness research showing that gifted children tend to outperform their peers in metacognitive knowledge (i.e., knowledge about cognition see Flavell, 1979; Schneider et al., 1987; Alexander et al., 2006) and metacognitive control strategies (Carr et al., 1994). Interestingly, gifted children typically display advanced metacognitive monitoring abilities when presented with new and challenging tasks, confirming the assumed adaptive nature of metacognitive processes (Carr et al., 1996).

Studies examining intelligence and metacognition across non-gifted samples of participants, however, consistently report only small amounts of shared variance, suggesting two rather than one overarching ability (Veenman and Spaans, 2005; van der Stel and Veenman, 2008). For example, a meta-analysis examined the influence of metacognition on intelligence across various age groups, including adults, adolescents, as well as primary school and kindergarten children (Ohtani and Hisasaka, 2018). The study revealed a moderate overall correlation between metacognition and fluid intelligence (r = 0.27). The relationship between metacognition and general intelligence, which also encompasses the component of crystallized intelligence, has been shown to vary depending on age. That is, the effect sizes for primary school children (r = 0.25) and kindergarteners (r = 0.29) were smaller than those for adolescents (r = 0.38) and adults (r = 0.34). When focusing solely on fluid intelligence and offline measures of metacognition (i.e., typically measured after a cognitive task or learning, e.g., questionnaires), consistently weaker correlations were found. A correlation of r = 0.23 was found for children in primary school, r = 0.28 for adolescents, and r = 0.22 for adults. However, these findings are based on only four studies, and no study was identified examining kindergarten children. Nevertheless, the overall findings of this meta-analysis suggest that correlations between fluid intelligence and monitoring accuracy in kindergarteners are most likely low.

The limited research underscores a critical need to examine how metacognitive monitoring and intellectual ability and their mutual influence within specific learning contexts, such as memory learning, among kindergarten children. Including young children offers the advantage of exploring the interdependence of these central information-processing skills while each of these components is emerging and developing. Is their development during early ages characterized by greater independence, influenced primarily by specific everyday life experiences, while later on, they develop a mutual influence? This question is of theoretical and practical relevance as it helps to better understand developmental progression in each of the components and may inform educators how to best support children who face difficulties in either of these processes.

As to the existing methods of assessing metacognitive monitoring, there is large heterogeneity across studies. Prospective monitoring judgments, such as judgments-of-learning or feeling-of-knowing judgments, are typically assessed beforehand. In contrast, our study used retrospective monitoring judgments (confidence judgments) provided after completing a task. We chose confidence judgments because prior studies have shown that retrospective judgments are more accurate than prospective judgments (Hacker et al., 2000; van Loon and Roebers, 2021). Repeatedly, retrospective judgments have been documented to become (a) more precise with age (for reviews, see Schneider and Löffler, 2016; Roebers, 2017) and (b) task experience (Hacker et al., 2000; Bol and Hacker, 2012). That is, children become increasingly better at discriminating in their monitoring judgments between correct and incorrect task performance by giving higher judgments after correct and lower judgments after incorrect responses. Monitoring accuracy, namely, the ability to metacognitively discriminate between correct and incorrect performance, was used as the primary monitoring measure in the present study (Schraw, 2009).


1.1 Current study

Since both task performance and intellectual abilities have been shown to have a unique influence on metacognitive monitoring (e.g., Neisser et al., 1996; Veenman and Spaans, 2005; van der Stel and Veenman, 2008; Destan and Roebers, 2015; Schneider and Löffler, 2016), their interplay is of particular interest in this study. In our study, we could only build on the previously inconsistent and scarce findings on the relationship between intellectual abilities, memory performance, and monitoring performance in young children. In the context of a paired-associates learning task, a typical sample of 6-year-old kindergarteners studied Japanese symbols and their meanings and were then tested on their ability to recognize these paired-associates and provide confidence judgments about their accuracy.

Firstly, we investigated whether and how intellectual ability and memory performance are related to the ability to monitor one's own thought processes. Based on theoretical considerations and the aforementioned empirical studies showing interrelations between metacognitive monitoring and memory performance (Klassen, 2007; Crane et al., 2017), on the one side, and metacognitive monitoring and intellectual ability (van der Stel and Veenman, 2008), on the other side, we expected metacognitive monitoring, memory performance, and intellectual ability to be weakly but positively related to each other.

Secondly, we paid particular attention to whether the nature of these relationships changes when a specific threshold of either memory performance or intellectual ability is exceeded or not reached.

In the context of memory performance, our study aimed to determine whether we could observe a pattern similar to the “unskilled-and-unaware effect” proposed by Kruger and Dunning (1999) within our sample of typically developing kindergarten children. In other words, we wanted to find out whether children in the highest quartile of memory performance are better at detecting errors and distinguishing between correct and incorrect answers than children in the lowest threshold range of memory performance. Based on existing studies with adults and older children that have examined the difference between estimated and actual performance (Hacker et al., 2000; Job and Klassen, 2012; Simons, 2013), we anticipated that discrimination ability would follow a similar pattern. Specifically, we expected children whose memory performance ranked in the lowest quartile to display a substantially lower level of monitoring accuracy than those age mates whose memory performance ranked in the highest quartile.

Regarding intellectual ability, we aimed to find out, for example, whether children within the highest quartile of the distribution of intellectual abilities in our sample, similar to gifted children, have a superior ability to recognize errors and thus an advantage in monitoring their cognitive processes. This follows the findings of some intelligence research studies suggesting such an advantage (Swanson, 1992; Alexander et al., 1995), as well as Sternberg's (1985, 1988) assumption that exceptional intelligence is relevant for dealing effectively with novel situations in different cognitive domains. Thus, we expected that children with high levels of intellectual ability would exhibit high monitoring accuracy, as their cognitive abilities enable them to evaluate their performance more effectively and vice versa.

Thirdly, we wanted to go beyond existing research by investigating the extent to which intellectual abilities can predict the ability to metacognitively discriminate between correct and incorrect answers beyond task performance. That is, we aimed to explore whether intellectual abilities and task performance interact in predicting monitoring accuracy, as higher intellectual abilities may support task performance, which – in turn – positively impacts metacognitive monitoring. To date, there has been a lack of research on this specific issue in the context of kindergarten children. Previous research encompassing all three variables—intellectual ability, metacognitive monitoring, and task performance—primarily investigated whether intellectual ability predicts academic achievement over and above what is predicted by monitoring (van der Stel and Veenman, 2008). In contrast, we focused on the predictive value of memory performance and intellectual ability for monitoring accuracy. Despite the sparse empirical evidence available, we expected that intellectual ability would significantly contribute to monitoring accuracy, over and above task performance, uncovering interactional effects of intellectual ability and task performance on monitoring discrimination.




2 Methods


2.1 Participants

We recruited 294 children from local kindergartens in the central German-speaking part of Switzerland, each completing their mandatory second year in a kindergarten. Teachers confirmed that all but one child were sufficiently proficient in the German language to follow the verbal instructions. Two children declined participation, and one was excluded due to insufficient German language proficiency. One child was excluded from the analysis due to a technical error in a task. The final sample consisted of 290 children (Mage = 6 years, 4 months, SD = 0.3 years; age range between 5.5 to 7.5 years, 50% girls), with 63% being native German speakers and 30% non-native German speakers. Demographic data for 7% of the children were unavailable. Parents provided written consent, and children gave oral assent. The study was approved by the Faculty's Ethics Committee of the University of Bern and was conducted in accordance with the Declaration of Helsinki.



2.2 Materials and procedures

We utilized pretest data stemming from a broader intervention study. The pretest spanned two non-consecutive days, separated by a minimum of one day and a maximum of two days interval, with each session lasting between 45 and 60 min. We tested children in small groups ranging from three to eight children within a quiet environment at their kindergarten. Children individually completed a memory learning task, as well as a subscale of a non-verbal intelligence assessment on Samsung Galaxy Tablets A7 (10.4′′) and S4 (10.5′′). All the children completed the tasks on the tablets independently and easily and reported to have prior experiences with such devices. The design of the tasks, which only required simple touch gestures, was intuitive and enabled easy interaction with the technology. In addition, the tasks had no time limits, which made it even easier for the children to use the technology.

Data were anonymized and securely transferred to a server. Two trained assistants gave children general instructions about test material and provided technical support. Children received task-specific instructions through headphones.


2.2.1 Paired-associates learning task

We used a paired-associates learning task (Kanji) with a recognition test and confidence judgments to assess children's metacognitive monitoring. This task was previously used in other studies and has been proven effective as learning materials for younger children (Bayard et al., 2021; Buehler et al., 2021). We selected 32 paired associates of varying difficulty from a pool of 66 items. We randomly divided these selected items into two sets, each containing 16 Japanese characters (Kanjis). Children were then randomly assigned to either set A or B for the pretest and received the opposite set for the posttest (not included in this study). Each item was presented for 5 s in a random order. We provided items varied in difficulty for each measurement point to ensure sufficient variability in the monitoring judgments. The different difficulty levels were established based on prior studies and based on the perceptual demands required for memory encoding, as illustrated in the Supplementary Figure S1 with an example of a complex and a simple Kanji character. The examples demonstrate the variance in difficulty and the associated cognitive load required to encode them into memory. Post-hoc item difficulty for the Kanji task was determined by the number of correct answers divided by the total number of participants. The mean item difficulty was M = 0.33, SD = 0.08, and ranged from 0.22 (difficult) to 0.48 (easy). The tasks comprised 19% easy, 59% average, and 22% difficult items. Both sets of items demonstrated high internal consistency α > 0.92.

Prior to the test, children were introduced to four short stories illustrating varying levels of certainty and uncertainty in everyday situations (see Supplementary Figure S2). These stories aimed to familiarize them with a 7-point Likert scale presented as a thermometer (adapted from Koriat and Shitzer-Reichert, 2002, see Supplementary Figure S3). They were instructed to use this scale to rate their feelings of certainty or uncertainty, such as feeling unsure when the content of a jar was unknown or invisible versus feeling sure when the content was known or visible. The thermometer scale consisted of seven colored fields, each corresponding to a different level of certainty, ranging from blue (very unsure = 1) to red (very sure = 7). To ensure that the children could accurately apply the scale and become familiar with the task steps, they conducted a practice trial on the tablet, which they completed successfully. Children understood the rationale of the scale with ease. On average, participants completed the task within 15 min.

The paired-associates learning task consisted of four phases: a study phase, a filler task, a recognition phase, and a monitoring phase. In the study phase, children were required to learn 16 Japanese characters (Kanji) and their corresponding pictorial interpretations (see Figure 1 for the schematic task procedure). Following the study phase, a 1-min filler task was introduced to discourage rehearsal strategies. Children used their fingers to interact with a moving cat on the screen. Immediately after that, the recognition phase started. A Kanji appeared on the left side of the screen, accompanied by four pictures on the right side. Among the four randomly presented alternatives, one picture matched the meaning of the Kanji, while the other three corresponded to different learned picture pairs. Each test trial concluded with the monitoring phase, in which children provided confidence judgments in their given answer being correct by using the thermometer scale. We calculated the percentage of correctly recognized items out of 16 items to measure memory performance.


[image: Figure 1]
FIGURE 1
 Task procedure at pretest and posttest. Schematic representation of Kanji task procedure. Children learned 16 items.


To assess monitoring, we calculated a monitoring discrimination score that quantifies the ability to discriminate between confidence judgments for correct and incorrect answers (Schraw, 2009; Fleming and Lau, 2014). Monitoring discrimination measures the accuracy with which participants metacognitively discriminate between correct and incorrect answers in their monitoring judgments. Thus, we computed the difference between the mean confidence judgment after correct answers and the mean confidence judgments after incorrect answers. A positive monitoring discrimination score suggests that an individual is able to discriminate the accuracy of given answers by giving higher judgments after correct than after incorrect responses.



2.2.2 Intellectual ability

To assess children's intellectual ability, we administered the computerized Odd-Item Out RIAS subscale (Reynolds and Kamphaus, 2009, German adaptation: Hagmann-von Arx and Grob, 2014). This subtest not only assesses non-verbal reasoning skills but also necessitates the application of spatial ability, visual imagery, and a range of other non-verbal skills across various items. It essentially serves as a reverse form of non-verbal analogy. We chose this subscale due to its capability to assess intellectual ability from the earliest stages of development effectively, its excellent psychometric properties (Andrews, 2007), and its adaptability for computerized administration, ensuring the test's independence from reading skills.

In this test, the children were required to identify one stimulus out of five to six possible alternatives by choosing an unrelated item (see Supplementary Figure S3 for an example item). Patterns progressively increased in difficulty. The test consisted of four practice trials and 51 test items. If the given answer was correct and provided within 30 s, the participants received two points. If the answer was correct and provided within 50 s, the participants received one point. Otherwise, the participant received zero points, and the next array was shown. After three consecutive incorrect answers, the test ended. Test scores could range from 0 to 102 points. The score for intellectual ability was calculated as the sum of received points.




2.3 Statistical analyses

We conducted all analyses in R version 4.2.3 (R Core Team, 2022). We ran Pearson correlations in the correlation package version 0.8.4 (Makowski et al., 2020) and hierarchical linear regression models in the stats package version 4.2.3. We used an alpha level of 5% for significance tests. For the effect sizes, we reported eta squared (η2). Values are defined as small = 0.01, medium =0.06, and large =0.14 effects, respectively. For the effect sizes Cohen's d, values are defined as small = 0.2, medium = 0.5, and large = 0.8, respectively (Field et al., 2012).




3 Results

The descriptive statistics for children's memory performance, non-verbal intelligence, confidence judgments following correct and incorrect memory performance, and monitoring discrimination are presented in Table 1.


TABLE 1 Descriptive statistics for study variables (N = 290).

[image: Table 1]

Although the memory task turned out to be rather difficult, kindergarteners demonstrated a significant ability to distinguish between correct and incorrect answers [t(289) = −7.33, p < 0.001, d = 0.27]. They consistently assigned higher confidence judgments to correct responses compared to incorrect ones, suggesting an emerging ability to metacognitively differentiate between what they could recognize and what not. Despite these early signs of monitoring skills, inspection of Table 1 showed that the mean confidence judgments of incorrect answers were still quite high, leaving ample room for more accurate monitoring of uncertainty.


3.1 Interrelations between metacognitive monitoring, memory performance, and intellectual ability

Pearson correlations revealed significant relationships among monitoring discrimination, intellectual ability, and memory performance. A significant correlation was found between monitoring and intellectual ability (r = 0.16, p = 0.01), as well as between monitoring and memory performance (r = 0.22, p < 0.001). Furthermore, a significant correlation was also observed between memory performance and intellectual ability (r = 0.12, p = 0.04). That is, children who either had higher intellectual ability or higher memory accuracy were better able to discriminate between correct and incorrect answers. In sum, our expectations that relations between metacognitive and cognitive study variables would be positively intercorrelated were confirmed.



3.2 Impact of memory performance levels on monitoring accuracy

To investigate the influence of variations in memory performance on monitoring, that is, to explore whether there is a certain threshold of memory performance under or above which differences in monitoring will occur (unskilled-and-unaware-effect) or a non-linear relationship, we analyzed the variation in children's monitoring across memory performance quartiles. Descriptive statistics for monitoring accuracy as a function of memory performance quartile are presented in Table 2. We conducted a one-way ANOVA with monitoring discrimination as the dependent variable and memory performance (four performance quartiles) as the independent variable. The results revealed a significant difference in memory performance on monitoring discrimination, F(3, 286) = 5.04, p = 0.01, η2 = 0.05, showing that monitoring discrimination seemed to be more accurate in high compared to low performers (see Figure 2). Subsequent analyses using Tukey HSD post-hoc tests revealed a significant contrast in monitoring accuracy between groups only at the extremes of memory performance (see Supplementary Table S1). This finding supports our hypothesis that children with higher memory performance are more capable of discriminating between correct and incorrect answers than children with the lowest memory performance.


TABLE 2 Average memory performance and monitoring discrimination across performance quartiles.

[image: Table 2]
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FIGURE 2
 Distribution of monitoring discrimination as a function of memory performance quartiles. n.s, not significant, **p = 0.01.




3.3 Impact of intellectual ability levels on monitoring

To explore whether there is a non-linear relationship or whether there is a certain threshold of intellectual ability under or above which differences in monitoring will occur, we analyzed children's levels of intellectual ability by segmenting intellectual ability into quartiles. Descriptive statistics are presented in Table 3. We conducted a one-way ANOVA with monitoring discrimination as the dependent variable and intellectual ability (four quartiles) as the independent variable. The results showed no specific threshold of intellectual ability influencing monitoring discrimination [F(3, 286) = 2.25, p = 0.08, η2 = 0.02] (see Figure 3). Unexpectedly, children with high intellectual ability did not outperform those with the lowest memory performance in distinguishing between correct and incorrect answers.


TABLE 3 Mean intellectual ability and monitoring discrimination as a function of intellectual ability quartiles.

[image: Table 3]
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FIGURE 3
 Distribution of monitoring discrimination as a function of intellectual ability quartiles. n.s, not significant.




3.4 Role of memory performance and intellectual abilities in predicting monitoring discrimination

To investigate the extent to which intellectual abilities can predict the monitoring of one's own thought processes beyond task performance, we conducted a three-stage hierarchical linear regression with monitoring discrimination as the dependent variable. Memory performance was introduced at stage one, followed by intellectual ability at stage two, and their interaction at stage three. Prior to conducting hierarchical regression analysis, several assumptions need to be met to ensure the validity of the results. Therefore, we reviewed the linearity and homogeneity of our final hierarchical model by reviewing Q-Q plots, which plot residuals against predicted values. The plot has no visible patterns, indicating that our model's assumption was not met. The Breusch-Pagan test was conducted to assess the presence of heteroscedasticity. No evidence was found χ2(2) = 0.03, p > 0.05. For the predictor variables memory performance and intellectual ability, the VIF values were found to be VIF = 1.014, indicating no issues of multicollinearity. As anticipated, Model 1 revealed that memory performance significantly predicted monitoring discrimination independently (b = 1.60, p < 0.001, R2 = 0.05), aligning with our expectations. Similarly, including intellectual ability in Model 2 explained an additional 2% of the variance (b = 0.02, p = 0.02), which is also consistent with our hypothesis. However, contrary to our expectations, the interaction between memory performance and non-verbal intelligence in Model 3 was not significant and did not yield a significant increase in explained variance (b = 0.01, p = 0.24). Both memory performance and intellectual ability were predictive of monitoring discrimination, suggesting that higher levels of memory performance and intellectual ability are associated with increased monitoring accuracy. However, the non-significant interaction indicated that the relationship between performance and monitoring discrimination does not significantly differ across levels of memory performance and intellectual ability.




4 Discussion

Our investigation explored the relationship between metacognitive monitoring, memory performance, and non-verbal intellectual ability in kindergarten children, using a paired-associate paradigm, allowing them to metacognitively monitor the accuracy of their responses in a recognition test. We investigated how task performance and intellectual ability relate to monitoring accuracy by focusing on children's ability to metacognitively discriminate between correctly and incorrectly identified pairs of items. Additionally, we sought to assess the extent to which intellectual abilities can predict the metacognitive discrimination of correct and incorrect responses beyond task performance. Finally, we explored the possibility of non-linear relationships and therefore investigated whether there are specific thresholds for memory performance and intellectual ability that, when exceeded or not exceeded, have different effects on monitoring accuracy.

In line with our expectations, we found memory children's memory performance to be positively related to metacognitive discrimination, indicating that children who recognized more item pairs demonstrated an improved ability to distinguish between their correct and incorrect responses than children with lower memory performance. This is in line with previous work showing that a higher level of test performance is linked to higher monitoring accuracy (Roebers et al., 2009; Roderer and Roebers, 2013, 2014). This underscores the significance of task performance for metacognitive judgments, even among kindergarteners (Ohtani and Hisasaka, 2018).

Additionally, our findings revealed a small correlation between children's intellectual ability and monitoring accuracy, suggesting that those with higher intellectual ability exhibited greater precision in their metacognitive monitoring. This finding supports the results of recent studies that have also found small to moderate effects between metacognitive processes and intelligence in primary school children, suggesting that these two cognitive processes are only partially dependent (Sarac et al., 2014; Ohtani and Hisasaka, 2018). Yet, the finding contrasts with Sternberg's (1999) proposition of a singular overarching higher-order cognitive construct. Furthermore, we explored whether intellectual ability could independently account for variance in metacognitive monitoring ability beyond memory performance. Consistent with our expectations and previous research, our results revealed that intellectual ability has additional explanatory value for the monitoring accuracy in kindergarten children beyond memory performance (Veenman and Beishuizen, 2004; van der Stel and Veenman, 2008, 2010). Nevertheless, the unique contribution of intellectual ability to the prediction of discrimination performance was noticeably lower compared to memory performance, possibly implying that task performance holds greater significance than intellectual ability. The absence of a significant interaction between memory performance and intellectual ability in predicting monitoring accuracy was somewhat unexpected, especially considering that both variables individually contributed to monitoring accuracy (Hannah and Shore, 1995; Neisser et al., 1996; Roth et al., 2015; Roebers, 2017).

Our results suggest that although there is a relationship between memory performance, intellectual ability, and the ability for metacognitive monitoring in young children, this is only a weak association. Thereby, our findings support previous research that cognitive and metacognitive abilities function largely independently during childhood (Veenman and Elshout, 1999; Veenman and Beishuizen, 2004). In other words, children's ability to recognize information from memory, their intellectual ability, and their ability to monitor the accuracy of their own answers appear to operate more in parallel than in close dependence on each other.

Another aim of our study was to explore the existence of specific thresholds in memory performance and intellectual ability above or below which metacognitive monitoring accuracy might be significantly affected. Our approach aimed, firstly, to identify group-specific patterns within the distributions of memory and intellectual ability that might remain masked in overall linear analysis and, secondly, to quantify the magnitude of group differences necessary to have a meaningful impact on monitoring accuracy. Thus, the sample was divided into quartiles based on their memory performance and intellectual ability.

The results obtained for memory performance levels were consistent with the pattern of the often-replicated unskilled-and-unaware effect (Kruger and Dunning, 1999). Even among kindergarten children, those who ranked in the top quartile in memory performance not only made fewer errors but were also more accurate in their metacognitive discrimination compared to their peers with the lowest memory performance quartile. This means that children with substantially better memory skills were better able to metacognitively distinguish between their correct and incorrect answers than children who struggled with the memory task. However, in this young age group, the unskilled-and-unaware-effect was only detectable between the two extreme groups of memory performance. Our results thus support Kruger and Dunning's assumption that a high level of task performance, such as knowing how to master a particular task, may be necessary to accurately judge one's own performance, which may lead to more accurate monitoring between correct and incorrect responses (Kruger and Dunning, 1999; Dunning et al., 2003; Ehrlinger et al., 2008). Another possible explanation for the present results could be that the children's metacognitive judgments are influenced by different cues at the level of the individual tasks (e.g., Koriat, 1997; see also Koriat and Levy-Sadot, 1999). It is conceivable that high-achieving vs. low-achieving children use different cues to assess their confidence (Koriat et al., 2009a,b). For example, high-achieving children may have more task-specific experience that enables them to make judgments about their own learning or work processes based on concrete information and data.

In contrast, low-performing children may rely more on intuitive judgments because they lack the necessary knowledge or experience to analyze their assessments more systematically (Schneider and Löffler, 2016). Applied to our sample, it might be that high-performing children rely on the content of information that they may know from previous experiences (Schneider, 1993; Bjorklund and Schneider, 1996). It is known that in this age group, features of the home environment, such as playing memory games with family members and discussing these experiences with parents and other relatives, play a crucial role in children's cognitive development (Gottfried, 1984; Harris and Almutairi, 2016). For example, Carr et al. (1989) showed that the amount and type of parental interaction, understanding of game rules, and task-related knowledge are positively related in second graders. In particular, children who learned strategies in situations relevant to everyday life and had access to games promoting strategic thinking showed more pronounced metacognition than their peers from families with less metacognitive, strategy-based interactions. The findings from previous studies, along with our results, suggest that early experiences with task-based knowledge and strategic thinking are likely to positively influence memory and recall.

Furthermore, young children seem to develop a kind of “expertise” through prior experiences, potentially helping them discover and apply memory strategies later on (Ornstein et al., 2006, 2008). For example, Schneider (2015) showed that children show more strategic behavior in familiar environments and in familiar tasks, such as memory tasks, compared to new tasks. This means that a wide range of experiences can help to quickly apply previous experience to new situations. Through these interactions, children learn to reflect on their own thought processes, identify effective strategies, and adapt their learning approaches accordingly. This hands-on engagement facilitated by parents is instrumental in nurturing children's metacognitive skills and enhancing their overall cognitive development (Moore et al., 1986; Laakso, 1995).

Low-performing children, on the other hand, may lack the task mastery skills to utilize information-based processing. In other words, children with lower performance levels may base their confidence on subjective feelings, such as the ease with which information comes to mind or their motivation and wishful thinking to give their best. However, this approach may not be as reliable as confidence judgments based on the processing of memory information and could, therefore, be more prone to error and result in inaccurate monitoring judgments (Efklides, 2008). However, as we did not directly measure children's previous experiences with memory games at home in our study — for example, by asking parents how often they play them at home — this explanation remains speculative. Nevertheless, future research could investigate the home environment in more detail to find out how it influences error detection and the acquisition of metacognitive monitoring skills (Schneider, 2015; Roebers, 2022). In summary, the findings from our sample suggest that during the preschool years, understanding how to effectively tackle a task is important for success in memory tasks. This implies that having at least a fundamental understanding of task-specific knowledge, likely acquired through prior experiences with memory tasks, is necessary for children to learn how to recognize errors and accurately assess resulting uncertainties (Schneider et al., 1989; Schneider, 1993; Brod, 2021).

The assumption that metacognitive discrimination in task-specific confidence judgments might also have varied as a function of intellectual ability was based on theoretical assumptions on the adaptive nature of intellectual thinking (Sternberg, 1985, 1999, 2019). This perspective suggests that children with higher intellectual ability are able to adapt their thinking more quickly to new and challenging tasks, possibly using both their advanced mental activities and metacognitive skills to respond flexibly to new and challenging memory tasks. Our results did not align with this assumption. That is, our findings indicated that in our sample kindergarteners with the highest intellectual abilities did not demonstrate advanced metacognitive adaptability in the novel task by showing higher monitoring accuracy compared to children with average or below-average intellectual abilities. This finding is noteworthy considering previous research exploring differences in metacognition between gifted and non-gifted children (Alexander et al., 1995; Alexander and Schwanenflugel, 1996; Snyder et al., 2011; Efklides, 2019; Straka et al., 2021; Tibken et al., 2022). Several explanations could be considered for our unexpected finding. Firstly, our results do not necessarily contradict previous research on giftedness, as it could be that our sample did not include children who fall into this specific range of giftedness (Alexander et al., 1995; Efklides, 2019), and it was also not our primary interest to include specifically gifted children. Secondly, despite the apparent homogeneity of the overall sample, variations or disparities within the quartiles could have influenced the relationship between the variables. Such intra-quartile variability may preclude the identification of consistent linear patterns in the relationships between these variables, which we did find in the regression analysis (van der Stel and Veenman, 2014). Thirdly, the methodology for measuring intellectual ability might not have adequately captured the specific relationships between the quartiles. Relying solely on non-verbal abilities as a measure of intelligence is a limitation in our approach (Ohtani and Hisasaka, 2018). This restricted approach may fail to capture other, more crucial aspects of intelligence, such as verbal abilities, problem-solving skills, and cognitive flexibility. Future research could explore alternative methodologies for measuring intellectual ability that encompass a broader range of cognitive functions, including both verbal and non-verbal abilities, for achieving a more comprehensive measurement of intelligence.

It is also worth noting that participants in previous studies were older than those in our study, which may have implications for the interpretation of our findings. Specifically, young children's confidence judgments may be more strongly influenced by motivational factors compared to other participants (Efklides, 2019). For example, young children are known to base their monitoring – at least in part – on their desire for good performance (wishful thinking; Schneider, 1998) or their effort in completing the task well (effort heuristic; Koriat et al., 2009a). The often observed monitoring accuracy increases in older children can thus also be attributed to decreasing self-protective biases, especially as they typically and more frequently acknowledge the possibility of errors (Efklides and Tsiora, 2002; van Loon et al., 2017; van Loon and Roebers, 2020).


4.1 Limitations

Our study, while providing important and new insights, is not without limitations. Firstly, our study's correlational design necessitates a cautious interpretation of the findings, particularly given the assumed interplay between cognitive and metacognitive factors (Flavell, 1979; Zimmerman, 1995; Boekaerts, 1999; Dignath and Büttner, 2008). While we observed a relationship between monitoring accuracy and memory performance, we did not investigate a possible bidirectional nature of cognitive and metacognitive processes, as discussed in self-regulation models (e.g., Efklides, 2008, 2011). It is equally plausible that high monitoring accuracy fosters improved memory performance, potentially through enhanced metacognitive regulation and more effective use of learning strategies (Lockl and Schneider, 2007; Roebers et al., 2014; Godfrey et al., 2023). This possibility aligns with the notion that metacognitive experiences and internal feedback loops generated through repeated exposure to learning materials—as was the case with the 16 items in our study—play a critical role in shaping learning behavior and performance (Efklides, 2006; Efklides and Metallidou, 2020). Therefore, our correlational findings could reflect a dynamic and reciprocal relationship between monitoring accuracy and memory performance rather than a unidirectional influence. To disentangle these complex interactions and clarify the directionality of these relationships, future research should employ longitudinal or experimental designs, which would allow for a more detailed exploration of the causality and bidirectionality between these key factors in learning.

Secondly, given the practical feasibility constraints of conducting a large-scale intervention study (as a reminder, this study utilized pretest data), we were compelled to strike a balance between conducting a comprehensive assessment and addressing the practical challenges associated with testing young children. As a result, we chose to assess intellectual ability exclusively through the Odd-Item Out subscale of the Reynolds scale (i.e., RIAS; Hagmann-von Arx and Grob, 2014) to provide an economical and largely stress-free test experience for our young participants. We acknowledge this choice as a limitation and recommend that future research should encompass a broader range of intellectual ability measures. Finally, although the paired-associates test was designed to be challenging, the actual performance was somewhat low (M = 33%, SD = 13%). Although there were no pronounced floor effects, it is possible that the somewhat poor memory performance, on average, has impacted the results.




5 Conclusion

In summary, this study analyzed the relationships between metacognitive monitoring, memory performance, and intellectual abilities in a sample of kindergarten children based on their metacognitive ability to discriminate between correct and incorrect responses in a memory task. While the findings revealed that children's monitoring accuracy did relate to memory performance and intellectual ability, the extent of this relationship, especially for intellectual ability, was less significant than expected. The small correlation suggests that cognitive and metacognitive abilities function rather independently in kindergarteners. Furthermore, our analysis of group differences revealed that only the extreme ranges of task performance—specifically, very low and very high levels—affected kindergarteners' ability to accurately distinguish between correct and incorrect answers. In contrast, variations in intellectual ability, whether at lower or higher levels, did not impact children's monitoring accuracy. Thus, our findings emphasize the importance of task performance yielding direct and positive effects on metacognitive monitoring, while intellectual abilities appear to play a more subordinate role. Against this background, the present study underscores the necessity to include different cognitive factors operating at the task at hand to increase our understanding regarding children's early stages of metacognitive development.
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Epistemic reflection involves the creation of qualitatively new knowledge. Different models have been proposed to account for new knowing through reflection that have typically been grounded in an information-processing framework. However, there are in-principle arguments that information-processing approaches preclude the emergence of new representation altogether. Accordingly, any information-processing account of knowing through reflection is plagued by emergence issues. After discussing some of these emergence issues for four prominent models in the cognitive science literature, an alternative action-based model of representation and reflection is presented called interactivism. Interactivism's model of representation, as grounded in action anticipations, serves as the foundational emergence needed to account for subsequent knowing through reflection. After introducing the interactivist models of representation and reflection through knowing levels, some of the implications for consciousness, enculturation, language, and developmental methodology are discussed.
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1 Introduction

Reflection is often characterized as serving one of two functions: the creation of qualitatively new knowledge, or qualitatively new capabilities involving self-/emotion-regulation through some sort of distancing process. While most researchers incorporate some role for language in the reflection process, a basic division can also be drawn between approaches that emphasize the developmental origins of reflection as a cognitive activity vs. those who argue that language is the original locus through which reflection takes place. In the current paper, we will explore efforts to explain the development of reflection as a cognitive activity for emergent knowing, but we will also indicate the subsequent role that language plays in this process. The paper will proceed by briefly discussing several different models that are all united in trying to explain how reflection enables the creation of qualitatively new knowing: these include Mandler's (2004) perceptual analysis, Karmiloff-Smith's (1992) representational redescription, Perner's (1991) meta-representation, and finally, Zelazo's (2004) levels of consciousness model. This discussion will ultimately reject the adequacy of these models due to their information-processing assumptions and inability to account for representational emergence. The alternative interactivist model is an action-based framework that contrasts with an information-processing ontology (Bickhard and Terveen, 1995; Bickhard, 2024)1. This model will be introduced and discussed in the context of interactive vs. reflective knowing, primary consciousness vs. reflective consciousness, and internalization vs. enculturation as the process of socialization. Finally, the role of language for reflection will be addressed in terms of its differential relevance for both pre-reflective and reflective development with some implications for developmental methodology.



2 Qualitatively new knowing: existing models (Mandler, Karmiloff-Smith, Perner, and Zelazo)

At the core of the developmental sciences are issues of origins in general and the issue of representational/knowing origins in particular. Nativist positions generally side-step the issue of origins by assuming that essential knowledge structures are provided to the species through some unspecified evolutionary process. The theoretical motivation for nativism comes from learnability arguments that innateness is necessary for learning to get started (Chomsky, 1959; Fodor, 1975). Contemporary empiricist positions actually agree with the need for some innateness but disagree about the amount and type (e.g., feature representations or full concepts, a few concepts or many concepts, for a full discussion see Allen and Bickhard, 2013). However, empiricist positions are more developmental and pursue more powerful possibilities for learning such that they assume that qualitatively new representations/knowing are produced during ontogeny. That said, both nativist and empiricist positions tend to assume a background information-processing framework with implications for the nature of representation that make qualitatively new representations (i.e., emergence) impossible. For information-processing approaches, the nature of representation is in terms of some sort of encoding relationship with the world (Bickhard and Terveen, 1995; Bickhard, 2009a).

Encodingism is the assumption that foundational representations are encodings. Encodings are constituted by a correspondence relationship with what they represent, and these correspondences are often assumed to be causal, nomological, or informational. Regardless of the specific nature of the relationship, encodings are representational stand-ins such that they must derive their content from some other source of representation. For example, the rings in a tree encode its age in years. This is a factual/informational2 relationship that is only representational if there is an epistemic agent who already knows about rings in trees, annual growth, and the relationship between the two. Without an interpreting agent, there is no content for the encoding and its relationship to what it represents. Thus, as an account of foundational representations, encoding approaches are incoherent. What's needed is an account of emergent representation in which representation is emergent within a foundation that is not already representational and only action-based approaches have offered to provide such account (Allen and Bickhard, 2013). While Piaget is the best known action-based approach, it is the interactivist model that will be presented in Section 2. Before that discussion, we present four empiricist models that all assume that learning and development involve qualitative changes in the nature of the representations that can be constructed through reflection; however, all four models are also committed to an information-processing framework that precludes the possibility of emergent representation.


2.1 Perceptual analysis (Mandler)

Jean Mandler's model has the laudable goal of trying to account for the foundations of meaning itself (Mandler, 2000, 2004). We refer to this issue as the foundational emergence problem. One avenue for resolving this issue is to take a nativist stance (i.e., foundational meanings/representations are innate). However, such an approach does not solve the issue so much as it ignores it. This leaves empiricism as the alternative—and in the current state of the field, some form of information-processing empiricism. While modern empiricist approaches to development also start with some amount of innate conceptual/representational base (Gopnik, 2003), Mandler's model attempts to address the developmental emergence of such a base. This model commits to a sharp distinction between perception and (meaningful) conception, in which the latter is supposed to derive from the former through an abstraction process—perceptual analysis. Perceptual analysis is a volitional process involving attention to certain aspects of the perceptual data stream in order to abstract a simplified rendering of the input. This process also involves “recoding” the format of the abstracted content into “explicit” form which enables “…one to describe, recall, or think about something new, not just recognize it” (Mandler, 2004, p. 18). Mandler grounds much of her theorizing in a set of empirical findings in which very young infants seem to have abstract (i.e., conceptual) categorization abilities that include the functions of objects (in addition to their perceptual features).

While these empirical findings should be a constraint on any adequate theory of foundational meaning, Mandler's account has a number of theoretical problems that appear to be unsolvable (see Müller and Overton, 1998 for a full treatment of the model and its limitations). Two of the most relevant of these problems concern the abstraction process. Abstraction is supposed to produce meaningful/conceptual categories. But how can the correct features be abstracted without already knowing what the category is supposed to be? Mandler's empirical works suggests that perceptual features like object salience or similarity are not sufficient—correct abstraction requires already knowing which features should be abstracted. For the second issue, abstracting relevant features means taking a subset of the perceptual data, but a subset of the input stream does not give new data. A subset may give new access to volitional processes, but there is no new data per se. Further, both problems assume that feature representations are available as distinct “pieces” of an overall representation (i.e., a feature nativism). However, perceptual analysis was presented as an alternative that could avoid the pitfalls of nativism. This means that in addition to the problems with abstraction as an account of new content, the need for a feature innateness/foundationalism means that such a model is open to the same emergence limitation as standard nativist accounts—that representations must already be assumed in order to explain the origins of new representations, whether in development or in evolution (Allen and Bickhard, 2013). Lastly, a third issue is that changing formats does not change the content of the data, nor does it make the data more/less explicit (more on this in the discussion of Karmiloff-Smith). The interactivist account of representation in the current perspective will provide a model for foundational emergence that does not have the above problems.



2.2 Representational redescription (Karmiloff-Smith)

Karmiloff-Smith's model builds on the work by Mandler in terms of foundational meanings to explain a process for the subsequent development of new representations (Karmiloff-Smith, 1992). Karmiloff-Smith accepted much of the cutting-edge empirical conclusions coming out of the nativist research program in the 80 and 90's while also trying to transcend the contrast between domain-specific and domain-general learning processes (Karmiloff-Smith, 2018). Her domain-relevant approach attempted to explain how innate biases could result in a cascade of emergent developmental outcomes. Accordingly, Karmiloff-Smith provides an account for the emergence of new forms of representation that go beyond the foundational emergence of conceptual from perceptual. We refer to this issue as the subsequent emergence problem. Similar to Mandler, Karmiloff-Smith also appeals to changes in format to account for new content. Different from Mandler, Karmiloff-Smith adopts a more robust constructivism in that there are internal sources of change such that cognitive processes derive new content from the overall organization of old content (e.g., information embedded in problem-solving procedures). This is a process of Representational Redescription (RR) in which the implicit content of prior knowing is made explicit and constitutes new representational content.

The main function of RR is to facilitate flexibility, and thus, control of behavior relative to new purposes. This is a consequence of the increased operations that can access the more explicit representations that eventuate in conscious access, linguistic access, and theory construction processes (cross-domain integration). The RR process suggests four types of representations: one implicit (I) and three explicit (E1—unconscious, E2—conscious access, and E3—conscious and linguistic access). Implicit representations are procedures (or sensorimotor encodings) that have a sequential organization that is encapsulated and inflexible. These representations are used in response to external stimuli (i.e., they are not internally driven). The RR process involves reformatting the sensorimotor encodings through abstraction so that more operations can access their contents. It is an abstraction in the sense of extracting the sensorimotor information while losing the perceptual details. Once the newly formed E1 representations are available, they can be used in more flexible ways (e.g., understanding the analogy between a Zebra and a crosswalk sign). This means that the creation of E1 representations precedes any sort of reflection about potential relations embedded in the sensorimotor procedures. At E2, representations are in a format accessible to consciousness but not verbal report. Finally, E3 representations are needed to use language because they involve a “cross-system code.” This makes language a tool that can be used after two or three iterations of the RR process have abstracted them into the correct format.

Karmiloff-Smith's theorizing involves developmental elaboration beyond the model of foundational meaning provided by Mandler's account. This elaboration is both at the broader level of development and at the specific level of RR. Similar to the perceptual analysis account, the issues for abstraction as a source of new content apply here as well. However, the focus of RR is on how changes in format affect explicitness, which enables new forms of knowing. There are two issues here: (1) does format affect the explicitness of the representational content? (2) does format enable new forms of knowing? For (1), as Fodor (1998) indicated, all encodings are explicit about something and so the idea of implicit representation cannot be with respect to the content of the representation itself. For example, changing the format of the letter “S” to “…” does not alter the explicitness of either representation3. What changes from “S” to “…” are the sorts of things one can do with the new encoding (Bickhard and Terveen, 1995). The dots can be sent over telegraph lines while the letter cannot. Accordingly, for the RR model, the implicitness is in terms of how the overall systems can (or cannot) make use of the (explicit) content of the “implicit” representations. This means that the changes in format from sensorimotor encodings to E1 do not involve new content for the E1 representation (or E1 to E2 or E3). However, if the changes in format through the RR process do not involve the emergence of new content, then the increasing access does not involve new forms of knowing. That is, issue (2) is also answered in the negative.

At the broader level of development, Karmiloff-Smith has captured several important features. Her theorizing suggests that the internal dynamics of cognition are a source for change with recurrent phases of development that oscillate between behavioral mastery and cognitive reorganization. This makes it important to consider how the same behavioral performance at two different ages may in fact be a consequence of different cognitive processes. This means that U-shaped development is not noise to be averaged away but an important constraint on developmental explanations (see also Gershkoff-Stowe and Thelen, 2004). The theory also makes multiple distinctions about different forms of knowing. Representational multiplicity is important because there is a strong tendency in development psychology to ignore the possibility that children at different ages have qualitatively different ways of knowing (adultocentricism) and to thus not control for such possibilities in “empirical” research (Allen and Bickhard, 2013). Finally, Karmiloff-Smith's theory attempts to reconcile the emergent constructivism of Piaget's theory with the representational innateness of nativist research programs. In this respect, it shares an overall goal and structure with Carey's (2009) more recent model of how to reconcile innateness with qualitative development. However, in both cases, the requirement of an innate representational foundation for learning and development involves a notion of representation that precludes the possibility of genuinely new representational content (i.e., encodingism). Further, an adequate account of new content through learning obviates the necessity for an innate foundation. Thus, either qualitative emergence in development is impossible, or, there is no necessity for (homuncular) innateness (Allen and Bickhard, 2011).



2.3 Meta-representation (Perner)

Perner (1991) has developed a model of meta-representational development to account for changes in false-belief understanding and a number of other qualitative changes around age 4. This model suggests that meta-representational development involves new knowledge in that children become able to represent representational relationships, and this has cascading developmental consequences. In particular, children with meta-representational abilities are able to understand misrepresentation (of people with false-beliefs or objects like signs and photographs), the representational nature of language (i.e., that words are not properties of what they represent), and the distinction between sense and reference as manifest in understanding that Clark Kent and Superman are the same person (Perner et al., 2002; Iao et al., 2011). Although this model has some basic convergence with the interactivist model to be presented below, it has been discussed in detail from the interactivist perspective previously (Bickhard, 1992). The most relevant conclusions from that discussion are that no account of foundational emergence will be possible given the (encoding) assumptions about representation and that reflection seems to already be needed for even the basic representations of infants (not just the meta-representing of preschoolers).



2.4 Levels of consciousness (Zelazo)

A more recent model for how the development of reflection enables new forms of knowing, representing, and acting comes from Zelazo (1999, 2004, 2015). This model is similar to Karmiloff-Smith's in that it is: focused on levels of subsequent emergence, developmentally rich, conceptually coherent, and grounded in both behavioral and neural data. It is also unique in terms of the focus on consciousness as being relevant for modeling changes in knowing. Nonetheless, as with Mandler, Karmiloff-Smith, and Perner, the underlying information-processing empiricism creates limitations for how well the model can account for epistemic reflection (i.e., the emergence of new knowing through reflection).

Much of the recent empirical motivation for the “emergence” process in this model comes from brain studies in which there seems to be “iterative reprocessing” of information within and between areas of the brain (Zelazo, 2015). However, if the technical sense of information relevant for brain studies cannot account for the semantic sense of information relevant for cognition, then the implications of these data are unclear. Further, the myriad reciprocal projections of the brain can also be characterized as supporting oscillatory processes, rather than semantic “re-entrant” processes, and oscillatory processes have been argued as a neural foundation for the anticipatory processes that constitute the core of an action-based “semantics” (Bickhard, 2015, 2024).

Regardless of the status of re-entrant processing, the original reflection model is mostly explicated in terms of theoretical considerations, and that will be the focus of our analysis. The Levels of Consciousness (LoC) model is an account of changes in the reflective capabilities of children (Zelazo, 1999, 2004). New reflective capabilities enable more complex representing through the creation of new representations (i.e., of relations between lower-level representations and of hierarchical control structures). Zelazo highlights intentionality as the key feature of any form of consciousness. This is intentionality in Brentano's sense of being about something and for motivating action [1973 as cited by Zelazo (2004)], but there is no account of the emergence of intentionality itself. Instead, intentional representations/descriptions of objects in semantic Long-Term Memory (LTM) are triggered by actual objects from the environment. These representations then trigger the most salient action pattern that has been learned through association (e.g., a rattle might trigger the action pattern of sucking at one age and shaking at another). This form of representing is supposed to constitute basic consciousness (i.e., minimal Consciousness or minC).

Although the mechanism for ascent in the LoC model is the same (i.e., recursion), the most qualitative change in representing takes place in the transition from level 1 to level 2 at the end of the 1st year of development. This change involves a constitutive role for language in terms of labeling. Labels are supposed to provide an enduring trace to segments of the perceptual input stream that constitutes basic conscious experience (i.e., minC). These traces are representations proper in that they can be “decoupled” from the ephemeral flow of experience and manipulated in working memory as part of top-down control (e.g., representation of an occluded object that can serve as a goal). However, for labeling to serve this decoupling function requires level 2 consciousness to create identity relations between two moments in the input stream from first-level consciousness. Thus, the construction of these identity relations require reflection through recursion. Recursion is understood in the sense of a computer program that calls on itself as a parameter [e.g., Factorial (n) = n * Factorial (n-1)]. More recent discussion about reflection is in terms of iterative reprocessing where information output is fed back into the system to be combined and integrated with existing representations to create a new interpretation of the situation (Zelazo, 2015).

Our concern with this model can be divided into two issues: (1) how do semantic representations/descriptions work such that labels liberate the infant from the flow of first-level consciousness? (2) how does recursion enable new levels of consciousness? We suggest that the answers given by the model presuppose a rich innate representational base as well as the reflection capability that was meant to be explained. First, labels (from semantic LTM) are supposed to be attached to identity relations that connect the contents (also from semantic LTM) from two moments in the input stream. However, this process seems to be creating a linguistic encoding of the content of the identity relation with the label—instead of “…” there is “dog” whose content is dog, and the content of dog came from semantic LTM. This means that all of the content for the encoding relationship is coming from semantic LTM with no account of its origins or how the semantic descriptions are being interpreted in the first place. Further, if reflection is needed to make the new linguistic encodings (in addition to it being needed to create the identity relations and perhaps for interpreting the descriptions in the first place), then this leaves recursion to account for all of the functionality of reflection4.

Second, if reflection is required to both interpret semantic descriptions and attach them to labels (recC) or to objects (minC), then reflection is present from the very beginning, and this would make it homuncular (Bickhard and Terveen, 1995). If reflection were already present, then perhaps recursive/re-entrant processing could construct something “new.” That is, if semantic information contents are re-entered into a consciousness that is already reflective, then a homunculus can survey all those contents (with all of the consequences at each level that the model posits). However, this would not create new content, instead, different levels of detail are being selected with different levels of reflection. This makes the development of “new” representation a matter of selection amongst existing content rather than the emergence of new content5. If our analysis is correct, the LoC model is not able to fulfill its epistemic function. This is because recursion does not yield a higher level of consciousness per se, but yields a hierarchy of levels of “content” within reflection. This may be the best option available within an information-processing framework but that is not the only alternative for modeling development.

As an account of emergent forms of knowing through reflection, the LoC model appears problematic; however, the descriptions, properties, and functions attributed to the different levels of consciousness may still capture something important about development. That is, the LoC model may be adequate for certain aspects of the developmental changes in consciousness even if it is not adequate as a model of epistemic reflection. Further, a core feature of all of the models reviewed above is the idea that lower-level representations serve as the foundation for new representations at higher levels through reflection. The current interactivist model of reflection shares this basic idea but the crucial difference concerns its action-based foundation (Allen and Bickhard, 2013). In contrast, all of the above models are developed within an information-processing empiricist framework. This framework is incapable of accounting for emergent representation and precludes the possibility of an emergent constructivism (Bickhard and Terveen, 1995; Allen and Bickhard, 2022). Without an emergent constructivism, learning and development cannot result in new knowing, and any model of reflection will ultimately fail as an explanation for such an outcome.




3 Interactive knowing and reflection

Interactivism is an action-based model of cognition and persons in which knowing is doing, and competent knowing means successful interaction (Bickhard, 2009b, 2024). Perhaps the best known action-based approach in developmental psychology was Piaget's sensorimotor theory (Piaget, 1954). However, misinterpretations and misguided methodology side-lined Piagetian theory in general and its action-orientation along with it (Smith, 1993; Allen and Bickhard, 2013). Rejections of computationalism for some strands of cognitive science have seen a move toward embodiment and most recently an explicitly pragmatist turn (Engel et al., 2016). However, interactivism differs from these embodied/pragmatist approaches, including Piaget's, in terms of the underlying models of representation (i.e., interactive knowing) and reflection (Bickhard, 1978; Campbell and Bickhard, 1986; Bickhard and Terveen, 1995).

For interactivism, representation is constituted in terms of anticipating potential interactions with the world. The anticipations are discovered to be true or false once enacted (i.e., they have truth-value) and they involve presupposition that the world will cooperate (i.e., they are about the world). For example, to anticipate that a coffee cup can be picked up presupposes that the cup is not broken. Being unbroken is usually presupposed by our interactions with cups, but it is not indicated within the anticipation and therefore it is not represented explicitly. However, if that presupposition is relevant (i.e., the cup is in fact broken), then the interaction will fail (or at least break down) and thus, presuppositions can be functionally important for the interaction without being explicitly represented. In this model, presupposition provides the implicit content that is about the world (note that presupposition is an aboutness that is not homuncular) while the explicit content is constituted in the internal anticipations or indications of potential interactions per se [e.g., a “pointer” indication of a subsystem that could engage in the anticipated-as-possible interaction(s)]6.

Let us stress the point that interactivist mental content is constituted by what is implicitly presupposed by the anticipatory dynamics, which contrasts with the criticized model of encodingism. As we have discussed earlier, encodingism views mental content as constituted by information in information theoretic sense, i.e., by correlation between the agent's internal states and some feature of the world (see text footnote 2). In the interactivist critique of encodingism, the issue is not whether or not information plays a role in cognition. Information understood as correlation is a property of the world and it naturally matters to agents. Rather, the problem is the ontological assumption that information constitutes mental content. One of the critical points we made earlier is especially relevant here—correlation needs to be known in order to be representationally utilized by the agent and so it cannot be what constitutes that knowledge itself. In contrast, content as implicit presupposition makes no such problematic assumption; as a natural consequence of learning to effectively interact with the world, the organism's anticipatory knowledge comes to “agree” with how the world is, to implicitly presuppose how it is.

For a developmental example, consider object representation. Object representation for the 2-year-old is constituted in the web of anticipated possibilities for interaction remaining constant with respect to other sorts of changes (e.g., occlusion or displacement). While the basic properties of representing are present in the anticipations (i.e., truth-value and aboutness), the permanence is a property of the overall organization of the web of anticipated possibilities. Such permanence is functional for the 2-year-old in that they can act in accordance with the presupposition that the object has a continued existence, but the permanence per se, the presupposition, is not itself represented by the toddler. This is because the toddler cannot directly interact with the permanence of the object and therefore cannot have anticipations directly about it. Instead, reflection will be the process that enables the implicit content/presupposition to become explicit (i.e., reflection is required to know about permanence per se).

Interactive knowing is constituted in the organism/system interacting with the environment (i.e., first level knowing). Reflection requires a second interactive system that can interact with the first system/organism (i.e., second level knowing). In humans, this means that the development of reflection involves an architectural change to the CNS—maturational development of the brain—to enable interaction between regions (i.e., second level knowing) in a fashion similar to how the CNS of the toddler interacts with the world (first level knowing, Bickhard, 2015, 2024)7. With reflection comes the possibility of knowing about the system (its internal functional organization) that interactively knows the world. That is, the properties and relations implicit in first level knowing (i.e., the presuppositions of interactive knowing) become knowable through reflection (i.e., second level knowing). While there are no a priori constraints on the age of development for reflection, there are ample empirical reasons to think that it is around age 3.5–4 (Allen and Bickhard, 2018). This is the age at which there seems to be developmental transitions in abilities within and across domains. There is also evidence that uniquely supports the interactivist model of reflection over other domain-general explanations for such changes at this age (see discussion of Allen et al., 2021 below).

To further illustrate the contrast between interactive and reflective knowing, let us consider the development of an empirical test specific to the interactivist model of reflection. Any such test is difficult for three general reasons: first, given that any task can, in principle, be interactively learned through non-reflective knowing, it is important that the task have sufficient novelty. Second, if all the different interactions of a toddler8 are already consistent with the implicitly presupposed properties like permanence, then what difference does it make to have explicit knowledge of those presupposed properties? Third, as adults, our reflectively conscious experience of objects can always be explicit, and so it can seem as if infant interactions that are consistent with our explicit representations are also explicit for the infant (i.e., adultocentrism).

To address these issues, a test of reflection was developed that turned on being able to explicitly represent the relationship between two objects—a mutual support relationship (Allen and Bickhard, 2018). Similar to the permanence of objects, relations amongst objects cannot be directly interacted with and therefore cannot be explicitly represented by toddlers. Without representing relations per se, children should not be able to anticipate their consequences in a sufficiently novel situation. Accordingly, the Leaning Blocks (LB) task involves asking children what will happen to a block being held at a 45° angle when released (i.e., “fall” or “stay up”). After asking the same question for a second block, the test question involves holding the two blocks such that they are leaning against each other. Children are again asked what will happen upon release. Three-year-old's fail the question while 4- and 5-year-olds are basically at ceiling. These findings suggest that the older children can explicitly represent the mutual support relationship between the two blocks, and in so doing, correctly determine the consequence given the relative novelty of the situation. A follow-up study, that included a second reflection task (i.e., Candy Monster, CM) and three EF measures, suggests that the results from LB are not due to changes in executive functions. Specifically, inhibition, working memory, and cognitive flexibility interpretations were tested against the reflection interpretation and the results favored the later (Allen et al., 2021). Importantly though, reflection is an enabling constraint which means that learning relevant to any specific task must still take place before the “reflective ability” can be measured. The design intention of the LB and CM tasks are as relatively “pure” measures of reflection because they do not seem to involve many additional abilities beyond explicit representing per se.


3.1 Consciousness and reflection

“Consciousness” is often used in a crucially equivocal manner: (1) as an “awareness” of the potentialities that constitute the world, and (2) as a kind of reflection on those first level processes and organizations. Failing to distinguish these yields aporetic problems in understanding consciousness (Bickhard, 2005). For example, as Dewey pointed out about Russell's “sense data” (Dewey, 1915, 1941; Tiles, 1990), sense data (today's descendent is “qualia”) are supposed to constitute “consciousness” of the world, but in fact sense data (qualia) are products of analysis of (reflection on) primary awareness—they are generated in analysis, not constitutive of what is being analyzed,

In the interactivist model, there is a clear distinction between first level interactions with the environment and anticipations of possible such interactions, and second level interactive reflections on those first level processes and properties (and relations). The model of primary awareness has already been outlined: anticipations of (organizations of) possible interactions and their intrinsically related presuppositions. The model of reflection is that of a second level of such interactive “knowing” that interacts with the first level. The first iteration of such reflection is not possible in all species—it requires the macro-evolution of a special functional organization in the brain, and a developmental maturation of that functional organization in the individual. Further levels can be constructed in a strictly functional manner through language and culture (Bickhard, 2024), which will be discussed briefly in what follows.




4 Internalization vs. enculturation

While psychology today generally accepts that human minds are largely shaped by culture, the actual models of how that happens remain problematic (Turner, 1994, 2018; Christopher and Bickhard, 2007). Culture tends to be framed in terms of a set of beliefs and practices that the child “internalizes” as she undergoes the process of enculturation. The concept of internalization can be traced back to both Piaget (1952), Piaget and Inhelder (2000), and Vygotsky (1978), but its current uses usually draw on the latter. Vygotsky was especially interested in internalization of culture. His idea was that culture is dialectically externalized and internalized by any individual interacting socially. Children, being newcomers to social reality, were said to internalize into their minds the ways of thinking instantiated in social interactions, which made for the central mechanism of enculturation in his theory.

The details of the presumed internalization process remain vague; most fundamentally, the question arises as to what it actually means—how something that is out there in the world can get into the child's mind? And once it gets there, what kind of phenomenon is it? Potential answers to these questions depend on one's wider ontology of the mind. In encodingist models, which still dominate the field, the internalization process has been argued to be a conceptually incoherent proposal (Christopher and Bickhard, 2007). This incoherence is a consequence of the wider problems with encodingism discussed earlier: In order to internalize anything that is outside of the agent—such as a norm or custom—an encodingist agent would have to already know the thing in order to be able to internalize it, which means that internalization cannot be the basic mechanism for how cultural knowledge is formed (cf. the similar critique by Piaget, 1971). The interactivist model of enculturation, in contrast, follows naturally from the principles on which the interactivist ontology is based, and has no need for the concept of internalization.

Enculturation in interactivism follows the same basic principles as development of interactive knowledge of the physical reality—what differs is the object of interaction and resulting anticipatory organization: While knowledge of the physical world is constructed by engaging with and learning, for instance, the interactive stabilities of physical objects, cultural knowledge originates in the child's interaction with cultural or conventional objects of social ontology, such as norms governing dinner or nighttime routines (for the interactivist model of social ontology as convention see Bickhard, 1980; Mirski and Bickhard, 2021). Consequently, the pre-reflective knowledge of a child developing within a culture involves implicit presuppositions about cultural phenomena—it is organized in a way that “honors” cultural phenomena such as values or customs, but the child does not represent them explicitly as such; culture is implicit within the child's anticipatory organization, it is part of how the person views the world and interacts with it. Rather than internalization, the process is that of construction constrained and guided by the socio-cultural milieu.

Implicit presuppositions concerning the socio-cultural world, similarly to those concerning physical reality, can be represented explicitly once reflection is available to the child. For example, at knowing level 1, the child can interactively differentiate him or herself from other agents and the rest of the world, but she will not be able to represent that differentiation explicitly. In other words, the child will have a self, but will not know it. This implicit self will be greatly constrained and guided by culture as it will involve all types of presuppositions about the social world and its norms, such as, for instance, a preference to play with toy cars rather than dolls. Reflection, or level-2 knowing, allows the child to examine the self-embodied in level-1 organization and develop, for instance, meta-strategies for navigating the social world, such as heuristics for successfully creating play situations with toy cars rather than dolls. These reflective representations and strategies will constitute the child's self-representation, or its identity—a set of ways of being in the world. However, this self-representation will not be known explicitly, the child will not be able to represent the way it represents him or herself—for that, a third level reflection is needed. The self-representation will have their own set of implicit presuppositions, which again can be only explicitly known by a higher level of knowing; once that is available, the child will be able to, for instance, compare her own identity with alternatives or examine it in terms of values and perhaps reconstruct it to agree with them (Campbell and Bickhard, 1986, p. 118–127). The epistemic climb up the knowing levels need not stop at level 3—every epistemic level involves its own implicit presuppositions, which can be potentially known by a level higher than that. A level 4 examination of one's identity may involve a discovery that one has a tendency to frequently switch between identities, which can then be duly addressed by the agent. Importantly, even though every level leads to the emergence of qualitatively new knowledge, it too involves implicit presuppositions that remain unknown before a higher-level reflection makes them explicitly. While there is not an in-principle limit to how high in the reflective levels the agent can climb, there naturally are various factors that influence the process9. Among them, language seems to be a major one, to which we turn below.



5 Does language serve a reflective function?

Interactivism models language as a system for interacting with social situations, or situation conventions, which constitute social reality (Bickhard, 1980). The basic idea is that language is a meta-convention—a convention for interacting with conventions—that allows the agent to coordinate action with its conspecifics. For instance, consider the child's early developing use of the utterance “no!” and how he or she uses it to negotiate or modify social situations—even though at first the child uses it simply to protest the current situation, it is understood by both the child and the caregiver in a similar way and thus succeeds in communicating the desired change to the situation (i.e., that it should stop or change). Importantly, such early uses of language are fully implicit and do not amount to a symbolic understanding of utterances—they are part of knowing level 110.

However, pre-reflective mastery of language is limited: language is not in this early form understood symbolically, i.e., as representing some part or aspect of reality, but only as yet another way of interacting with the world. As such, it does have presuppositions about it, and—just like any other knowing in interactivism—those presuppositions are not explicitly represented. Once reflection is available, it becomes possible for the child to start constructing explicit representations of what utterances actually mean and how they fit into the social world—i.e., what the presuppositions are of and how they modify situation conventions. This process takes time and effort, but by age 4, when reflection seems to emerge, the child has already constructed considerable knowledge of the linguistic realm of interaction, whose implicit presuppositions can be examined and represented. That is, content is there, but it is not as-of-yet represented explicitly.

More mature linguistic interaction, such as having a conversation about things that are not there, requires its participants to exercise reflection and to understand the meaning of utterances symbolically. That is, a toddler can have a conversation of that kind—e.g., about clouds and pets—but will be incapable of representing and considering in the conversation the abstract properties of those objects, such as the “hidden” causes of their behavior. In other words, language (i.e., situation conventions involving linguistic interaction) constitutes a realm of interaction that can be fully successfully navigated only with proper reflective understanding. As such, it imposes a selective pressure on the child's budding reflection—language-based interaction tests out the child's attempted constructions of reflective understanding and selects only those that afford successful anticipation of the interactive flow. Naturally, the child is aided in this developmental task by caregivers who engage in all kinds of functional scaffolding to lower the selective pressures inherent in language (Bickhard, 1992): Repeating things, narrating while demonstrating and so on. Language, then, is a realm of interaction that serves both as a motivator for reflective construction and as a testing ground for it. Without an opportunity to interact linguistically, reflective understanding is critically impaired, as the tragic cases of language deprived children attest (Fromkin et al., 1974).

Further, as success in linguistic interaction drives the child's reflective construction (once enabled by CNS developments), by the same token it imparts some organization onto the child's resulting reflective knowledge. Not only due to its formal properties such as syntax or morphology, but also in terms of associations, symbolic tropes, or generally speaking—ways of thinking—that abide in a given language or culture more broadly. Indeed, it is hard to imagine how an organism would show culturally-constituted reflection without a language scaffolding the process, and thus it can be difficult to disentangle properties of our reflective thinking that stem from its linguistic formatting and those that characterize reflection as such. Perhaps due to this entanglement, many scholars in history have declared thought to have a language-like structure (e.g., Fodor, 1975), which from the interactivist perspective amounts to misattributing properties of language to the nature of reflective thought as such.

It needs to be stressed that cultures and languages differ, and that they do so to some extent in terms of what kind of reflective abstraction is needed to enter them; this can be both in terms of types of content—like mental state concepts vs. behavioral concepts—or ways of thinking about some content—like theory vs. narrative. These differences in interactive realms likely lead to children from those cultures to exercise their reflection in accordance with them and thus do better on tests that presuppose competence in those terms. For instance, the explicit change of location False Belief Task (FBT) is passed at different ages depending on culture—in the West it is around age 4, but in Japan at 6+ (Naito, 2014). Whereas, multiple factors can be evoked to explain this difference, the specificity of the folk conceptualizations about the social world that dominates in the two cultures might be a significant one. As Naito argues, rather than a theory of mind, Japanese folk theory is that of relations between people. To be sure, both of these conceptualizations are true in the sense that they abstract real aspects of the social world—individuality and epistemic separateness in the former case, and the interconnectedness in the latter—but the difference in emphasis seems to lead to differing developmental trajectories in what is reflectively represented, which seems to be reflected in children's performance on socio-cognitive tests. The FBT arguably requires the child to have a clear reflective understanding of how perceptual contact of an individual mind relates to their knowledge of the world—the kind of reflective understanding that American children steeped in Western folk psychology would develop early and Japanese children would find rather foreign. However, things are different with other socio-cognitive tests, such as ones that involve aspects more aligned with the Japanese theory of relations. For instance, in one such task the object about which the protagonist of the FBT forms a false belief is changed from a physical object (e.g., a toy) to a person who has promised to stay in one place rather than the other, but moves unbeknownst to the protagonist (Symons et al., 1997; Naito, 2014, p. 390). Japanese children seem to do better than their Western counterparts on that test, and when they are asked to motivate their answers, they tend to cite social obligations such as “he promised he'd be there” rather than individual epistemic states of the protagonist such as their mistaken belief.

Finally, once understood symbolically, language greatly facilitates reflective abstraction; that is, symbolic and systematic language provides a format that externalizes thought, which facilitates the climb up the knowing levels. The fundamental principle of interactivist knowledge formation is that only that which can be interacted with can be represented. For levels 1 and 2, the epistemic access is direct—level 1 interacts with the structure of reality, both physical and social, via the senses; and level 2 interacts with the organization of level 1 knowledge, via the physiological links in the CNS. This leaves the question of how reflection can climb beyond these two levels of representing—how to represent the implicit presuppositions of level 2 knowledge and higher?

Action involving level 2 reflection will leave a mark on the organization of level 1, both indirectly by influencing how the agent acts in the world and directly via internal thought. Consequently, the reorganized level 1 knowledge will come to involve some of the presuppositions of the reflective processes, which will make it possible for those presuppositions to be represented, leading to the emergence of level 3 knowledge—an explicit characterization of level 2 presuppositions.

While in principle, this loop of externalization and reflective abstraction could proceed indefinitely, having a symbolic system that provides an external systematic format for mental content greatly aids the process. Knowing processes that are put in language can be examined in terms of their presuppositions regardless of the level of reflection. As discussed by Campbell and Bickhard (1986), Aristotle's development of syllogistic logic forms an illustrative example here: He started to use abbreviations for names in syllogistic sentences, which later became variables in the general form—reflective abstraction of the logical properties of level 2 reasoning into an explicit representation of those properties. Once that happened, it became possible to examine the presuppositions of that abstracted framework and construct a representation of them as Aristotle's syllogistic calculus—level 4.


5.1 Language and developmental methodology

Thinking about how language operates for pre-reflective thought has implications for methodological design and interpretation of empirical results. In general, language does not operate for 3-year-olds as it does for 4- and 5-year-olds. This means that the same instructions or manipulations have different consequences for the two groups. For example, consider social learning research focused on testimony (Harris et al., 2012). The canonical version of the trust paradigm involves someone (mis)labeling familiar objects to induce (un)reliability in one of two informants. From the interactivist perspective, the nature of this manipulation is different for pre-reflective 3-year-olds than it is for 4- and 5-year-olds. For 3-year-olds, the mislabeling cannot be a reliability manipulation per se. Reliability is a reflective attribute that can only potentially be represented by around age 4. The manipulation clearly has consequences for 3-year-olds in terms of their informant preferences, but we would suggest that the proper interpretation of those preferences is in terms of 3-year-olds avoiding the “unreliable” informant rather than selecting the “reliable” informant. This would mean that trust research is more appropriately characterized as being about “mistrust” for children under age four. Further, a scientific explanation of the reasons for their (mis)trust can be modeled in ways that go beyond dispositional explanations about credulity and skepticism.

For example, consider testimony paradigms with a single informant who makes a claim that differs from the child's own experience (Ma and Ganea, 2010). In this situation, an object is placed in an occluded location. An informant then claims it is actually at a second location. Three-year-olds, but not older children, chose to rely on the informant's information over their own experience. The explanation for this is that 3-year-olds are overly credulous. However, other evidence suggests that 3-year-olds are overly skeptical (Woolley and Ghossainy, 2013). This raises two issues: (1) which characterization is accurate; (2) being credulous or skeptical does not explain behavior so much as it describes a tendency to behave a certain way. From the interactivist perspective, 3-year-olds “credulity/skepticism” are both a consequence of language as transforming social realities. In the case of credulity, the informant's claim transforms the 3-year-olds interactive characterization into one in which the object is indeed at the second location. This happens because they cannot yet evaluate the utterance separate from its transformative consequences. In the case of skepticism, the testimony applies for claims about contents for which the child does not have interactive experience (e.g., fantastical/historical characters). Accordingly, the utterance in such situations has too little interactive characterization to transform. This is like trying to manipulate physical objects that do not exist. Accordingly, reflection will be required to represent fantastical objects in the first place such that an utterance can then serve its transformative function.




6 Conclusion

The current proposal sought to critically evaluate extant models of the emergence of representation during development (both for foundational emergence as well as for subsequent emergence). It was concluded that the limitations of these models ultimately derive from their own development within an information-processing framework. Interactivism was introduced as an action-based alternative to information-processing and its specific models of representation (foundational emergence) and reflection (subsequent emergence) were presented. Implications for the model of reflection were discussed in terms of some empirics, thinking about consciousness, enculturation as a construction process on the part of the child, and the role of language in that process with some examples involving the sociality of theory of mind. A final discussion opened the door to considerations about how language may affect developmental methodology and interpretation for preschooler with reflective vs. pre-reflective capabilities.
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Footnotes

1Tomasello (2024) has recently proposed an agency-based model of reflection that is also more pragmatically oriented in its background assumptions. Interestingly, it also shares the basic distinction between what we call interactive vs. reflective knowing in terms of executive vs. metacognitive regulation.

2We contrast the meaning of “information” in information theory with the semantic meaning of it—as mental representation with truth value, intentionality, and content. Informational relationships in the former sense are integrated into the interactivist model in terms of epistemic contact (i.e., differentiation/detection) not epistemic content (i.e., representation, Bickhard, 2009a). Detected correlations need to be accompanied by anticipations, otherwise they mean nothing to the organism. In this paper, when we refer to “information,” it is in the information theoretic sense, unless stated otherwise.

3Encoding content is borrowed from or defined in terms of other already available content—e.g., “…” from “S.” It cannot create new content. That is the central problem with “information” processing models.

4There are also potential empirical reasons for caution about the role of labeling in this model as it is not clear that infants use labels to succeed on tasks like A-not-B at the end of the 1st year, or what kind of labels those would be Müller and Kerns (2015); also, non-human animals seem to have rather sophisticated forms of top-down control although they do not use language (Penn et al., 2008).

5Further, how could reflection explain the origins for how we represent non-observables like mental-states. No amount of reprocessing at any level of resolution is going to enable the extraction of something that is not already present in the input stream of conscious experience.

6The possibility of pointers show that indications pose no particular problem, although that is not how the CNS actually does it. See Bickhard (2015, 2024) for how the indicating/anticipation function is served in the CNS.

7For example, a maturation of a neural loop from pre-frontal to basal ganglia to thalamus and back to cortex (Bickhard, 2015, 2024), thus enabling interaction with other regions of the CNS.

8It is not until toddlerhood that children show a coherent set of interactions consistent with the permanence of object. At earlier ages, infants show only a limited set of interactions consistent with permanence (Baillargeon, 2008). For example, small changes in whether a looking measure involves occluding an object vs. covering it, and later, containing it, affects performance such that the same aged infants fail one version while passing the other(s).

9Empirically speaking, there does not seem to be evidence for development beyond level 4. However, the issue has not been directly investigated.

10The term “symbolic” is usually understood in an encodingist way; here, instead, we mean it in the interactivist sense, as explicit representation of implicit presuppositions about what words refer to.
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Introduction: Monitoring and controlling one's performance are essential skills for children's cognitive development and academic success. Metacognitive control, operationalized as post-error adjustments, is, however, often measured in conflict tasks, but the findings of such studies may not be readily generalizable to academic domains, such as arithmetic. Yet, investigating how children control their performance in arithmetic is crucial in understanding the large individual differences within this specific academic domain. This longitudinal study investigated how children control their performance through post-error slowing and accuracy improvement in arithmetic. We additionally examined this development of metacognitive control in a working memory task, to further unravel its domain-generality or the lack thereof.

Methods: A cohort of 127 typically developing children, followed up longitudinally from 7–8 years old (2nd grade of primary school) to 8–9 years old (3rd grade of primary school), completed an arithmetic and working memory task at two time points.

Results and discussion: Meticulous comparison of response times and accuracy rates following errors with those following correct answers revealed the presence of metacognitive control at each time point. We observed significant positive correlations between children's metacognitive control and their arithmetic accuracy at 7–8 years old, underscoring a possible adaptive role of metacognitive control in the learning phase of arithmetic. No correlations were found between the post-error adjustments in the arithmetic task and those in the working memory task, challenging previous evidence for domain-generality of post-error adjustments.
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1 Introduction

Imagine a student taking a test. He feels confident answering the questions due to his thorough preparation. Yet, as the test progresses, he encounters a more challenging part, making him uncertain and less confident about his answers. The student, therefore, decides to slow down his thought process to answer the questions with increased focus. The awareness and regulation of one's own cognitive processes, as the student presented in this example, are also known as metacognitive monitoring and metacognitive control, respectively, both subskills of metacognitive regulation or procedural metacognition (Flavell, 1979; Nelson and Narens, 1990). Metacognitive regulation is thought to be of great importance to academic learning (e.g., Efklides and Misailidi, 2010). Yet, most of the existing body of work has examined metacognitive control in simple tasks, such as perceptual or conflict tasks, leaving it unresolved as to how it operates in academic tasks. The present study aimed to address this gap by exploring metacognitive control in the context of arithmetic.

Metacognitive control encompasses the actions individuals take to enable cognitive adaptations to increase task performance (Roebers et al., 2014). There are many possible manifestations of metacognitive control, such as allocation of study time and information-seeking, which occur during different stages of cognitive performances (Nelson and Narens, 1990). These manifestations of metacognitive control are often measured explicitly by giving participants the option to control their performance (e.g., asking participants whether they need help, Coughlin et al., 2015). It is, however, also possible to assess metacognitive control in an implicit way through post-error adjustments, which are thought to reflect the cognitive adaptations individuals make following errors (Danielmeier and Ullsperger, 2011). Two prominent manifestations of post-error adjustments are post-error slowing (PES) and post-error improvement in accuracy (PEIA). PES refers to the phenomenon that people tend to slow down their response speed after committing an error (Notebaert et al., 2009). PEIA is the phenomenon that individuals show increased accuracy in performance immediately after committing an error (Danielmeier and Ullsperger, 2011). It is important to note that PES and PEIA are often considered to be measures of cognitive control rather than metacognitive control due to their immediate nature, with the main difference between these two types of control being the consciousness involved in these processes (Roebers, 2017). However, the extent to which individuals consciously engage in these adjustments might vary, both across tasks and among people, making it possible that post-error adjustments are situated on a continuum from cognitive to metacognitive control. As it is beyond the scope of this study to disentangle these two conceptualizations, findings from both the cognitive and metacognitive control literature are integrated in the current study.

Although it is generally agreed that PES and PEIA reflect cognitive control, alternative interpretations especially regarding PES, have been suggested. Specifically, the orienting account posits PES as a reaction to a surprising event (i.e., an error) that prompts the individual to slow down (Notebaert et al., 2009). However, studies giving evidence for PES as an orienting response are restricted to conflict tasks (e.g., Fiehler et al., 2005; Hajcak and Simons, 2008; King et al., 2010; Notebaert et al., 2009; Notebaert and Verguts, 2011), in which opportunities for behavioral post-error adjustments are limited. This interpretation may, therefore, not apply to academic tasks, which have a more complex nature and, therefore, allow for multiple possible ways to adapt behavior following errors.

One such an academic domain is arithmetic. Studies investigating PES and PEIA in arithmetic are surprisingly scarce. The few studies that have examined this have found both PES and PEIA to be present in children (de Mooij et al., 2022) and adults (Desmet et al., 2012; Van der Borght et al., 2016). Both Desmet et al. (2012) and Van der Borght et al. (2016) studied PES and PEIA in a verification multiplication task in university students, and concluded that post-error adjustments can be observed in arithmetic in adults. Van der Borght et al. (2016) additionally highlighted the role of changing strategies after errors as a way to improve task performance in arithmetic. This finding suggests that, in contrast to conflict tasks, arithmetic does allow for multiple ways to adjust behavior after committing an error. Regarding post-error adjustments in children, to our knowledge, only one study has been performed in the domain of arithmetic. de Mooij et al. (2022) investigated PES in children from 5 to 13 years old in an adaptive learning environment including both mathematical and language activities. They found PES to be present in almost all learning activities, and found it to be positively associated with PEIA and the children's ability level. This latter finding suggests that PES could play an important role in explaining the large individual differences in mathematical ability, and more specifically in arithmetic skills.

While there is knowledge—albeit limited—on post-error adjustments in arithmetic, knowledge about its development in this particular domain is close to non-existent. Studies investigating the development of metacognitive control in other domains, such as spelling and memory, agree that metacognitive control undergoes substantial development during primary school (Krebs and Roebers, 2010; Roebers et al., 2014; Roebers and Spiess, 2017; Selmeczy et al., 2021), and continues to develop until late adolescence (Crone and Steinbeis, 2017). However, these studies investigated explicit operationalizations of metacognitive control, such as withdrawal of wrong answers and information-seeking. Findings regarding the development of post-error adjustments specifically remain to be mixed, as some studies found the magnitude of PES to decrease between 7 and 19 years old (Dubravac et al., 2022; Schachar et al., 2004), while Smulders et al. (2016) found it to remain stable across development until adulthood and Gupta et al. (2009) reported a non-linear developmental trend between the ages of 6 and 11. In the domain of arithmetic, there is, to our knowledge, only one study that examined the development of post-error adjustments. de Mooij et al. (2022) investigated PES cross-sectionally from 5 until 13 years old in mathematical activities. They found a non-linear developmental trend with an increase in PES from 6 to 9 followed by a decrease from 9 until 13 years old, suggesting that children from 6 to 9 years old are in an important developmental phase regarding metacognitive control in mathematical activities. The authors interpreted the decrease in PES from 9 to 13 years old as a shift from reactive control, which accounts for greater PES, to more proactive control, as previous research has provided evidence for such a shift around the age of 8 years old (Niebaum et al., 2021). Nevertheless, to our knowledge, no longitudinal investigations on metacognitive control in arithmetic have been performed as of now.

Another question that arises, especially in a developmental perspective, is whether post-error adjustments are domain-specific or domain-general. Research has only recently begun to address this question. Ger and Roebers (2023) and Dubravac et al. (2022) argue for a domain-general nature, as they found similarities in PES between different tasks at various ages ranging from 4 years old until adulthood. However, both of these studies compared conflict tasks. Studies examining this issue in academic tasks are scarce. van Loon et al. (2024) investigated the withdrawal of wrong answers as a measure of metacognitive control in three different language-based learning tasks in 8- to 12-year-olds. While they mainly observed evidence for a domain-general nature, they also found evidence for a task-specific factor. However, what is similar in all the above-described studies is that they all compared tasks that are different versions of the same task, and, therefore, are, quite similar in task-requirements and cognitive demands, for which reason correlations between tasks, which is taken as evidence for domain-generality, are likely to occur. To the best of our knowledge, studies investigating the domain-generality of metacognitive control in tasks that involve more distinct cognitive domains are non-existent. Such studies might provide a more appropriate test of the idea of domain-generality of metacognitive control, and more specifically of post-error adjustments. We will address this issue in the current study.

Extending the discussion of control as a separate skill, according to the theoretical framework of Nelson and Narens (1990), this skill is closely intertwined with monitoring, which involves the self-awareness and judgement of one's own task performance and has been shown to be a fundamental skill in diverse domains, such as memory, reading, spelling, and arithmetic (e.g., Bellon et al., 2019, 2020; Efklides and Misailidi, 2010; Rinne and Mazzocco, 2014; Schneider and Artelt, 2010; Touron et al., 2010). This theoretical assumption is supported by empirical evidence in adults. For example, adults allocate their study time based on how well they think they know the subject (Souchay et al., 2003), and seem to slow down more when they are uncertain about their answer (Dali et al., 2022). From a developmental perspective, however, the evidence for this hypothesis is less conclusive. While most studies have found an association between monitoring and control in primary school children between the ages of 8 and 12 (e.g., Destan et al., 2014; Hoffmann-Biencourt et al., 2010; Krebs and Roebers, 2010; Roebers and Spiess, 2017; Steiner et al., 2020; van Loon et al., 2024), a few studies have observed monitoring and control to operate independently from each other in that same age range (O'Leary and Sloutsky, 2017, 2019). In younger age groups, from 5 until 7 years old, most studies have failed to find an association between the two skills (e.g., Destan et al., 2014; Roebers and Spiess, 2017), while other studies observed an association between the two skills in even younger children in preschool (e.g., Coughlin et al., 2015; Gardier and Geurten, 2024). These findings suggest that, while it appears that monitoring and control become increasingly intertwined across development, their association is complex and results might depend on measurement methods, as the described studies used diverse measures of metacognitive control (e.g., Destan et al., 2014; Hoffmann-Biencourt et al., 2010; Krebs and Roebers, 2010; Roebers and Spiess, 2017). Furthermore, to our knowledge, no studies have investigated implicit measures, such as post-error adjustments, in relation to explicit metacognitive monitoring in academic tasks, which will be addressed in the current study. As a measure of metacognitive monitoring, the current study focuses on task-specific retrospective monitoring, identified as an important, unique predictor of children's concurrent (Bellon et al., 2019) and future arithmetic skills (Bellon et al., 2021; Rinne and Mazzocco, 2014). Assessing confidence judgements retrospectively is particularly interesting in relation to post-error adjustments, as this allows us to examine how these judgments are related to immediate subsequent behavior.

In the present study, we longitudinally examined metacognitive control, operationalized as PES and PEIA, in arithmetic in children of 7–9 years old, as this age range is considered an important developmental period for metacognitive regulation (de Mooij et al., 2022; Geurten et al., 2018). To do so, we had four aims. Firstly, we wanted to examine the presence of PES and PEIA during an arithmetic task in 7–8- and 8–9-year-olds, that is 2nd and 3rd grade of primary school (Research question 1). We expected to observe both PES and PEIA at both ages and predicted to observe greater PES and PEIA in 3rd grade than in 2nd grade. As an exploratory analysis, we additionally investigated the association between PES and PEIA to further unravel the underlying mechanisms of metacognitive control. Secondly, we wanted to investigate whether an association was present between PES and PEIA on the one hand and overall task performance on the other hand (Research question 2). We expected PES and PEIA to be positively correlated with overall task performance. Thirdly, we aimed to examine the association between metacognitive control (operationalized via PES and PEIA) and metacognitive monitoring (Research question 3). Given the age range of the children under study, we did not expect control to be correlated with monitoring. Fourth, the present study aimed to examine domain-generality of metacognitive control (Research question 4). To do so, we examined PES and PEIA in a working memory task to verify whether results differed with the ones found in the arithmetic task. Comparing two tasks that reflect distinct domains could yield new insights beyond those obtained from studies comparing tasks within similar domains (e.g., Dubravac et al., 2022; Ger and Roebers, 2023). While we expected to observe PES and PEIA in the working memory task as well as correlations with overall task performance, we did not expect correlations with PES and PEIA in the arithmetic task, challenging previous found evidence for domain-generality of post-error adjustments in children at this young age.



2 Methods

This study involves a secondary data analysis of the studies by Bellon et al. (2019, 2021). These studies focused on the cross-sectional associations of numerical magnitude processing, executive functions and metacognitive monitoring during arithmetic (Bellon et al., 2019) and the longitudinal associations between metacognitive monitoring, math anxiety and arithmetic (Bellon et al., 2021). None of these studies reported data on metacognitive control. As a result, measures of PES and PEIA, indices of metacognitive control, have never been analyzed and reported before, which makes the current study unique.


2.1 Participants

No a-priori sample size calculation was performed. At the outset of the longitudinal study, a total of 127 typically developing Flemish children from 2nd grade of primary school participated (64 girls; Mage = 7 years 11 months, SD = 4 months, range = 7 years 4 months to 8 years 5 months). Of these participants, 121 were followed up 1 year later in 3rd grade (63 girls; Mage = 8 years 8 months, SD = 3 months, range = 8 years 2 months to 9 years 2 months). None of them had a diagnosis of a developmental disorder, nor did any of them repeat a grade. All the participants had a predominantly middle- to high-socioeconomic background. Written informed parental consent was obtained for every participant. This study was approved by the social and societal ethics committee of KU Leuven.



2.2 Materials and measures

Materials consisted of custom computerized tasks designed with E-Prime 2.0 (Schneider et al., 2002) and a standardized paper-and-pencil test.


2.2.1 Arithmetic task
 
2.2.1.1 General performance

A single-digit computerized production task with addition and multiplication problems was administered. Because the accuracy rate of the addition problems was too high for the scope of this study, the current study focused only on the second part of this task, namely the multiplication problems. The multiplication problems consisted of all possible combinations of the numbers 2 through 9 as operands. Problems with 0 or 1 as one of the operands were excluded, yielding a total of 64 multiplication problems. To ensure the children were familiar with the task, six practice trials were performed at the start. After fixation, each item was presented in white on a black background for 2,000 ms. The children were instructed to respond verbally as quickly and accurately as possible as soon as the item was presented. Once the 2,000 ms passed, a black screen appeared, during which the children were still allowed to response. RTs and answers were registered by the experimenter through a key press on the computer. The task was pseudo-randomly divided into two blocks (i.e., no commutative pairs in the same block). During the first block the children were presented with the multiplication items as described above. During the second block, each arithmetic item was followed by a metacognitive monitoring measure (see below). The performance metric used was the average response time on correct multiplication trials and the total number of correct multiplication answers across the two blocks.



2.2.1.2 Metacognitive control

Metacognitive control was measured trough PES and PEIA in the computerized arithmetic task. Response times on a trial-by-trial basis were used to quantify PES. Trial-by-trial accuracy rates were used to quantify PEIA.


2.2.1.2.1 Post-error slowing

There are two prominent ways of measuring PES in the current body of literature, namely the traditional method and a robust method of Dutilh et al. (2012). The traditional method quantifies PES as the difference between the mean RT of correct trials following errors and the mean RT of correct trials following correct trials. However, according to Dutilh et al. (2012) this method can be biased because of fluctuations in attention and motivation during the task. Therefore, these authors proposed a more robust method, in which PES is quantified as the average difference between the RT of correct trials following errors and the RT of trials preceding an error. In the current study, however, the stimuli used in the computerized arithmetic task were multiplication problems, which are known to differ in the level of difficulty due to the problem size and interference effects (De Visscher et al., 2018; Imbo and Vandierendonck, 2008). This results in longer RTs and lower accuracy rates on harder problems compared to easier ones. Additionally, as Derrfuss et al. (2022) pointed out with congruent and incongruent trials in interference tasks, these differences in difficulty could account for imbalances in the percentage of post-correct, pre-error, and post-error trials. These two considerations call for the need of a quantification of PES that is corrected for these imbalances.

The current study, therefore, pioneers in using two quantifications of PES based on Derrfuss et al. (2022) in arithmetic: the corrected traditional method and the corrected robust method. This implied that we divided the multiplication problems in categories of equal difficulty based on the problem size effect (i.e., large problems are harder than small problems, Imbo and Vandierendonck, 2008) and the interference effect (i.e., problems that have more overlap in digits with previously learned problems are harder to retrieve than low interfering problems, De Visscher et al., 2018), resulting in three categories: (1) the easiest category, which consisted of problems with a problem size below or equal to 25 and an interference effect below 8, (2) the middle category, which included problems with a problem size below or equal to 25 and an interference effect above or equal to 8, or vice versa, and (3) the hardest category, which consisted of problems with a problem size above 25 and an interference effect above or equal to 8. For the corrected traditional method, PES was calculated by computing the difference between the mean RT of post-error correct trials and the mean RT of post-correct correct trials for each level of difficulty separately to control for imbalances in it, and then taking the average across these three measures for each participant. Similarly, the corrected robust method was calculated by computing the difference between the mean RT of post-error correct trials and the mean RT of pre-error correct trials for each level of difficulty separately, before averaging across these three measures for each participant. In order to not completely rely on these two quantifications of PES and because RT data are typically skewed with large variability, we additionally repeated the same quantifications making use of the median instead of the mean. This resulted in four different quantifications of PES for each participant in the computerized arithmetic task. However, during analyses we encountered some challenges related to the robust method, which are discussed in more detail in Section 3.
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2.2.1.2.2 Post-error improvement in accuracy

As the above-described difficulty differences might also influence accuracy rates, PEIA in the computerized arithmetic task was quantified in a similar way to PES. We calculated the difference between the proportion of post-error trials that were answered correctly (out of the total number of post-error trials) and the proportion of post-correct trials that were answered correctly (out of the total number of post-correct trials). This was done for each difficulty level separately before averaging these differences to obtain a single PEIA measure for each participant controlled for the influence of difficulty differences.
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2.2.1.3 Metacognitive monitoring

Metacognitive monitoring was measured similarly to Rinne and Mazzocco (2014). In the second block of the computerized arithmetic task, a question was added after each item to measure task-specific retrospective metacognitive judgements. After each multiplication item, participants were asked to indicate their confidence in the accuracy of their answer. They did so by verbally choosing between “correct”, “not sure”, or “incorrect”. These three answer options were presented simultaneously on the screen accompanied by a happy, neutral, and sad smiley, respectively. The participants were presented with six practice trials to familiarize themselves with the task. Calibration of confidence scores, which represent the alignment between the participant's confidence and the actual accuracy of their arithmetic answer, were calculated on a trial-by-trial basis, as in Bellon et al. (2019, 2020, 2021). Participants got a score of 2 when they made a correct judgement (i.e., said they were correct when they were correct, or reversed), a score of 1 when they answered, “not sure”, and a score of 0 when they made an incorrect judgment (i.e., said they were correct when they were incorrect, or reversed). These scores were then averaged for each participant, yielding one calibration score per child.




2.2.2 Working memory task
 
2.2.2.1 General performance

Working memory was assessed using a standard 2-back task (adapted from Pelegrina et al., 2015). Participants were presented with a sequence of colored images on a computer screen. For each item, they needed to indicate whether the presented stimulus matched the one that occurred two trials back. To do so, participants pressed a green or red key, corresponding to “yes” or “no”, respectively. After fixation, the items were presented in the center of a white screen for 3,000 ms. This was followed by a black screen for 1,000 ms. The participants were allowed to answer both during the white screen and the black screen. They were instructed to answer as quickly and accurately as possible. In total, 40 items, divided into two blocks, were presented. An additional practice block of 20 trials was added to the beginning of the task to familiarize the children with the requirements. Each block started with three non-target trials (correct answer = no) and 30% of the trials in each block were target trials (correct answer = yes). The total number of correct answers served as a performance measure reflecting the participants' working memory skills.



2.2.2.2 Metacognitive control

Metacognitive control, measured trough PES and PEIA, was also assessed in the domain of working memory. Response times on a trial-by-trial basis of the 2-back task were used to quantify PES. Trial-by-trial accuracy rates were used to quantify PEIA.



2.2.2.2.1 Post-error slowing

PES in the 2-back task was quantified in the same ways as earlier described in the arithmetic task. However, as all the trials in the 2-back task are expected to be of a similar difficulty level, no correction for difficulty differences was applied. This resulted in four uncorrected measures of PES: the traditional method using the mean, the robust method using the mean, the traditional method using the median, and the robust method using the median.



2.2.2.2.2 Post-error improvement in accuracy

For the 2-back task, PEIA was quantified in the same way as in the computerized arithmetic task, except that we did not control for differences in difficulty. However, the quantification of PEIA in the 2-back task poses a challenge, as the accuracy on a trial directly depends on the participant's performance two trials before. Therefore, participants are not able to actively improve their accuracy on the trial immediately after the error but might be able to do so two or three trials after committing the error. Thus, PEIA in the 2-back task was quantified in two ways: (1) as the difference between the proportion of correct answers two trials after an error and the proportion of correct answers two trials after a correct answer, and (2) as the difference between the proportion of correct responses on trials that were completed three trials after an error and the proportion of correct answers three trials after a correct answer.



2.2.3 Control variables

The Raven's Standard Progressive Matrices (Raven et al., 1992) were used to assess intellectual ability. This standardized test was used as a control measure in our study to make sure that any associations observed between the various variables could not be explained by the intellectual ability of the children, as all of the variables of interest in our study are assumed to be associated with intellectual ability to some extent (e.g., Veenman and Spaans, 2005). Children were instructed to complete 60 patterns. To do so, they had to choose the correct answer out of the provided possibilities. The number of correctly solved patterns within the time limit of 40 min was the performance metric.




2.3 Procedure

The administered tasks were divided into three sessions. The first session was an individual session, in which each participant completed the arithmetic task. In the second session, groups of five children were tested individually on the working memory task. During this session the children were also administered other tasks, from which the data were not used in the current study. These tasks included a motor speed task, a symbolic numerical magnitude processing task, and three other executive functioning tasks. Lastly, there was a group-administered session for the intellectual ability task. This last session also included three other paper and pencil tasks, namely the Tempo Test Arithmetic, a metacognitive questionnaire, and a math anxiety questionnaire, from which the data were not used in the current study. All these sessions took place at the school of the participants during regular school hours. Each child went through the exact same order of tasks. The duration of the sessions was 40, 45, and 60 min, respectively. The participants were tested again 1 year later on the same tasks in the same order.



2.4 Analyses

We employed a combination of frequentist and Bayesian analyses to examine the data. For the Bayesian analyses, a default prior provided by the statistical program JASP (JASP Team, 2024) was used. Prior to conducting the main analyses, ANOVAs were performed to check whether the proposed difficulty categories in the arithmetic task differed in average RT and accuracy rate. The main analyses aimed to investigate the presence of PES and PEIA in primary school children in the domain of arithmetic. To do so, we ran one-sample t-tests for the various quantifications of PES and PEIA, and paired t-tests to assess developmental changes (Research question 1). Furthermore, we assessed correlations between post-error adjustments, calibration scores, and overall task performance (Research questions 2 and 3). Additionally, the same analyses were performed in the working memory task to assess the presence of metacognitive control and its correlations with overall task performance. These results were then compared with the results obtained in the arithmetic domain to investigate domain-generality of post-error adjustments (Research question 4).



3 Results

As the current study controlled for difficulty differences in the arithmetic task, we encountered some challenges during the analyses regarding the robust quantification of PES. The robust method proposed by Dutilh et al. (2012) assumes trials of similar difficulty levels, as each post-error trials needs to be compared with the pre-error trial of that same error. As there was not always a pre-error trial of the same difficulty level to compare with the post-error trials in the current study, this quantification resulted in few trials to compare within each participant, ultimately leading to a less reliable measure of PES compared to the traditional quantification. Therefore, only results from the traditional quantification are reported and discussed. Results regarding the robust method are available in the Supplementary material.


3.1 Preliminary analyses

Some participants were excluded from the analyses due to the following reasons. On the arithmetic task, 3 participants in 2nd grade and 13 participants in 3rd grade made no errors. Their data were, therefore, removed for the analyses regarding post-error adjustments. An additional 13 children committed only one error on the arithmetic task in 3rd grade, which poses an issue for the interpretation of the post-error adjustments, as PEIA would always be a positive value regardless of the actual presence of metacognitive control. These participants were, thus, also removed from the analyses of post-error adjustments. Due to a lot of participants who made only two errors on the arithmetic task in 3rd grade, possibly accounting for unreliable measures of post-error adjustments, we decided to repeat all the analyses after removing these participants. Results remained unchanged. Thus, all reported results include participants that made two or more errors on the computerized arithmetic task. Finally, data of 3 participants from 2nd grade on the 2-back task were removed due to too many non-responses.

Of the remaining participants in the computerized arithmetic task, the mean accuracy rate was 0.83 (SD = 0.38) in 2nd grade and 0.91 (SD = 0.28) in 3rd grade. A paired sample t-tests revealed significant improvement in overall accuracy from 2nd to 3rd grade on the arithmetic task [t(120) = −10.62, p < 0.001, Cohen's d = −0.97]. The mean RT was 9,243.11 ms (SD = 13,469.68) in 2nd grade and 5,161 ms (SD = 6,287.48) in 3rd grade. A paired sample t-test revealed a significant decrease in RT from 2nd to 3rd grade [t(120) = 10.70, p < 0.001, Cohen's d = 0.97]. The mean calibration of confidence score of the participants in the arithmetic task was 1.74 (SD = 0.18) in 2nd grade and 1.86 (SD = 0.13) in 3rd grade. In the 2-back task, participants had a mean accuracy rate of 0.71 (SD = 0.45) in 2nd grade and 0.75 (SD = 0.43) in 3rd grade, and a mean RT of 1,151.77 (SD = 490.57) in 2nd grade and 1,162.07 (SD = 585.12) in 3rd grade. A paired sample t-test revealed a significant improvement in accuracy from 2nd to 3rd grade on the 2-back task [t(118) = −4.51, p < 0.001, Cohen's d = −0.41].

Using ANOVA, we tested whether the chosen difficulty categories in which we divided the multiplication problems differed in RT and accuracy. The proposed difficulty categories based on the problem size and interference effect did indeed differ significantly in average RT, both in 2nd grade, F(2, 7, 933) = 461.67, p < 0.001, η2 = 0.10, and in 3rd grade, F(2, 6, 077) = 312.94, p < 0.001, η2 = 0.09. Post-hoc tests using Bonferroni correction indicated significant differences between all categories in both grades, with the slowest RTs in the hardest category and the fastest RTs in the easiest category. The results of these post-hoc tests can be found in Appendix A. The proposed difficulty categories also differed significantly in accuracy rate, both in 2nd grade, F(2, 7933) = 284.88, p < 0.001, η2 = 0.07 and in 3rd grade, F(2, 6077) = 75.95, p < 0.001, η2 = 0.02. Similar to the RTs, post-hoc tests using Bonferroni correction, of which the results can be found in Appendix A, revealed significant differences between all categories in both grades, with the lowest accuracy rate in the hardest category and the highest accuracy rate in the easiest category. These results indicate both the effectiveness of our categorization and the necessity of accounting for these differences when quantifying PES and PEIA.



3.2 Metacognitive control in arithmetic
 
3.2.1 Post-error slowing

The mean and median RTs for post-error and post-correct trials at both time points are shown in Table 1 and Figure 1. To test whether there was PES in the arithmetic task (Research question 1), one-sample t-tests were performed for the different PES quantifications. When using the traditional quantification with the mean, there was no significant PES present, not in 2nd grade [t(123) = −0.38, p = 0.70, Cohen's d = −0.03], nor in 3rd grade [t(94) = 0.38, p = 0.70, Cohen's d = 0.04]. Thus, the children did not significantly respond slower on post-error trials compared to post-correct trials. The Bayes factor indicated moderate evidence in favor of the null hypothesis at both time points (0.10 <BF10 <0.33). The corrected traditional quantification using the median, however, did reveal significant PES. This was the case in 2nd grade [t(123) = 3.12, p = 0.002, Cohen's d = 0.28], as well as in 3rd grade [t(94) = 3.49, p < 0.001, Cohen's d = 0.36]. Thus, using this metric, the children did significantly respond slower on post-error trials compared to post-correct trials. The Bayes factors indicated moderate to strong evidence for this effect in 2nd grade (BF10 = 9.83), and very strong evidence in 3rd grade (BF10 = 30.21).


TABLE 1 Mean/median RT's (in ms) for post-error and post-correct trials of the arithmetic task.
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FIGURE 1
 Mean accuracy rates and median response times after errors and corrects trials for 2nd and 3rd grade in the arithmetic task.


Using paired t-tests, we investigated whether the magnitude of PES changed from 2nd to 3rd grade. The analyses revealed no significant difference between the two time points, for neither of the traditional quantifications of PES [t(94) = –0.11, p = 0.91, Cohen's d = –0.01 for the corrected traditional method using the mean; t(94) = 1.22, p = 0.22, Cohen's d = 0.13 for the corrected traditional method using the median]. The Bayes factor indicated moderate evidence for the null hypothesis (0.10 <BF10 <0.33) for both quantifications.



3.2.2 Post-error improvement in accuracy

Accuracy rates of post-error and post-correct trials at both time points are shown in Table 2 and Figure 1. To investigate the presence of PEIA in the arithmetic task (Research question 1), one-sample t-tests were performed. The analysis revealed significant PEIA in arithmetic, both in 2nd grade, t(123) = 3.12, p = 0.002, Cohen's d = 0.28, and in 3rd grade, t(94) = 3.32, p < 0.001, Cohen's d = 0.34. The children were, thus, significantly more accurate on trials following an error compared to trials following a correct response. The Bayes factor indicated moderate to strong evidence in 2nd grade (BF10 = 9.64) and strong evidence in 3rd grade (BF10 = 18.33). A paired t-test revealed that the magnitude of PEIA did not significantly change from 2nd to 3rd grade, t(94) = 0.08, p = 0.94, Cohen's d = 0.01. The Bayes factor (BF10 = 0.11) indicated moderate evidence for the null hypothesis.


TABLE 2 Accuracy rates (in %) for post-error and post-correct trials of the arithmetic task.
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3.2.3 Correlations

Pearson correlation coefficients, controlled for performance on the Raven's Standard Progressive Matrices, were run to assess associations between PES, PEIA, calibration of confidence, and overall task performance in the arithmetic task. A full correlation matrix can be found in Appendix B. No significant correlations were found between PES and PEIA, neither in 2nd grade nor in 3rd grade (Research question 1). For each quantification at both time points, the Bayes factor indicated moderate evidence in favor of the null hypothesis (0.10 <BF10 <0.33).

Regarding the association between metacognitive control and overall task performance (Research question 2), both the corrected traditional quantifications of PES were found to be positively correlated with the number of accurate answers on the arithmetic task in 2nd grade [r(121) = 0.22, p = 0.02 for the traditional quantification using the mean; r(121) = 0.21, p = 0.02 for the traditional quantification using the median]. The Bayes factor, however, indicated only anecdotal evidence for these associations (1 <BF10 <3). The traditional quantification of PES using the median was also found to be positively correlated with the RT on correct trials in 3rd grade, r(92) = 0.21, p = 0.04, but the Bayes factor indicated no evidence either way (BF10 = 1). No other significant correlations between PES or PEIA and overall task performance were found.

Moving on to the association between metacognitive monitoring and control (Research question 3), it is important to note that calibration of confidence is typically influenced by task performance (i.e., accurate responses are easier to judge than inaccurate responses, Fleming and Lau, 2014). This was also observable in the current study, as the mean calibration of correct trials was 1.91 (SD = 0.12) in 2nd grade and 1.91 (SD = 0.13) in 3rd grade, while for error trials this was only 0.82 (SD = 0.54) in 2nd grade and 0.93 (SD = 0.74) in 3rd grade. We, therefore, controlled for overall accuracy on the arithmetic task when running these correlations. No significant correlations were found between monitoring and post-error adjustments, not in 2nd grade nor in 3rd grade.




3.3 Metacognitive control in working memory
 
3.3.1 Post-error slowing

The mean and median RTs for post-error and post-correct trials at both time points are shown in Table 3 and Figure 2. One-sample t-tests revealed significant PES in the 2-back task for both traditional quantifications. This was the case in 2nd grade [t(123) = 10.14, p < 0.001, Cohen's d = 0.91 for the traditional quantification with the mean; t(123) = 9.70, p < 0.001, Cohen's d = 0.87 for the traditional quantification with the median] and also in 3rd grade [t(120) = 8.92, p < 0.001, Cohen's d = 0.81 for the traditional quantification with the mean; t(120) = 9.80, p < 0.001, Cohen's d = 0.89 for the traditional quantification with the median]. The Bayes factor indicated decisive evidence for both quantifications in both grades (BF10 > 100).


TABLE 3 Mean/median RT's (in ms) for post-error and post-correct trials on the 2-back task.
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FIGURE 2
 Mean accuracy rates and median response times after errors and correct trials for 2nd and 3rd grade in the working memory task.


Paired t-tests revealed that the magnitude of PES did not change significantly from 2nd to 3rd grade for neither of the quantifications [t(118) = −0.35, p = 0.73, Cohen's d = −0.03 for the traditional quantification with the mean; t(118) = 0.44, p = 0.66, Cohen's d = 0.04 for the traditional quantification with the median]. The bayes factor indicated moderate evidence in favor of the null hypothesis for both quantifications of PES (0.1 <BF10 <0.33).



3.3.2 Post-error improvement in accuracy

Accuracy rates of post-error and post-correct trials at both time points are shown in Table 4 and Figure 2. One-sample t-tests revealed no significant PEIA in the 2-back task, for neither of the quantifications of PEIA. To the contrary, for both quantifications, there was a significant decrease in accuracy. This was the case in 2nd grade as well as in 3rd grade [t(123) = −7.03, p < 0.001, Cohen's d = −0.63 for PEIA two trials after the error in 2nd grade; t(123) = −10.30, p < 0.001, Cohen's d = −0.92 for PEIA three trials after the error in 2nd grade; t(120) = −9.06, p < 0.001, Cohen's d = −0.82 for PEIA two trials after the error in 3rd grade; t(120) = −13.49, p < 0.001, Cohen's d = −1.23 for PEIA three trials after the error in 3rd grade]. The Bayes factor indicated decisive evidence for all these effects (BF10 > 100).


TABLE 4 Accuracy rates (in %) for post-error and post-correct trials on the 2-back task.
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Paired t-tests revealed a significant difference in the magnitude of PEIA 2 trials after an error between 2nd and 3rd grade [t(118) = 2.48, p = 0.02, Cohen's d = 0.23]. However, the Bayes factor indicated only anecdotal evidence for this effect (BF10 = 1.91). In contrast, no significant difference was found in the magnitude of PEIA 3 trials after an error between 2nd and 3rd grade [t(118) = 1.11, p = 0.27, Cohen's d = 0.10]. The Bayes factor indicated moderate evidence for the null hypothesis (BF10 = 0.19).



3.3.3 Correlations

Pearson correlation coefficients, controlled for performance on the Raven's Standard Progressive Matrices, were run to assess associations between PES, PEIA, and overall task performance, as well as with PES and PEIA in the arithmetic task. A full correlation matrix can be found in Appendix C. The traditional quantification of PES with the mean was found to be negatively correlated with PEIA 2 trials after an error in 2nd grade [r(121) = −0.19, p = 0.03]. However, the Bayes factor indicated only anecdotal evidence (BF10 = 1.02). No other significant correlations between the quantifications of PES and the two quantifications of PEIA were found, not in 2nd grade nor in 3rd grade.

Regarding the association between metacognitive control and overall task performance, no significant correlations between PES or PEIA and performance on the 2-back task were found in 2nd grade. Surprisingly, in 3rd grade, the two traditional quantifications of PES and PEIA 2 trials after an error were negatively correlated with performance on the 2-back task [r(118) = −0.20, p = 0.03 for the traditional quantification of PES using the mean; r(118) = −0.19, p = 0.04 for the traditional quantification of PES using the median; r(118) = −0.30, p < 0.001 for PEIA 2 trials after an error]. While the Bayes factor indicated anecdotal evidence for the null hypothesis for the correlations with PES (0.33 <BF10 <1), it did reveal strong evidence for the correlation with PEIA (BF10 = 24.37).

Moving on to the associations between metacognitive control in the working memory domain and metacognitive control in the arithmetic domain (Research question 4), PES in the 2-back task was not significantly correlated with PES in the arithmetic task, not in 2nd grade nor in 3rd grade, except for the traditional quantifications with the median in 2nd grade [r(118) = 0.20, p = 0.03]. However, the Bayes factor indicated only anecdotal evidence for this association (BF10 = 1.30). The Bayes factor indicated moderate evidence in favor of the null hypothesis for most of the other correlations, both in 2nd and in 3rd grade (0.10 <BF10 <0.33). For the correlation between the traditional quantifications with the mean in 3rd grade, the Bayes factor indicated only anecdotal evidence in favor of the null hypothesis (0.33 <BF10 <1). Similarly, neither of the two quantifications of PEIA in the 2-back task were significantly correlated with PEIA in the computerized arithmetic task, not in 2nd grade nor in 3rd grade. The Bayes factor indicated moderate evidence in favor of the null hypothesis for these correlations in both grades (0.1 <BF10 <0.33), except for the correlation with PEIA 3 trials after an error in the 2-back task in 3rd grade, for which the Bayes factor indicated only anecdotal evidence in favor of the null hypothesis (BF10 = 0.64).





4 Discussion

This study longitudinally investigated metacognitive control, operationalized as post-error slowing (PES) and post-error improvement in accuracy (PEIA), in an arithmetic and working memory task in children from 2nd to 3rd grade of primary school. No strong evidence for PES in arithmetic was found, with only the traditional method using the median revealing significant PES effects. The great variability in the RT's between and within the children in the current study might explain why PES was only found when using the median. In contrast, we found strong evidence for PES in the working memory domain. This is a surprising result, as PES has previously been observed in children both in simple conflict tasks (e.g., Dubravac et al., 2022; Smulders et al., 2016), as well as in arithmetic (de Mooij et al., 2022).

There are two points worth mentioning regarding the absence of PES in arithmetic. First, previous studies that found PES in arithmetic, such as de Mooij et al. (2022) in children and Desmet et al. (2012) in adults, included feedback immediately following responses, while this was not the case in our study. One possibility is, therefore, that an external feedback signal after an error is necessary and a driving force for PES, especially in young children, who exhibit a stronger reaction to external feedback than adults (Ferdinand and Kray, 2014). We did, however, observe strong evidence for PES in the working memory task without feedback. Moreover, previous research has also observed PES in tasks without immediate feedback in adults (e.g., Allain et al., 2009; Houtman et al., 2012). Taken together, it is plausible that the necessity of feedback to elicit PES is greater in more complex tasks, such as arithmetic, and is, therefore, task-dependent. Research directly comparing the magnitude of PES between feedback vs. non-feedback conditions in arithmetic is, therefore, needed to gain more insights into the role of feedback in post-error adjustments.

Second, the absence of PES in arithmetic in combination with the presence of PEIA suggests that children might use control mechanisms other than slowing down to control their performance. A possibility could be that children decide to switch to a more effective strategy. Van der Borght et al. (2016) revealed that only adults who repeat the same strategy following an error exhibit PES. Adults that do not slow down after errors are the ones that change strategies after an error and are also the ones that are more accurate on post-error trials. Such patterns of performance might also be observed in children, as children have been shown to be able to select and switch strategies in arithmetic within the same task (Ardiale and Lemaire, 2013; Imbo and Vandierendonck, 2007), yet this has not been examined empirically. Studies investigating this in children are needed to obtain empirical evidence for this hypothesis. In the working memory task, individuals are more limited in post-error behavioral adjustments compared to the arithmetic task. Other than slowing down, there are not many other possibilities to control behavior in this task, which could explain why PES was observed in this domain in contrast to what was found in arithmetic.

Although we did not observe substantial evidence for the presence of PES in arithmetic, we did find strong evidence for PEIA in both grades. This suggests that children control their performance after committing errors, resulting in improved accuracy on the trial following the error. This aligns with de Mooij et al. (2022) who also revealed PEIA in children during mathematical activities. In contrast, many studies investigating PEIA in more simple tasks, such as conflict tasks, failed to observe PEIA (e.g., Hajcak and Simons, 2008; King et al., 2010; Notebaert and Verguts, 2011) or even found a decrease in accuracy on the trials following errors (e.g., Fiehler et al., 2005; Hajcak and Simons, 2008; Notebaert et al., 2009). The latter was also observed in the current study for the working memory domain. This discrepancy suggests that arithmetic allows for more ways to control behavior and improve accuracy following errors than more simple tasks. The fact that we observed a decrease in accuracy in the working memory task suggests that, in this specific task where performance on one trial is partly dependent of performance on another trial, children seem to lose control after committing an error or might be thrown off by their error, resulting in a pattern of subsequent errors after the initial error. However, it is important to note that PEIA measures in tasks where accuracy streaks are task-inherent (e.g., trials depending on each other) should be interpreted with caution (Danielmeier and Ullsperger, 2011).

PES and PEIA were not associated, neither in arithmetic nor in working memory, suggesting that slowing down is not effective in improving accuracy following errors. This is not a surprising finding considering the ongoing debate about the functionality of PES (Danielmeier and Ullsperger, 2011; Notebaert et al., 2009). The absence of an association between PES and PEIA might suggest that PES is not a reflection of cognitive control but rather a reaction to a surprising error prompting the individual to slow down, also referred to as the orienting account (Notebaert et al., 2009). Moreover, this interpretation can be backed-up with empirical evidence, as many studies have observed an absence of PEIA in combination with PES (e.g., Hajcak and Simons, 2008; King et al., 2010; Notebaert and Verguts, 2011) or a lack of association between these two post-error adjustments (e.g., King et al., 2010). What is, however, surprising is that the scarce studies in the domain of arithmetic have found PES and PEIA to be associated (Desmet et al., 2012), even in children (de Mooij et al., 2022). Moreover, most studies support the idea that PES only functions as an orienting response in simple tasks, such as conflict tasks, while it is more likely to reflect cognitive control in more complex tasks, such as arithmetic (e.g., de Mooij et al., 2022; Desmet et al., 2012). It is, therefore, plausible that the orienting account can explain the findings of the current study in the working memory domain, but not in the arithmetic domain. Perhaps more likely for the arithmetic domain is that children do slow down with the goal to control and improve their performance, but slowing down may not be the most effective way to do so. As mentioned previously, Van der Borght et al. (2016) found that switching strategies, rather than slowing down, is a more effective control mechanism in arithmetic in adults and does not necessarily occur in combination with PES.

We did not observe any developmental differences in the magnitude of the post-error adjustments between 2nd and 3rd grade, neither in arithmetic nor in working memory. While the 1-year follow-up period of the current study might be too short to capture any significant changes, as metacognitive regulation and post-error adjustments specifically are presumed to have a longer developmental trajectory (e.g., Dubravac et al., 2022), these findings are surprising. This is because previous research—albeit not all of them in the domain of arithmetic or working memory nor operationalized as post-error adjustments—have depicted the period of 7 until 9 years old as vital in the development of metacognitive control (de Mooij et al., 2022; Krebs and Roebers, 2010; Roebers et al., 2014; Roebers and Spiess, 2017; Selmeczy et al., 2021; Steiner et al., 2020). However, apart from Roebers and Spiess (2017) and Steiner et al. (2020), these studies all encompassed cross-sectional investigations rather than longitudinal ones, which could explain the difference in results with the current study. Moreover, while van Loon et al. (2024) did observe age-related differences in metacognitive control between the ages of 8 until 10 in one out of three tasks, these differences were not apparent in the other two. Steiner et al. (2020) also found age-related developmental differences to differ across tasks, suggesting that developmental differences could be task- and domain-specific.

It is, however, important to note that, while we did observe significant improvement in overall performance from 2nd to 3rd grade, the children in the current study got exactly the same tasks in 2nd grade as in 3rd grade. While other studies, although not in the domain of arithmetic, have also administered the exact same task to children from different ages and found age-related differences (e.g., Roebers and Spiess, 2017), the children in the current study were administered multiplication problems, which are known to go through major developmental progression in the age range under study in the Flemish school system. The 2nd graders in our study were still in a learning phase for multiplication, while the 3rd graders already automatized these multiplications, as is evidenced by the notable differences in accuracy rates and RTs between the two time points on the arithmetic task. More specifically, in 3rd grade we observed ceiling effects for many of the children. This could account for smaller PES and PEIA than what we might observe if the task was adjusted to their skill level. In other words, if the children were administered a task that reflected their increasing skill level, increases in the magnitude of PES and PEIA might have been observed. This hypothesis is strengthened by the study of de Mooij et al. (2022) who investigated PES in an adaptive learning environment and found the magnitude of PES to increase from the age of 6 until 9 years old. Moreover, they found PES to be greater in children that chose the highest difficulty level and, therefore, had the highest error rate.

The current study revealed a small association between PES and the overall accuracy on the arithmetic task in 2nd grade, even after controlling for intellectual ability. No such association was found in 3rd grade. The latter finding is not surprising, given that previous research suggests that metacognitive control, although not operationalized as PES or PEIA, at a young age is not always associated with overall task performance (Ger and Roebers, 2023), and that this association only emerges from the age of 10 years old onwards (van Loon and Oeri, 2023). While de Mooij et al. (2022) found PES to be positively associated with ability level in mathematical activities between the ages of 5 and 13 years old, they did not investigate the influence of age on this association, leaving it unresolved whether this association is present throughout this whole age range or, for example, only in older children. The current study found an association between PES and overall task performance in 2nd grade. Even though no strong conclusions can be drawn from this result, as the Bayes factor only indicated anecdotal evidence, there are two plausible explanations for the difference in results between 2nd and 3rd grade. First, the ceiling effects observed in 3rd grade, as mentioned earlier, could explain the lack of association between PES and overall accuracy. Second, as mentioned before, 2nd graders in Flemish schools are still in the learning phase regarding single-digit multiplication. It could, therefore, be that slowing down following errors helps children learn and memorize the material better, resulting in greater ability and better overall task performance. This hypothesis is strengthened by the findings from de Mooij et al. (2022), who, as mentioned before, found an association with ability level; importantly, they found this association in an adaptive environment that is more focused on learning than performance. Research specifically investigating post-error adjustments in an arithmetic learning protocol could provide more insights into how these behavioral adjustments might support the learning process for new arithmetic problems.

Regarding the working memory domain, the current study revealed a negative association between PEIA two trials after an error and performance on the working memory task, indicating that children who are more accurate two trials after an error perform worse on the task. This is a surprising result considering that PEIA is thought to reflect cognitive control with the goal to increase overall task performance (Danielmeier and Ullsperger, 2011). One possibility is that children might notice the error, resulting in an orientation toward and increased recall of the presented item, which ultimately results in better performance two trials later, as that trial is inherently dependent on the trial two steps before. This could, however, ultimately result in worse task performance overall, as an increased orientation to the error might make it harder for the child to regain focus on the other trials (Notebaert et al., 2009). In this situation, PEIA is, thus, not a reflection of cognitive control but rather an orienting response to the error.

Moving on to the association between metacognitive control and metacognitive monitoring, no significant associations were found. These results align with previous research, as studies suggest that an association between monitoring and control is only just emerging at this age (Hoffmann-Biencourt et al., 2010; Roebers and Spiess, 2017). A hypothesis for the lack of association between monitoring and PES is that other skills, such as executive functions, are needed to slow down after committing an error. Given that these types of skills are still developing in this age group (Diamond, 2013), children who pick up on their errors might not be able to translate this in an immediate control response, resulting in a lack of association between these two skills.

The discussion up until this point made clear that findings regarding post-error adjustments in arithmetic and post-error adjustments in working memory differed. Furthermore, we also found measures of PES and PEIA in arithmetic to be uncorrelated with PES and PEIA in working memory. These results challenge previous evidence for domain-generality of post-error adjustments found in studies by Dubravac et al. (2022) and Ger and Roebers (2023). A possible explanation for this discrepancy in results is that these studies compared different types of conflict tasks that reflect a similar domain, while the current study compared two tasks that reflect two distinct domains. Domain-generality of post-error adjustments might, therefore, only hold evidence when assessing and comparing relatively similar domains. It is, however, important to note that the two tasks used in the current study differed on more characteristics than solely the domain. First, as mentioned earlier, trials are dependent on each other in the 2-back task, while they are independent in the arithmetic task. To account for the dependency of trials in the 2-back task, we calculated PEIA in a different way than in the arithmetic task, raising challenges regarding the interpretation of the lack of association between the two tasks. Second, in contrast to the arithmetic task, PEIA was found to go in the opposite direction in the 2-back task, making the interpretation regarding correlations between the two more complicated. Such differences make it difficult to draw strong conclusions on the domain-generality of post-error adjustments and the results should, therefore, be interpreted with caution. Research investigating and comparing tasks that reflect distinct domains but are similar in task-requirements is, thus, needed.

The findings of this study should be interpreted with knowledge about its limitations, which offer opportunities for future research. First, ceiling effects present in the arithmetic task in 3rd grade might have biased or hidden possible effects and correlations. Future studies investigating post-error adjustments should avoid high accuracy rates by using tasks that reflect the participants' skill level. Second, while the current study provides new insights in the development of post-error adjustments due to its longitudinal nature, it only covered a short developmental period, which might have been insufficient to capture developmental changes. Future longitudinal studies should cover a larger age range to capture the long developmental trajectory that metacognitive control is presumed to have. Third, while the current study provides insights into post-error adjustments in an academic task, the tasks were still to some extent controlled. Although the controlled nature of the tasks is needed to isolate and obtain a clear understanding of metacognitive processes, it should be noted that there are still differences with tasks used in real classroom settings. Finally, the provided hypotheses regarding the underlying mechanisms of PES and PEIA could not be empirically evaluated in the current study. In other words, the design of this study did not allow us to investigate why children slow down or how they manage to improve their accuracy on trials. Moreover, these underlying mechanisms could be different depending on the task. Further research investigating other post-error adjustments, such as strategy switches, in combination with PES and PEIA could provide more insight into the underlying mechanisms.

In summary, the current study provides some evidence for the presence of metacognitive control, as indicated by measures of PES and PEIA, among 7–8-year-old children who were longitudinally followed up until 8–9 years old, both in arithmetic and working memory tasks. Nevertheless, notable distinctions emerged between the two domains, challenging previous evidence for domain-generality of post-error adjustments. Modest associations between metacognitive control and overall task performance in arithmetic were found at 7–8 years old, suggesting a potential adaptive role of post-error adjustments in the learning phase of arithmetic. It is, however, yet to be empirically investigated what the precise underlying mechanisms of the observed post-error adjustments are. Further research is necessary to advance our understanding of metacognitive control in arithmetic.
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Examining children's decisions to explore or exploit the environment provides a window into their developing metacognition and reflection capacities. Reinforcement learning, characterized by the balance between exploring new options (exploration) and utilizing known ones (exploitation), is central to this discussion. Children initially exhibit broad and intensive exploration, which gradually shifts toward exploitation as they grow. We review major theories and empirical findings, highlighting two main exploration strategies: random and directed. The former involves stochastic choices without considering information or rewards, while the latter is driven by reducing uncertainty for information gain. Behavioral tasks such as n-armed bandit, horizon, and patch foraging tasks are used to study these strategies. Findings on the n-armed bandit and horizon tasks showed mixed results on whether random exploration decreases over time. Directed exploration consistently decreases with age, but its emergence depends on task difficulty. In patch-foraging tasks, adults tend to overexploit (staying too long in one patch) and children overexplore (leaving too early), whereas adolescents display the most optimal balance. The paper also addresses open questions regarding the mechanisms supporting early exploration and the application of these strategies in real-life contexts like persistence. Future research should further investigate the relation between cognitive control, such as executive function and metacognition, and explore-exploit strategies, and examine their practical implications for adaptive learning and decision-making in children.
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When a child is born, the world around them is new and unpredictable. However, they gradually learn about their environment through contingency, forming associations between their behaviors and either positive or negative consequences, and start to use these contingencies to guide their future behaviors. This type of learning is known as reinforcement learning (e.g., Nussenbaum and Hartley, 2019). For example, infants as young as 2 months old quickly increase their kicking behavior in an experiment where a ribbon is attached to their ankle and connected to a mobile hanging overhead (Rovee-Collier, 1997). This behavior occurs because they explore the object attached to their ankle and learn the associations between their leg movements and the mobile's movements. In the beginning, this kind of exploration aims at improving and expanding knowledge. However, choosing whether and when to explore is a genuinely complex decision, as more options become available, varying in value. For instance, if the infants also were given an attractive toy to grasp, they could explore the new toy for potential enjoyment or continue playing with the mobile, which already provides them with joy. As children grow, they face decisions ranging from trivial ones, such as what to eat for dinner or where to play, to more significant ones, such as whether to go to college and whom to be friends with. In such situations, they must either search for better options (explore) or utilize their known options (exploit). Developmental psychologists actively research how children balance the competing demands of exploration and exploitation when faced with two or more options, yet much is still unknown.

In this paper, we aim to review the major theories and empirical findings regarding explore-exploit strategies and how they shift across development. Indeed, young children do explore intensively and broadly, often at the cost of exploitation, and the exploration tendency decreases with age (see Gopnik, 2020, and Nussenbaum and Hartley, 2019 for review). Below, we will overview the definition of exploration and exploitation, the explore-exploit tradeoff/dilemma, and one optimal solution. Next, we will summarize exploration across development in the reinforcement learning literature. Finally, we will highlight directions for future explore-exploit developmental research, with a focus on its potential to advance our understanding of executive function, metacognition, and reflection.

While this is not a systematic review, our methodology is consistent with utilizing PsychInfo and Google Scholar as primary sources. The search was conducted using the following keywords: 1. explore-exploit; development, 2. explore-exploit; development; and task-specific terms (e.g., bandit, horizon, patch-foraging), 3. exploration; reinforcement learning, 4. exploration; reinforcement learning; and task-specific terms (e.g., bandit, horizon, patch-foraging). The search was restricted to articles published between 2010 and 2024, with exceptions made for seminal articles that introduce key concepts, focusing on studies involving human participants from infancy through early adulthood (see Table 1).


TABLE 1 Summary of developmental explore/exploit research findings.
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Key concepts in explore-exploit learning

Exploration involves experimenting with various options and is typically favored under conditions of low knowledge and high uncertainty (Daw et al., 2006). Conversely, exploitation involves adhering to the most lucrative option to maximize rewards and is typically favored under conditions of high knowledge and low uncertainty. Exploration and exploitation represent endpoints along a spectrum–ranging from broad to narrow, noisy to efficient, and information-seeking to reward-seeking–rather than a strict dichotomy (Frankenhuis and Gopnik, 2023). An explore-exploit tradeoff naturally occurs in the decision-making process because choosing to seek new information (exploration) means forgoing an opportunity to choose a familiar option and secure a known reward (exploitation). This dilemma is prevalent not only in human lives but also across the animal kingdom and within society in general (Cohen et al., 2007; Hills et al., 2015; Mehlhorn et al., 2015).

One strategy used by organisms, including humans, animals, and machines to tackle the explore-exploit dilemma, is balancing exploration and exploitation. This balance refers to initially preferring exploration and gradually transitioning toward exploitation (Cohen et al., 2007; Hills et al., 2015; Mehlhorn et al., 2015). Exploration is prioritized at the onset of the learning process and diminishes over time as the agent accumulates knowledge and reduces uncertainty (Auer, 2002). This pattern is sensible for two reasons, according to Gopnik (2020). Firstly, agents cannot effectively exploit the reward structure of their environment until they have sufficiently explored it. As agents learn more, it becomes more rational to rely on existing knowledge and reduce the drive to acquire new information. Secondly, if there is a limited timeframe to solve a task, as time passes, there are fewer chances to leverage the information acquired through exploration. There is substantial empirical evidence to believe that explore-first and exploit-later strategies may be embodied in our typical developmental trajectories.



Exploration and exploitation across development

There is considerable evidence of children's increased exploration during play in their early years (e.g., Bonawitz et al., 2012; Doan et al., 2020; Golinkoff et al., 2006; Schulz and Bonawitz, 2007). However, this paper focuses specifically on reinforcement learning literature, as it provides the most compelling evidence of developmental transitions in exploration, explicitly showing adaptive decision-making with age (Table 1). Two major exploration strategies are random exploration and directed exploration. Random exploration follows a stochastic choice policy, without considering information or rewards (Giron et al., 2023; Meder et al., 2021). Directed exploration, on the other hand, is driven by a strong desire to gain information and resolve high uncertainty (Giron et al., 2023; Meder et al., 2021; Schulz et al., 2019). Although they are conceptually distinct (Wilson et al., 2014), with dissociable neural signatures (Zajkowski et al., 2017), random and directed exploration are not mutually exclusive. For example, systematic switching in random exploration appears to approximate directed exploration. Behavioral tasks used to study exploration strategies include n-armed bandit tasks (e.g., Gittins and Jones, 1979; Speekenbrink, 2022), horizon tasks (e.g., Wilson et al., 2014), and patch-foraging tasks (e.g., Charnov, 1976; Lloyd et al., 2023).

An n-armed bandit task is like a slot machine with multiple levers. In a 4-armed bandit task, individuals choose from four options, receive feedback on the reward, and make the next selection (Daw et al., 2006). They must balance between exploiting the highest-value option and exploring others to confirm that the known highest-value option remains the best choice. The reward probability can stay constant or change over time (Speekenbrink, 2022). Studies using n-armed bandit tasks have mixed results on whether the randomness of choices decreases over time. Using a spatially correlated multi-armed bandit task (where rewards of different options are correlated to their spatial proximity, meaning that close-distance options have similar reward probabilities), a study comparing 6- and 8-year-olds found high levels of random exploration only in the 6-year-olds group, suggesting a decline in random exploration by middle childhood (Meder et al., 2021). Similar results were observed in a broad age range of participants from 5 to 55 years old, showing a decrease in random exploration with age (Giron et al., 2023). These findings support the “cooling off” theory (Gopnik, 2020), drawing an analogy from statistical physics (Kirkpatrick et al., 1983). Random exploration is likened to a “higher-temperature” (noisier) search, and the “cooling off” process is likened to a simulated annealing algorithm. Just as heating and cooling metal strengthens its structure, children—naïve learners—begin with broad, “high temperature” exploration to avoid local optima and gradually shift to narrow, “low temperature” exploitation by reducing randomness. However, other studies reported no significant differences between children and adults in the amount of random exploration (Schulz et al., 2019) or found that children's exploration is even “systematic” from a young age. In a simplified 4-armed bandit task, Blanco and Sloutsky (2020, 2021, 2024) found that 3–4-year-old children frequently switched their responses and specifically prioritized choosing options they had visited the least recently, making their exploration pattern systematic. These findings may suggest that children are engaging in uncertainty-based directed exploration.

Unlike random exploration, there is more consensus that directed exploration decreases across ages. Relative to adults, children have a bias toward directed exploration and sample options with an intrinsic goal of maximizing the information gain. In a simplified 4-armed bandit task, 4-year-old children preferred options with hidden rewards over visually explicit ones, although there was significant variability within the group (Blanco and Sloutsky, 2021). Using a spatially correlated multi-armed bandit task, studies with children ages 4 to 11 showed higher levels of directed exploration than adults (Meder et al., 2021; Schulz et al., 2019; Wu et al., 2018). For individuals implementing directed exploration, obtaining information is inherently rewarding, and the exploration is encouraged by an information bonus (Auer, 2002).

It is important to note, however, that in n-armed bandit tasks and similar explore-exploit tasks, there is a reward-information confound, making it hard to distinguish between random and directed exploration. Participants only receive feedback on their chosen options and often select the rewarding options to maximize their rewards. This results in an abundance of information about rewarding options, obscuring whether participants' choices were random or aimed at reducing uncertainty. To address this concern, novel tasks like the horizon task have been developed (Wilson et al., 2014). A horizon task is a 2-armed bandit task that includes initial forced-choice trials revealing information about one bandit, followed by free-choice trials where participants choose between two bandits. This design clearly parses between random and directed exploration by removing reward-information confounds in forced-choice trials and manipulating the number of free-choice trials with varying time horizons (e.g., one free-choice trial for a short horizon vs. six for a long horizon).

Several studies have used horizon tasks to investigate how individuals strategically use random and directed exploration. In strategic learning, individuals should select the option with lower means of rewards across trials and the uncertain option more often in the long horizon than in the short horizon. This is because, on the long horizon, individuals have more opportunities to utilize the rewards they explored and learned.

Concerning how this strategic use matures with age, the existing literature does not clearly indicate when children start to show the adult level of mature adaptation to the time horizon or strategic uses of random and directed exploration based on the utility of the environment. Adults increased both directed exploration (by choosing the uncertain option) and random exploration (by choosing the lower-mean option) in the long horizon relative to the short horizon (Wilson et al., 2014). However, adolescents were less flexible in guiding their exploration based on the horizon length, often choosing less uncertain options in the long horizon and preferring high-mean options instead (Somerville et al., 2017). This behavior suggests adolescents value immediate rewards more than new information that holds potential long-term benefits. No age-related changes in random exploration were observed. While Somerville et al. (2017) reported 12-year-olds did not exhibit mature adaptation like adults, another study using a simplified horizon task found that adult-like adaptation can be acquired by ages 11–12, but not at ages 5–6 years old (Zhuang et al., 2023).

The last explore-exploit behavior task is a patch foraging task (e.g., Orchard task in Constantino and Daw, 2015; Harms et al., 2024; Lloyd et al., 2021), which simulates the animal foraging scenario where an individual must decide how long to exploit a resource patch (e.g., a bush with apples) before exploring a new one (Lloyd et al., 2023). As time spent in a patch increases, the resources (apples) become scarcer. Moving to a new patch incurs time costs, and so during the limited time, the best strategy is to optimize harvest per patch. The marginal value theorem (MVT) suggests that the optimal time to explore new patches is when the expected rewards from the current patch drop below the background reward rate, or the average reward rate of the environment.

In patch foraging tasks, exploration decreases from childhood through adulthood (Lloyd et al., 2023). As children grow, they become adept at adjusting their foraging behavior to the environment's richness, aligning with MVT (Lloyd et al., 2023). Adolescents and adults explore more in richer environments and exploit patches more in poorer ones (Lloyd et al., 2023). In some foraging tasks, mature “leaving” even emerges as early as age 6, indicating the early development of optimal threshold identification (de Liaño et al., 2022). However, in classic patch foraging tasks like the Orchard task, middle adolescence seems to be the peak period for optimal foraging behavior. Early adolescents around 11 years old and young adults aged 19 displayed more exploration by leaving earlier than was optimal for reward maximization (Harms et al., 2024). In contrast, using a similar task, 16–17-year-old middle adolescents explored more than adults aged 30 (Lloyd et al., 2021), whereas adults tended to overexploit patches, showing suboptimal performance (Constantino and Daw, 2015). Middle adolescents' optimal-like foraging, garnering more rewards compared to adults, contrasts with the “cooling off” theory, which posits that adults should be more effective at acquiring rewards. Researchers attribute adults' overexploitation to their risk sensitivity, placing too much value on immediate rewards (Constantino and Daw, 2015). Adolescents' reduced aversion to ambiguity may explain their greater exploration and faster adaptation to new environments (Conley and Baskin-Sommers, 2023).



Open questions and future directions

We have reviewed key literature on the dynamics of exploration and exploitation from the preschool period through adulthood. In this section, we highlight two significant questions that remain underexplored and suggest directions for future research.

The first question is: How can explore-exploit strategies be studied in relation to more real-life contexts characterized by uncertainty, complex reward structures, and constraints on time, money, and effort? One relevant context is persistence. Traditionally, the persistence literature has focused on whether individuals persist by repeating the same action until achieving a goal or quitting (e.g., Leonard et al., 2017, 2020, 2021). Recent studies have begun to view persistence as a dynamic process, incorporating the temporal-behavioral aspects of persistence (Lucca et al., 2020; Oeri et al., 2020, 2024; Wang and Bonawitz, 2022). For example, Wang and Bonawitz (2022) found that preschoolers quit difficult tasks, especially when the likelihood of reward is low, suggesting that they strategically use explore-exploit strategies by considering task difficulty and reward probabilities, when they adjust their persistence. In our own work, Kim et al. (2024) investigated explore-exploit strategies in a novel persistence task that was age-appropriate but challenging to achieve the goal (catching pretend fish in ponds with diminishing rewards). Using latent class analysis, we found that children aged 3–7 used three different strategies when persisting toward a goal: exploration-dominant, exploitation-dominant, and balanced. The ability to balance exploration and exploitation did not emerge until around age 6. The balanced approach was interpreted as the most adaptive strategy, revealed by this more dynamic approach to task analysis as opposed to simply capturing persisting vs. quitting. Incorporating explore-exploit strategies in studying persistence dynamics is promising, and more research is anticipated in this area.

The second question is: What are the underlying mechanisms that support young children's intensive and broad exploration in their early lives and their shift to more strategic exploration? One possible mechanism is children's intrinsic motivation to explore. A study by Liquin and Gopnik (2022) supports the idea that children's heightened exploration tendencies are primarily driven by their strong motivation to explore. The authors tested whether the differences in exploration between children and adults were due to differences in their initial beliefs about the environment—assumptions about which options will be rewarding or costly—or motivational differences. Their findings showed no significant differences in initial beliefs between children and adults, indicating that the differences in exploration were derived from motivation. In a follow-up study, when the same hints about the environment were given, both children and adults made similar inferences, further supporting the motivational account.

Another mechanism could be the development of cognitive control, including executive function and metacognition skills, which are essential for problem-solving (Marulis and Nelson, 2021). Exploration is often described as a complex process, as it demands several situational factors that individuals need to take into account prior to exploration, such as ambiguity, expected value of options, and information gains (Lapidow and Bonawitz, 2023; Le Heron et al., 2020). Optimizing exploration requires integrating cognitive processes, such as causal learning (Bonawitz et al., 2012, 2014), reward-based learning (Wittmann et al., 2023), and executive function/metacognition (Badre et al., 2012; Lee and Carlson, 2015; Otto et al., 2013). The protracted development of explore-exploit strategies, with a late shift from predominant exploration to goal-directed decision-making with more exploitation, may be due to the prolonged maturation of executive function and metacognition (O'Leary and Sloutsky, 2017; Roebers, 2017; Zelazo and Carlson, 2012). However, researchers found that even young children (ages 3–4) can show systematic exploration despite immature top-down regulation, which may be possible via bottom-up regulation of broad attention distribution (Blanco and Sloutsky, 2020, 2021). One study even reported no associations between proactive control and strategic exploration adapted to time horizons (Zhuang et al., 2023). In contrast, in the persistence study mentioned earlier, we found that children aged 3–7 with better executive function skills and metacognitive awareness in post-task interviews tended to balance their exploration and exploitation strategies more effectively in the context of diminishing rewards, even after controlling for age (Kim et al., 2024). We reasoned that children who reflected on the task as it unfolded were better able to monitor and control their strong urge to explore novel options. Since persistence aims at achieving a goal, future studies could examine how to foster younger children's adaptive persistence decision-making by helping them reflect upon their performance and learn flexibility in their thinking process, determining when to keep going and when to change their goals or strategies. As current findings are mixed, however, more research is needed to investigate the relations between explore-exploit strategies and cognitive control.



Conclusion

In conclusion, the dynamics of exploration and exploitation throughout child development is a complex interplay between the desire to seek new information and the need to take advantage of known rewards. Children's exploration is influenced by their intrinsic motivation to explore, and they become more balanced in strategy use with age and the development of cognitive control skills. Understanding these developmental trajectories not only deepens our knowledge but also has practical implications for parenting and educational interventions aimed at fostering adaptive learning and decision-making skills. Future research should continue to examine the underlying mechanisms that support children's exploration and drive the transitions with ages and examine how explore-exploit strategies can be applied to real-life situations, ultimately helping children achieve their goals effectively.
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Introduction: Cognitive reflection is the ability and disposition to reflect on one's own thinking, allowing a person to identify and correct judgments grounded in intuition rather than logic. Cognitive reflection strongly predicts school-aged children's understanding of counterintuitive science concepts. Here, we asked whether children's cognitive reflection similarly predicts a domain-general scientific skill: the interpretation of covariation data.

Method: Five- to 12-year-olds (N = 74) completed a children's Cognitive Reflection Test (CRT-D) and measures of executive functioning. They also interpreted covariation data presented in 2 x 2 contingency tables.

Results and discussion: CRT-D performance predicted children's overall accuracy and the strategies they used to evaluate the contingency tables, even after adjusting for their age, set-shifting ability, inhibitory control, and working memory. Thus, the relationship between cognitive reflection and statistical reasoning emerges early in development. These findings suggest cognitive reflection is broadly involved in children's scientific thinking, supporting domain-general data-interpretation skills in addition to domain-specific conceptual knowledge.

Keywords
cognitive reflection, scientific thinking, evidence evaluation, statistical reasoning, data interpretation, development


1 Introduction

Human reasoning and decision-making are often characterized by the coexistence and interaction of fast intuitive processes and more costly deliberative analytic processes (Kahneman, 2011). The Cognitive Reflection Test (CRT; Frederick, 2005) and its variants (e.g., verbal CRT, Sirota et al., 2021) are the most widely used measures of individual differences in analytic vs. intuitive thinking in adults. CRTs are designed to measure the ability and disposition to override an intuitive incorrect response and engage in deliberative reflection to generate a correct alternative response. Consider the famous bat-and-ball item: “A bat and a ball cost $1.10 in total. The bat costs $1 more than ball. How much does the ball cost?” A majority of adults provide the intuitively cued response of 10 cents, failing to realize that the bat itself would then cost $1.10. Adults who provide the correct answer of 5 cents are thought to have engaged in analytic reflection, detecting and inhibiting the incorrect intuitive response that first came to mind and effortfully generating a correct response in its place (see also Bago and De Neys, 2019).

Adult performance on the CRT is widely known as an excellent predictor of rational thinking on heuristics-and-biases tasks and normative thinking dispositions (e.g., Frederick, 2005; Toplak et al., 2011). More broadly, adults with greater cognitive reflection tend to prioritize analysis over intuition across many domains. For example, they demonstrate greater conceptual understanding of science (e.g., astronomy and thermodynamics; Shtulman and McCallum, 2014) and are more likely to endorse contested scientific beliefs (e.g., evolution, climate change, and vaccination; Gervais, 2015; Pennycook et al., 2023). They are also better at rejecting empirically unjustifiable claims, including fake news (Pennycook and Rand, 2019), conspiracy theories (Swami et al., 2014), paranormal beliefs (Pennycook et al., 2012), and social stereotypes (Blanchar and Sparkman, 2020).

Recent studies using a verbal CRT for elementary-school-aged children, the Cognitive Reflection Test–Developmental Version (CRT-D), have found cognitive reflection to be a similarly powerful predictor of children's thinking and reasoning (Shtulman and Young, 2023). Performance on the CRT-D predicts rational thinking on heuristics-and-biases tasks and normative thinking dispositions in children from the U.S. (Young et al., 2018) as well as China (Gong et al., 2021). Furthermore, the CRT-D predicts children's understanding of counterintuitive concepts in biology, physics, and mathematics, as well as their ability to learn from instruction targeting these concepts (Young and Shtulman, 2020a,b; Young et al., 2022).

The above evidence suggests cognitive reflection supports the development of domain-specific scientific knowledge. However, domain-general scientific skills and practices (e.g., data interpretation, experimentation, and argumentation) are also fundamental to the development of scientific thinking (Zimmerman, 2007; Shtulman and Walker, 2020; NGSS Lead States, 2013). The present study investigates whether cognitive reflection predicts children's successful interpretations of covariation data.

Interpreting covariation data is a critical skill, as both children and adults need to draw conclusions from and update beliefs in response to data encountered in their everyday lives. By the end of the preschool years, children are able to interpret and revise their beliefs based on simple patterns of covariation data (Koerber et al., 2005; Schulz et al., 2007). However, many children and adults have great difficulty interpreting more complex patterns of covariation. When presented with covariation data in a 2 x 2 contingency table like the one shown in Figure 1, children and adults commonly generate inaccurate judgments and use non-optimal strategies that often neglect parts of the data (Shaklee and Mims, 1981; Shaklee and Paszek, 1985; Saffran et al., 2019; Osterhaus et al., 2019). For example, Saffran et al. (2016) found that 2nd and 4th graders justified their covariation judgments by mentioning only two-cells of a contingency table (e.g., A and B, but not C and D) on ~33% of trials, and mentioned the normative comparison of ratios (i.e., conditional probabilities) on only ~3% of trials.


[image: Figure 1]
FIGURE 1
 Example of a 2 x 2 contingency table with labeled cells.


Prior research has not directly examined whether cognitive reflection predicts children's interpretations of covariation data presented in 2 x 2 contingency tables. However, cognitive reflection does predict reasoning on several related tasks. In adults, cognitive reflection is positively associated with accurate interpretations of covariation data that are presented sequentially (e.g., Saltor et al., 2023). Stanovich, Toplak, and colleagues have also found that cognitive reflection predicts adolescent and adult performance on composite measures of scientific thinking that include items on covariation detection in 2 x 2 contingency tables, though they do not report correlations with covariation items specifically (Stanovich et al., 2016; Toplak and Stanovich, 2024).

Obersteiner et al. (2015) have suggested children's invalid strategy use on 2 x 2 contingency tables arises from two common intuitive biases: base-rate bias (i.e., ignoring the base rate at which some effect occurs) and whole number bias (i.e., focusing on whole number components of fractions rather than the overall ratios). Children with greater cognitive reflection are less likely to exhibit both of these biases. For example, CRT-D performance predicts normative reasoning on base-rate sensitivity and denominator neglect/ratio bias tasks (e.g., Gong et al., 2021; Young and Shtulman, 2020a). Furthermore, middle school students' CRT-D performance positively predicts their mature number sense, including perceiving fractions as numbers (rather than separate numerators and denominators) and rich conceptual understandings of rational and whole numbers (Kirkland et al., 2024).

Finally, considering multiple hypotheses and focusing on disconfirmation (rather than confirmation) are both thought to improve correct interpretation of contingency tables (e.g., Osterhaus et al., 2019). Cognitive reflection facilitates children's reasoning about possibilities (Shtulman et al., 2023), and might similarly facilitate children's reasoning about multiple hypotheses. Additionally, adults who rely on counterexamples to solve reasoning problems tend to have higher CRT scores and more accurate covariation judgments (Béghin and Markovits, 2022; Thompson and Markovits, 2021). These multiple lines of evidence suggest children who exhibit greater cognitive reflection should be more successful in interpreting covariation data than those who exhibit less.

In this study we measured school-aged children's performance on the CRT-D and explicit judgments of covariation data presented in 2 x 2 contingency tables. We adopted our stimuli and procedure from Saffran et al. (2016). That is, we presented data in a grounded context (i.e., plant foods and plant growth) using symmetrical tables that compared two potential causes rather than the presence and absence of one candidate cause (i.e., Food A vs. Food B, rather than Food A vs. No Food). Both contextual grounding and symmetry of variables support children's and adults' successful interpretations of covariation data (Osterhaus et al., 2019; Saffran et al., 2016). We considered children's covariation judgment accuracy and strategy use. Prior research has usually examined children's and adults' strategies for interpreting covariation data by eliciting verbal explanations and justifications (e.g., Saffran et al., 2016, 2019) or by evaluating patterns of correct responding across items (e.g., Shaklee and Paszek, 1985; Osterhaus et al., 2019). We used patterns of responding, including specific errors, to assess children's strategies.

We also measured children's executive functions, including set-shifting, inhibitory control, and working memory. Inhibitory control processes have been hypothesized to support children's covariation judgments (e.g., reducing base-rate and whole number biases; Obersteiner et al., 2015). Similarly, limited working memory capacity might contribute to children's use of strategies that neglect parts of a data table (Saffran et al., 2019). However, prior research has not directly examined children's executive functions and their evaluations of 2 x 2 contingency tables. Measuring executive functions also allowed us to further examine the predictive utility of cognitive reflection. Research with children and adults suggests the predictive strength of cognitive reflection is largely independent of executive functions (e.g., Toplak et al., 2011; Young and Shtulman, 2020a), but this may not be the case for interpreting covariation data. Thus, we asked whether the CRT-D is a useful predictor of covariation judgment accuracy and strategy use after adjusting for children's age and executive functions.



2 Method


2.1 Participants

Our participants were 74 children in kindergarten through 6th grade. Their mean age was 7 years and 5 months, and they were approximately balanced for gender (42 female, 32 male). Children were recruited from public playgrounds in Southern California. The present data is a subset of 86 children reported on in Gorman (1986) investigation of fake news detection. Eight children from this larger dataset did not complete the covariation judgment task and were excluded from the present analyses. Additionally, four children who had not yet entered kindergarten were excluded, as the covariation judgment task we used has not been used with preschoolers in prior research.



2.2 Measures and materials
 
2.2.1 Cognitive reflection test—developmental version

Children completed the 9 item CRT-D (Young and Shtulman, 2020a) as a measure of cognitive reflection. The test consists of brainteasers designed to elicit intuitive, yet incorrect, responses that children can correct upon further reflection. An example item is “If you're running a race and you pass the person in second place, what place are you in?” The lure response is first, but the correct answer is second, as you have not passed the person in first. We used the number of correct responses as children's score, with higher scores indicating greater cognitive reflection.



2.2.2 Executive function tasks
 
2.2.2.1 Verbal fluency

Children completed two verbal fluency tasks as measures of endogenous set-shifting (Munakata et al., 2012). They named as many animals as they could in 1 min and as many foods as they could in 1 min (without repetition). To be successful, children had to recognize the need to switch subcategories when they had exhausted exemplars from the current subcategory (e.g., breakfast foods) and also decide what new subcategory to switch to (e.g., desserts, fruits, or snacks) without external cues. Children's responses were audio-recorded and transcribed. Children's performance on the animal and food tasks were similar (MeanAnimal = 12.6, SDAnimal = 5.5 vs. MeanFood = 11.9, SDFood = 5.6) and highly correlated, r(38) = 0.73. We used the mean number of items across the animal and food tasks as children's verbal fluency score. In cases where we did not have data for both verbal fluency tasks (e.g., due to recording errors or attrition), we scored their performance on a single verbal fluency task.



2.2.2.2 Toolbox flanker inhibitory control and attention test

Children completed the tablet-based Flanker Test from the NIH Toolbox Cognition Battery (Zelazo et al., 2013; iPad Version 1.11). The test measures both attention and inhibitory control, requiring children to indicate the left-right orientation of a middle stimulus while inhibiting attention to four flanking stimuli. Scoring of the Toolbox Flanker is based on both accuracy and reaction time (Zelazo et al., 2013). We used uncorrected standardized scores (Mean = 100, SD = 15), which reflect overall level of performance relative to the entire NIH Toolbox normative sample, regardless of age or other demographic factors. Higher scores indicate better performance.



2.2.2.3 Backward digit span

Children completed a backward digit span task that required maintenance and manipulation of items in working memory (Alloway et al., 2009). The experimenter read a sequence of numbers at a pace of one per second. Children were then asked to repeat the numbers in reverse order. Children were given a practice trial of 3 digits and then test trials starting at 2 digits, increasing by 1 digit after every 2 trials. The task ended when children failed both trials of a given length or at the conclusion of the 8-digit trials. We used the highest span with at least one correct trial as children's score (Alloway et al., 2009). Scores could range from 1 to 8 (a score of 1 was assigned if children failed both 2-digit trials).




2.2.3 Covariation judgment materials

We used six 2 × 2 contingency table items from Saffran et al. (2016). Items were presented in the context of a story about scientists developing different plant foods to improve plant growth. The rows of the tables were labeled with illustrations indicating “Food A” and “Food B,” the two levels of the independent variable. The columns of the tables were labeled with illustrations indicating the “plant is growing” and the “plant is dying,” the two levels of the dependent variable. Cell frequencies were depicted with illustrations and numbers. Figure 2 shows an example item as presented to children and the cell frequencies of the six items. The normative strategy for solving such problems is to compare conditional probabilities. In this strategy, also called comparison of ratios, a solver compares the proportion of cases with growing plants that received Food A to the proportion of cases with growing plants that received Food B [e.g., A/(A+B) vs. C/(C+D)].


[image: Figure 2]
FIGURE 2
 Sample item (top) and cell frequencies for the six covariation data tables (bottom).


As described in Saffran et al. (2016), items were designed with a number of characteristics in mind. There were two items depicting no relationship (Items 3 and 6), two items favoring Food A (Items 2 and 4), and two items favoring Food B (Items 1 and 5). For the majority of items, attention to only the first row (A vs. B strategy) or only the first column (A vs. C strategy) would yield incorrect judgments. The structure of relationships between cell values also varied across items. Three items included the same cell value twice (Items 1, 3, 6), one item had cell values that were simple multiples (Item 6), and other items had less salient relationships (e.g., 16 is about half of 30 in Item 4). Finally, the difference between the cells in the two rows and the cells in the two columns was the same for Items 3 and 5, but not the other items.




2.3 Procedure

Children completed the study on-site with the consent of their guardians. Trained research assistants worked one-on-one with the children to complete the tasks at tables adjacent to the playgrounds. Depending on the measure, research assistants either read the items aloud or displayed them on an iPad, and the children responded verbally or via touch screen. Children completed the tasks in the following order: animal verbal fluency, Flanker, CRT-D, covariation judgment (described below), backward digit span, food verbal fluency. Children also completed a short (<5 min) fake news detection activity between the CRT-D and covariation judgment tasks; the results for this activity are presented in Gorman (1986) and will not be considered here. Most children completed the entire study session in 20–25 min.


2.3.1 Covariation judgment procedure

The procedure and script of our covariation task closely followed the symmetrical condition of Experiment 1 in Saffran et al. (2016). A researcher first introduced the covariation judgment task by providing a grounded context with the following story:

In this game you are going to think about some scientists that are trying to invent foods that help plants grow. Each scientist has invented two different plant foods and wants to figure out if one food is better for helping plants grow, or if there is no difference between the foods. So each scientist did an experiment. The scientists gave one of their foods to one set of plants, and then gave their other food to a different set of plants. After a few weeks, the scientists checked to see if the plants grew well or died.

After the introduction, the researcher explained the structure of a sample table that contained no data:

Each scientist wrote down what they saw in a table like this. This row will show the plants that got food A (researcher pointed across 1st row). This row will show the plants that got food B (researcher pointed across 2nd row). This column will show the plants that grew well (researcher pointed down 1st column). This column will show the plants that died (researcher pointed down 2nd column).

The researcher then asked two comprehension questions to make sure children understood the meaning and structure of the table (“Before we move on, can you show me which box will have plants that got food A and are growing? Can you show me which box will have plants that got food B and are dying?). Children who failed these questions received a second explanation of the sample table and answered the comprehension questions again. After passing the comprehension questions, children were presented with the six contingency tables one at a time in random order. For each table children were asked to make a judgment about which plant food was better based on the results of the scientist's experiment (e.g., “Here are the results of the first scientist. Is food A or food B better for plants or is there no difference?”). Children's six judgments were scored for accuracy (e.g., responding Food B for Item 1). The McDonald's ω total of the measure was 0.77 (Zinbarg et al., 2005).




2.4 Coding

We coded children's response patterns across the items for the use of six strategies observed in prior studies (see Saffran et al., 2016). Strategies relying on all four cells of the tables included the normative comparison of ratios strategy [e.g., A/(A+B) vs. C/(C+D)] and the comparison of differences strategy [e.g., (A-C) vs. (B-D)]. Strategies relying on just two cells of the tables included A vs. B, C vs. D, A vs. C, and B vs. D. Table 1 shows the expected response patterns of these strategies across the 6 items.


TABLE 1 Expected response patterns for strategies.

[image: Table 1]

We coded children's strategy use according to the following scheme. First, we coded children as using a given strategy if their response patterns exactly matched the expected pattern generated by that strategy across all six items. Seventeen children met this criterion. Next, we coded the remaining children as using a given strategy if their response patterns matched the expected pattern generated by that strategy on five of six items. Twenty-one additional children matched a strategy on five of six items. Previous studies have employed similar, less stringent criteria when coding children's strategies for interpreting 2 x 2 contingency tables (e.g., Shaklee and Paszek, 1985), allowing for noise or distraction. Finally, we coded the 36 children whose response patterns did not match any strategy on at least five items as using other/mixed strategies.

A potential concern with coding matches on five of six items is the possibility of ties (i.e., matching more than one strategy). The probability of matching more than one strategy on five of six items is 0.0069 (see Supplementary material). Thus, the opportunity for ties, given the coding scheme and strategy particulars, was quite low. Three children did have response patterns that matched two strategies on five of six items (see Table 1). Two children matched on the comparison of ratios and comparison of differences strategies (both 4-cell strategies). One child matched on C vs. D and B vs. D (both 2-cell strategies).

In the following strategy use analyses, we compared children in terms of the larger 4-cell, 2-cell, and mixed/other strategy categories. We classified the two children matching on comparison of ratios and comparison of differences in the larger 4-cell strategy category and the child that matched on C vs. D and B vs. D in the larger 2-cell strategy category.




3 Results


3.1 Descriptive statistics and missing data

Table 2 presents summary statistics of and bivariate Pearson correlations among our variables of interest. As can be seen in Table 2, our primary data set contained missing verbal fluency, Flanker, and backward digit span data for a number of children. Three children were missing verbal fluency data due to audio-recording failures. Thirty-one children were missing Flanker data due to experimenter or software errors. Eleven children were missing backward digit span data due to drop out or parent interruption. One possible reason for data loss was our setting (playgrounds), which may have introduced additional distractions and interruptions compared to more typical lab settings. Overall, 36 of 74 children provided incomplete data, resulting in missing values for 10.1% of the primary data set. We ran a Hawkins test for data missing completely at random (MCAR) with the R package MissMech (Jamshidian et al., 2014), which revealed insufficient evidence to reject the assumption that data were MCAR (p = 0.499). To increase statistical power, reduce bias, and account for the uncertainty induced by these missing data, we generated 50 imputed data sets via predictive mean matching using the R package mice (van Buuren and Groothuis-Oudshoorn, 2011; for multiple imputation details, see: https://osf.io/t37hn/). We used these multiply imputed data for all following inferential analyses.


TABLE 2 Variable summary statistics and bivariate correlations.

[image: Table 2]



3.2 Judgment accuracy

We fit a Bayesian multilevel logistic regression model to examine the predictive utility of cognitive reflection, along with age and executive functions, for children's judgment accuracy (for an analogous Frequentist analysis, see the Supplementary material). We modeled children's judgment accuracy as repeated binomial trials (i.e., correct vs. incorrect across the 6 covariation items) with CRT-D, age, verbal fluency, Flanker, and backward digit span as predictors. The model also included by-participant random intercepts. Predictor variables were scaled to mean = 0 and SD = 1. We used weakly informative priors for all regression parameters, including Normal (μ = 0, σ = 2.5) for beta coefficients. We used the brm_multiple() function from the R package brms to fit the model to each of the 50 imputed data sets and produce a final pooled model by combining the posterior distributions from each imputed fit (Bürkner, 2017). We report median posterior point-estimates and 89% Credible Intervals (CrI) from this pooled model distribution. Graphical posterior predictive checks, Rhat values, and effective posterior sample size (ESS) values were satisfactory (Muth et al., 2018).

Finally, we used projective predictive variable selection (via the R package projpred; Piironen et al., 2023) to examine the importance of model predictors for out-of-sample predictive performance (i.e., how well a model should predict a new child's judgment accuracy). This method uses posterior information from a reference model to find smaller candidate models whose predictive distributions closely match the reference predictive distribution (Piironen and Vehtari, 2017). The method begins with a forward search through the model space, starting from an empty model (intercept-only), and at each step adding the variable that minimizes the predictive discrepancy to the reference model. Next, Bayesian leave-one-out cross-validation (Vehtari et al., 2017) and a decision criterion are used to determine the final size of the submodel. We selected the smallest submodel within 1 standard error of the predictive performance of the reference model, using expected log pointwise predictive density (elpd) as the measure of predictive performance. This approach allowed us to assess the relative importance of the CRT–D as a predictor in comparison to other measured variables. As an example, if projective predictive variable selection suggested a model with age, CRT-D, and Flanker as predictors, we could conclude that age is the most important predictor, followed by CRT-D and then Flanker. Further, we could conclude that any variables not selected add no additional predictive information. For further details on the models and projective predictive variable selection, see: https://osf.io/t37hn/.

Figure 3A shows the relationship between CRT-D and children's judgment accuracy. A 1 SD increase in CRT-D predicted a 1.65 increase in the odds of a correct judgment, 89% CrI [1.23, 2.22]. Figure 3B and Supplementary Table 1 display the parameter estimates from the model. Children's age also predicted judgment accuracy. A 1 SD increase in age predicted a 1.48 increase in the odds of a correct judgment, 89% CI [1.02, 2.18]. Projective predictive variable selection suggested a submodel with CRT-D and no other predictors. The model with CRT-D as the only predictor had similar out-of-sample predictive performance to the full model, Δ elpd = 0.64, SE = 2.59. Overall, these results indicate that CRT-D performance predicted children's correct interpretations of covariation data over and above their age and executive functions. Furthermore, CRT-D performance is the single best predictor of children's covariation judgement accuracy among the measured variables.


[image: Figure 3]
FIGURE 3
 (A) Estimated probability of correct covariation judgment by CRT-D score. Ribbons represent 89% Credible Intervals. Points represent children's raw percent of correct judgments with size proportional to number of children. (B) Accuracy model coefficient estimates with 89% Credible Intervals.


Children's verbal fluency, Flanker, and backward digit span did not predict judgment accuracy in the model that included CRT-D. These measures also did not predict judgment accuracy when considered independently and modeled as single predictors (see Supplementary Figure 1).



3.3 Strategy use

Table 3 summarizes children's coded strategy use, including mean judgment accuracies by strategy group. Consistent with previous research using the same materials (Saffran et al., 2016, 2019), more children used a two-cell strategy than a four-cell strategy, with A vs. C being the most common. Similarly, descriptive results show that overall judgment accuracy was weakly connected to strategy categories. For example, children that used a two-cell C vs. D or B vs. D strategy judged more items correctly than children that used a two-cell A vs. B or A vs. C strategies, and children that used a more sophisticated four-cell comparison of differences strategy.


TABLE 3 Summary of children's coded strategy use.

[image: Table 3]

We fit a Bayesian multinomial logistic regression model to examine the relationships between cognitive reflection, age, and executive functions on children's strategy use (for an analogous Frequentist analysis, see Supplementary material). We modeled children's strategy use with two-cell strategies as the reference category and CRT-D, age, verbal fluency, Flanker, and backward digit span as predictors. Similar to our accuracy model, we used scaled predicter variables (mean = 0, SD = 1) and weakly informative priors [e.g., Normal (μ = 0, σ = 2.5) for beta coefficients]. We generated a pooled model from fits to the 50 imputed data sets and performed projective predictive variable selection. Graphical posterior predictive checks, Rhat values, and ESS values were satisfactory. For details, see: https://osf.io/t37hn/.

Figure 4A shows the relationships between CRT-D and children's strategy use. A 1 SD increase in CRT-D predicted an 8.02 increase in the odds of using a four-cell strategy over a two-cell strategy, 89% CrI [3.12, 22.03]. Additionally, a 1 SD increase in CRT-D predicted a 2.29 increase in the odds of using a mixed/other strategy over a two-cell strategy, 89% CrI [1.06, 5.06]. Figure 4B and Supplementary Table 4 display the parameter estimates from the strategy use model. Projective predictive variable selection suggested a submodel with CRT-D and no other predictors. The model with CRT-D as the only predictor had similar out-of-sample predictive performance to the full model, Δ elpd =0.59, SE = 3.74. Overall, these results indicate that CRT-D performance predicted children's strategy use over and above their age and executive functions. Furthermore, CRT-D performance is the single best predictor of children's strategy use among the variables measured.


[image: Figure 4]
FIGURE 4
 (A) Estimated strategy probabilities by CRT-D score. Ribbons represent 89% Credible Intervals. (B) Strategy use model coefficient estimates with 89% Credible Intervals.


Children's age, verbal fluency, Flanker, and backward digit span did not predict strategy use in the model that included CRT-D. When considered independently and modeled as single predictors (see Supplementary Figure 2), only children's age predicted using a four-cell strategy over a two-cell strategy, OR = 2.28, 89% CrI = [1.27, 4.26]. However, children's age (OR = 0.58, 89% CrI = [0.35, 0.95]), Flanker (OR = 0.52, 89% CrI = [0.28, 0.90]), and backward digit span (OR = 0.60, 89% CrI = [0.37, 0.94]) independently predicted using a mixed/other strategy relative to a two-cell strategy. These effects suggest that with increasing age, inhibitory control, and working memory, children were more likely to use a two-cell strategy over a mixed/other strategy. In contrast, children with greater cognitive reflection were more likely to use a mixed/other strategy over a two-cell strategy (i.e., in the combined model).




4 Discussion

The present study examined whether cognitive reflection predicts school-aged children's interpretations of covariation data. In line with prior research, a majority of children in the present study had difficulty interpreting covariation data presented in 2 x 2 contingency tables and used sub-optimal strategies that neglected parts of the data (e.g., Shaklee and Mims, 1981; Shaklee and Paszek, 1985; Saffran et al., 2016). However, we found children with greater CRT-D scores generated more accurate judgments and were more likely to use sophisticated four-cell strategies than children with lower CRT-D scores. Cognitive reflection predicted correct interpretations and strategy use even after adjusting for children's age, set-shifting, inhibitory control, and working memory. Moreover, if we wanted to predict a new school-aged child's accuracy or strategy use in the present task, their CRT-D score is the first and only measure we should collect. Age and the executive functioning measures did not provide any additional out-of-sample predictive value.

Our findings are consistent with prior research demonstrating cognitive reflection predicts covariation judgment accuracy in adolescents and adults (e.g., Saltor et al., 2023; Stanovich et al., 2016; Toplak and Stanovich, 2024). Why does cognitive reflection facilitate children's correct interpretations of covariation data? One possibility is that cognitive reflection helps children override intuitive base-rate and whole number biases (e.g., Young and Shtulman, 2020a; Gong et al., 2021; Kirkland et al., 2024), which are thought to drive inadequate strategies on 2 x 2 contingency tables (Obersteiner et al., 2015). Similarly, overall mathematical ability supports successful interpretations of covariation data in adults (Osterhaus et al., 2019). Children's cognitive reflection is positively associated with greater math ability in several domains, including understanding the equal sign (Young and Shtulman, 2020a), mature number sense (Kirkland et al., 2024), and use of the distributive property (Clerjuste et al., 2024). It may be that more reflective children in the present study were more likely to have the requisite mathematical skills to correctly judge 2 x 2 contingency tables, even after adjusting for age. Future research should directly measure children's base-rate bias, whole number bias, and general mathematical ability to better understand the relationship between cognitive reflection and interpretations of covariation data.

Another explanation is that cognitive reflection facilitates children's modal cognition and greater consideration of possibilities (Shtulman et al., 2023, 2024). Children with greater cognitive reflection may have approached the data tables by entertaining multiple hypotheses (e.g., Food A is better vs. Food B is better vs. Food A and B are similar), thereby increasing their focus on disconfirming hypotheses and considering more data cells (Ackerman and Thompson, 2017; Osterhaus et al., 2019). In contrast, less reflective children may have focused on confirmatory testing of fewer hypotheses (e.g., Food A is better, so compare A vs. C). Similarly, adults with greater cognitive reflection are more likely to rely on counterexamples when solving reasoning problems (Thompson and Markovits, 2021). A greater consideration of counterexamples may have led children to focus on disconfirmation in the present study. Future studies are needed to investigate the role of cognitive reflection in children's hypothesis testing. Comparing more and less reflective children in open-ended experimentation or causal learning tasks would be a fruitful approach to exploring how cognitive reflection influences children's navigation of hypothesis spaces and their strategies for testing those hypotheses.

Children with greater cognitive reflection likely had a metacognitive advantage in the present task. Xu et al.'s (2022) Meta-Reasoning framework suggests metacognitive monitoring and control are integral to our reasoning and problem-solving processes. In adults, the CRT has been used to study several meta-reasoning processes. For example, more reflective adults have superior conflict detection (i.e., sensitivity to conflict between intuitive judgments and logical principles; Šrol and De Neys, 2021), better meta-reasoning discrimination (i.e., deciding whether an answer is likely correct and should be reported or withheld; Strudwicke et al., 2023), and are less likely to overestimate their performance relative to less reflective individuals (Mata et al., 2013). Xu et al. (2022) argue that failure on the CRT is essentially a metacognitive failure associated with the Feeling of Rightness. Individuals with a strong Feeling of Rightness are less likely to reconsider, change, or spend additional time thinking about an initial intuitive response. In contrast, a weak Feeling of Rightness should trigger deliberation and a greater probability of changing answers.

Although the present study was not designed to examine children's meta-reasoning, children's use of mixed/other strategies may be an indicator of meta-reasoning. In particular, children's age, inhibitory control, and working memory predicted an increased use of two-cell strategies over mixed/other strategies. However, cognitive reflection predicted greater use of mixed/other strategies relative to two-cell strategies. One interpretation of these puzzling results is that more reflective children were more metacognitively aware of the inadequacy of their strategies across items and attempted to compensate by using multiple strategies throughout the task (as opposed to using multiple strategies by happenstance, as children with lower executive function skills may have done). To test this possibility, future studies should employee methods from the meta-reasoning and problem-solving literatures, such as eliciting confidence ratings and verbal justifications of strategies. If children's meta-reasoning is indexed by cognitive reflection, we should expect children with greater CRT-D scores to show a stronger correspondence between confidence ratings and strategy variability.

Executive functions did not support children's interpretations of 2 x 2 contingency tables in the present task. Set-shifting, inhibitory control, and working memory (measured via verbal fluency, Flanker, and backward digit span tasks, respectively) did not predict judgment accuracy or strategy-use after adjusting for cognitive reflection. When considered in isolation, both inhibitory control and working memory predicted increased use of two-cell strategies (relative to mixed/other strategies). These results are surprising given prior suggestions that inhibitory control and working memory might support the use of four-cell strategies (Obersteiner et al., 2015; Saffran et al., 2019). To our knowledge, prior research has not directly measured children's executive functions and judgments of 2 x 2 contingency tables. It is an open question whether these results would generalize to different measures of executive functions (e.g., visuospatial working memory rather than verbal working memory) or older samples with more requisite math knowledge to execute four-cell strategies.

Additionally, while cognitive reflection draws on executive function skills (e.g., inhibiting an intuitive response, shifting to an alternative response, and holding the question and possible responses in mind), it also requires the metacognitive ability to engage, coordinate, and sustain these skills on one's own (Simonovic et al., 2023; Shtulman and Young, 2023). Thus, the pattern of cognitive reflection predicting reasoning above and beyond executive functioning in children and adults (e.g., Young and Shtulman, 2020a; Shtulman et al., 2023; Toplak et al., 2011) may be the rule rather than the exception.

This study suggests that cognitive reflection may be broadly involved in children's scientific thinking. Prior research has shown that cognitive reflection supports children's domain-specific scientific knowledge (Young and Shtulman, 2020a,b). The present data highlight that cognitive reflection similarly supports children's data interpretation, a domain-general scientific skill. Further research might explore the role of cognitive reflection in children's evidence and data evaluation in other contexts, including interpretation of ambiguous, disconfirming, or confounded data (Cook et al., 2011; Schulz and Bonawitz, 2007; Theobald et al., 2024). Future work should also explore the role of cognitive reflection in other scientific skills and practices. Given children's performance in the present task, we might expect cognitive reflection to support hypothesis testing, falsification, and experimentation skills more generally.

Furthermore, given influential social models of rationality, we might expect cognitive reflection to support reasoning from disagreement (Young et al., 2012; Langenhoff et al., 2023), collaboration (Shtulman and Young, 2021), and argumentation (Mercier and Sperber, 2011). Research has already begun to explore some of these avenues. For example, Nissel and Woolley (2024) demonstrated that cognitive reflection predicted children's preference for arguments supported by statistical visualizations over anecdotal evidence. We anticipate cognitive reflection will be implicated in many domain-general scientific skills and practices.

Our findings have potential implications for education. Prior studies suggest more reflective children tend to learn more from instruction on counterintuitive science and mathematics concepts (Young and Shtulman, 2020b; Young et al., 2022). Children with greater cognitive reflection might similarly learn more from instruction on how to evaluate 2 x 2 contingency tables and other statistical reasoning topics, where performance is often undermined by inaccurate intuitions. If so, children's CRT-D performance might be used to target children who are ready for instruction or in need of additional or alternative instruction. Recent research has also found modest success in enhancing adult cognitive reflection via intervention (e.g., Isler and Yilmaz, 2023; Simonovic et al., 2023). It remains an open question whether children's cognitive reflection can be substantively improved via targeted instruction and training. Success in enhancing children's cognitive reflection might yield downstream effects, such as improving interpretation of 2 x 2 contingency tables and facilitating science learning more broadly.

To conclude, we have shown that cognitive reflection is a strong and unique predictor of elementary-school-aged children's correct interpretation of covariation data and the strategies they use to evaluate the 2 x 2 contingency tables. Indeed, the CRT-D was the single best out-of-sample predictor of children's judgment accuracy and strategy use, outperforming age, set-shifting, inhibitory control, and working memory. These data highlight cognitive reflection as a critical variable in children's data-interpretation skills and contribute to a growing literature demonstrating that cognitive reflection is broadly involved in children's developing scientific thinking.
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In the present study, we developed an unsolvable behavioral metacognitive task for kindergarten children. The task was designed to gain insight into how children’s metacognitive processes, measured as monitoring (e.g., checking the plan) and control behavior (e.g., seeking a piece), operate in a problem-solving task that mimics real-life scenarios. Five to six-year-old kindergarten children (N = 72) were asked to build a wooden snake according to a plan. The middle piece of the snake (fourth out of seven pieces) was missing, making the task unsolvable. Other than expected, metacognitive behavior was not related to teacher ratings of metacognitive self-regulation. However, we found age differences. Children in kindergarten year two (M = 5.85 years old) showed more control behavior than children in kindergarten year one (M = 5.05 years old). Surprisingly, we did not find age differences in monitoring behavior. Lastly, we found that metacognitive behavior differed between the solvable part (before the missing piece is reached) and the unsolvable part (after the missing piece is reached). Children showed more monitoring and less control behavior in the solvable part than in the unsolvable part. The current study contributes to the metacognitive research methodology by capturing children’s metacognitive processes in action using an ecological-valid, unsolvable behavioral task.
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1 Introduction

Metacognitive processes are typically assessed verbally. Metacognitive processes describe the ability to monitor and control ongoing cognitive processes (Nelson and Narens, 1990). In metacognitive tasks that capture monitoring and control, children are often asked to evaluate their study progress (i.e., judgments of learning) to rate their confidence in a given answer (i.e., confidence judgments) or to decide which materials they would like to study again (i.e., restudy selections) (e.g., Baer et al., 2021; Bayard et al., 2021; Destan et al., 2014). For example, children are asked, “How sure are you that your answer is correct?” However, verbal metacognitive assessment requires language skills and conscious metacognitive awareness that may not be sufficiently developed, especially in young children. Thus, using verbal assessments to estimate metacognition may be misleading as children’s metacognition in everyday situations differs from such verbal judgments. Behavioral metacognitive tasks have been proposed to address this shortcoming. In behavioral metacognitive tasks, children assemble train tracks (Bryce and Whitebread, 2012) or puzzles (Marulis and Nelson, 2021) according to a plan. Such problem-solving tasks allow observing spontaneously occurring metacognitive behavior, such as checking the plan or correcting a mistake. These tasks may be closer related to real-life scenarios because they are almost identical to typical children’s games (e.g., assembling train tracks or puzzles). Although these behavioral tasks provide an opportunity to observe metacognitive behavior, our understanding of non-verbal metacognitive behaviors and developmental variation is currently limited due to different task constraints. The current study aims to address these shortcomings by introducing an unsolvable behavioral metacognition task. By providing a task with high ecological validity and systematically analyzing different monitoring and control behaviors, the study will contribute to a fine-grained understanding of metacognitive processes in 5–6-year-old kindergarten children.

Most research on metacognitive processes is based on the influential framework by Nelson and Narens (1990). Developed initially for metamemory, the framework distinguishes between metacognitive monitoring and control, which can be applied to other domains such as problem-solving (e.g., Bryce and Whitebread, 2012; Marulis and Nelson, 2021). Monitoring is a bottom-up process to accumulate task information (e.g., evaluating task difficulty). Control is a top-down process initiating actions at the task level. For example, evaluating a task as highly challenging is a monitoring process. Consequently, seeking help based on the evaluation is a typical control process. Both processes are closely related and crucial for children’s self-regulated learning and academic achievement (Dunlosky and Metcalfe, 2009; Roebers, 2017).

Metacognitive monitoring and control develop from an early age. Research using perceptual tasks shows that from the age of 3, children can monitor their performance by reporting higher confidence in correct than incorrect trials (e.g., identifying degraded pictures; Coughlin et al., 2015; Gonzales et al., 2021; Lyons and Ghetti, 2011). From age 4, children seem to be able to monitor their performance in memory tasks (e.g., remembering picture pairs; Destan et al., 2014; Hembacher and Ghetti, 2014). From the age of 5, children show signs of metacognitive control as they are more likely to withdraw an incorrect answer than a correct answer (Bayard et al., 2021; Destan et al., 2014; Destan and Roebers, 2015; Kim et al., 2021). However, despite these impressive findings, it is important to acknowledge that these tasks require well-developed language skills and conscious metacognitive awareness. As mentioned above, these skills may not be fully developed in kindergarten children, yielding biased results for children with low language skills and/or lower metacognitive awareness. Non-verbal metacognitive tasks, therefore, provide an opportunity to analyze metacognitive processes independent of a child’s language skills. For instance, behavioral tasks allow us to observe children’s spontaneously occurring metacognitive processes without explicitly asking about them (e.g., “How sure are you that your answer is correct?”). In the following, we will refer to behavioral observations of metacognitive processes (e.g., monitoring and control) as metacognitive behavior. Thereby, it is important to note that previous studies (e.g., Bryce and Whitebread, 2012; Marulis and Nelson, 2021) have used the term metacognitive skills to describe metacognitive behavior. In the present study, we used the term metacognitive behavior to emphasize the behavioral and non-verbal aspects of behavioral assessments of metacognition. Studies focusing on metacognitive behavior (Bryce and Whitebread, 2012; Marulis and Nelson, 2021) are scarce but reveal similar developmental patterns: From the age of 3, children show monitoring (e.g., checking the construction) and control behavior (e.g., clearing space) when building three-dimensional puzzles according to a plan (Marulis and Nelson, 2021).

By simulating real-life scenarios in metacognitive tasks, we can gain insight into how metacognitive processes operate in everyday situations. Bryce and Whitebread (2012) introduced a problem-solving task in which children (5–7 years) were asked to assemble train tracks according to a model. The task allows one to observe metacognitive monitoring (e.g., checking the construction, checking the model) and control processes (e.g., clearing space, stating a plan). The results showed quantitative and qualitative differences in monitoring and control behaviors between 5- and 7-year-olds. Furthermore, metacognitive behavior was related to teacher ratings of children’s metacognition [CHILD questionnaire by Whitebread et al. (2009)], suggesting convergent validity for the developed problem-solving task. Results confirmed the age-sensitivity of the task. Age differences indicated reliable age discrimination for both metacognitive processes, monitoring (e.g., checking the model) and control (e.g., sorting materials). Similarly, in the Wedgits© task (Marulis and Nelson, 2021), 3 to 5-year-olds had to assemble three-dimensional puzzles according to a plan. Metacognitive behavior was coded similarly to the train track task by Bryce and Whitebread (2012). However, in their analyses, the authors focused on aggregated scores of monitoring and control and did not distinguish between different types of monitoring or control behaviors. Results showed that metacognitive monitoring and control can be reliably observed at the age of 3. Overall, both studies suggest that metacognitive behavior in real-life play situations can be reliably observed at a very early age.

In addition to the benefits of observing metacognitive processes in real-life scenarios, behavioral metacognitive tasks have two further advantages. First, observing metacognition in behavioral tasks allows us to capture metacognitive behavior not only quantitatively but also qualitatively. Most standardized tasks provide quantitative, aggregated mean-based estimates for metacognitive processes. For example, typical memory tasks (Destan et al., 2014) and picture identification tasks (Lyons and Ghetti, 2011) yield aggregated (mean-) scores for metacognitive monitoring or control. While these tasks have provided insights into children’s metacognitive development (see for an overview Roebers, 2017), the mean-based approach fails to capture different types of metacognitive monitoring and control processes involved in a task. Behavioral tasks, however, allow us to capture both quantifiable indexes and the opportunity to analyze the quality of the behavior. Thus, assessing metacognition through behavioral tasks not only provides insight into how often a behavioral strategy is displayed but also provides a more detailed understanding of the type of metacognitive behavior children display when faced with a challenge.

Second, behavioral tasks allow us to observe successful metacognitive performance as well as unsuccessful metacognitive performance, also known as metacognitive failure (e.g., Bryce and Whitebread, 2012; Marulis and Nelson, 2021). In an unsolvable behavioral task, two types of metacognitive failure can be observed: Failure of metacognitive monitoring and failure of metacognitive control. In our approach, monitoring failure occurs when participants mistakenly assemble the wrong piece without realizing the error. An incorrectly assembled piece suggests a failure in monitoring, such as failing to gather correct information about the piece. Furthermore, we conceptualize metacognitive control failure as any form of off-task behavior. Off-task is defined as any behavior that does not serve task completion constructively (Oeri and Roebers, 2021). When showing off-task behavior, children fail to maintain goal-directed control behavior, such as seeking a piece. Especially when a child is asked to work independently on a task without any adult scaffolding, metacognitive control failure in terms of off-task behavior is likely to occur. Observing metacognitive failures, such as making mistakes and off-task behavior, provides insights into different aspects of the task that might be particularly challenging for children. Thus, observing successful metacognition (i.e., monitoring and control) and metacognitive failure (i.e., making mistakes and off-task) within the same task provides a comprehensive understanding of how metacognitive processes play out and which aspects might be especially challenging to exert metacognition successfully.

Despite these exciting advantages of behavioral tasks, methodological challenges currently limit our understanding of metacognitive behavior in more detail. A common challenge in any behavioral task is the intertwined effects of ability, age, and previous experience. More precisely, task difficulty can impact participants’ performance, potentially leading to biased results if it varies significantly between participants. Thus, keeping task difficulty constant across participants is essential to capture the skills of interest reliably (e.g., Dunlosky et al., 2016). Bryce and Whitebread (2012) addressed the issue by introducing two different age-dependent train track tasks, an easy and a more difficult one. Even though performance between age groups was matched for task difficulty, such an approach does not control for ability differences within the age groups. Depending on previous experience with train tracks, task difficulties could still vary largely within the respective age groups. In the Wedgit task, difficulty was held constant by giving children increasingly complex puzzles until they could not complete them within 4 min (Marulis and Nelson, 2021). While such an approach ensures that metacognitive performance is assessed at the individual threshold of maximal performance, it may impact motivation and tiredness, as some children need to complete many more trials than others to achieve their maximum. Another less time-consuming approach is to make the task unsolvable. Despite the fact that previous experiences may influence motivation and potential strategies for approaching the task, the unsolvable nature of the task keeps task difficulty constant across the participants without requiring them to complete numerous trials below their performance threshold.

Second, to analyze different metacognitive strategies the monitoring and control strategies must be observed at a minimal frequency. The train track and the Wedgits task report an average of 8–11 monitoring and control behaviors per minute. However, for the train track task, the most frequent monitoring behavior (i.e., “checking own construction”) was observed on average twice per minute, and the most frequent control behavior (i.e., “clearing space”) was observed 0.5 times per minute. Furthermore, behaviors shown by less than 25% of the children were excluded from the micro-level analysis behaviors due to the limited range of scores. The low frequencies of target behaviors restrict the reliability of metacognitive behavior estimates, making it challenging to capture potential developmental shifts. A possibility to address this issue would be by introducing more diverse features of the target and distractor items. More specifically, using items that vary in color and symbols forces the participants to monitor and control their behavior more diligently, yielding more possibilities to observe monitoring and control behavior.

Lastly, previous behavioral tasks have focused solely on the metacognitive behavior’s frequency. Although this provides important information on how often monitoring and control behavior can be observed, it does not give any information on how long participants engage in the respective behavior. Especially when trying to solve a problem, persisting with a behavior increases the chance for the behavior to be successful. For example, searching for the train track takes a minimal amount of time. If child A searches for a train track for 1 s and child B searches for 10 s, the likelihood of success is higher in child B, but the frequency score would be identical in both children. Although duration is by no means a guarantee for success, it does enhance the chance of being successful. Thus, including the duration of behavior in the coding and the behavior analysis may be a potential route to understanding behavioral patterns in more detail. Combining the frequency and duration may provide insight into different effective and non-effective patterns of monitoring and control when solving a problem.

Building on the foundation of Bryce and Whitebread’s (2012) and Marulis and Nelson’s (2021) behavioral tasks, we developed an unsolvable behavioral metacognition task (The Sneaky Snake) to observe monitoring and control behavior in kindergarten children. Similar to Bryce and Whitebread (2012), children (4–5 years) had to assemble a snake using wooden pieces according to a model. Different from Bryce and Whitebread (2012), the wooden pieces were colored (green, blue, yellow) and had different symbols on them (dots, triangles, squares). The fact that the snake pieces varied in color, size, shape, and symbols increased the need for a thorough inspection, verification, and reassessment. By increasing the complexity of the target and distractor features, we aimed to observe more metacognitive behavior per minute than in previous tasks and, potentially, more fine-grained developmental differences in the variety of observed metacognitive behaviors. The task was designed to be unsolvable. More specifically, the middle piece of the snake was missing. There were enough distractor pieces to ensure participants did not realize the piece was missing. Additionally, we verified that the children did not know that the piece was missing: We coded whether children had systematically tried all distractor pieces. If this was the case, we excluded the child (n = 1). Only by trying every distractor piece could one infer that the fourth piece was actually missing. Through the task’s unsolvable nature, we aimed to keep task difficulty constant across participants. It prevents ceiling effects as no participant can fully complete the task (e.g., Dunlosky et al., 2016).

When developing a new task, it is also important to include established measures to examine the validity of the task. We evaluated the task’s convergent validity by comparing the observed metacognitive behavior (monitoring and control) with the BRIEF-P Plan/Organize scale (German version: Daseking and Petermann, 2013). The BRIEF-P is a teacher questionnaire on children’s self-regulation problems in the classroom. The scale includes items on metacognitive processes and executive functions. Recent studies suggest metacognition is closely related to self-regulation skills, such as executive functions (Bryce et al., 2015; Roebers, 2017; Marulis et al., 2020; Marulis and Nelson, 2021). For instance, Marulis and Nelson (2021) found a relationship between metacognitive behavior and executive functions. Therefore, the BRIEF-P is a suitable tool for assessing convergent validity with more general self-regulation skills in the classroom context. We also explored the relationship between the observed metacognitive behavior and a verbal assessment of children’s metacognition in a ball-throwing task (Schneider, 1998). In the ball-throwing task, children had to estimate how many out of 10 balls they could successfully throw into a basket. This allows us to estimate convergent validity with a classical verbal assessment of metacognitive processes (i.e., What do you think how many of these 10 balls will you hit into the basket?).

The hypotheses were the following: (1) We expect the observed monitoring and control behaviors in 5–6-year-old kindergarten children to be negatively related to teacher ratings of self-regulation problems (BRIEF-P Plan/organize scale). More precisely, we expect more frequent and longer monitoring and control behavior to be related to fewer problems reported in the Plan and Organize scale. (2) We expect more frequent monitoring and control behavior in older than younger children. (3) We expect that older children spend more time (longer durations) with monitoring and control behaviors than younger children. (4) Without any a priori expectation of the change in metacognitive behavior, we exploratory compared metacognitive behavior before reaching the missing piece (solvable interval) with metacognitive behavior after the missing piece (unsolvable interval).



2 Method


2.1 Participants

In the preregistered study,1 we relied on a random subsample from a larger study (https://doi.org/10.17605/OSF.IO/JYCV7) on children’s self-regulated learning (N = 193). The target sample size for the present study was N = 66 children and is based on previous studies (Bryce and Whitebread, 2012; Marulis and Nelson, 2021). We included six additional children to account for potential dropouts, resulting in N = 72 children (47% female). Children were recruited from different public kindergartens. Seventy-four percent of the children in the sample had at least one parent with a university degree, indicating a high socioeconomic background. Moreover, 67% of the sample were native speakers, which reflects the number of native children in Swiss schools (Federal Statistical Office, 2024). A majority of children had Swiss parents (59%), 13% had parents from other European countries, 4% had African parents, 4% had Asian parents, and for 19%, we do not have any information on the ethnic background. Children in the first kindergarten year (n = 37) were M = 5.05 (SD = 0.33) years old, and children in the second kindergarten (n = 35) were M = 5.85 (SD = 0.46) years old.



2.2 Procedure

Before testing, parents gave informed written consent, and children gave verbal assent. Ethical approval for the study was obtained from the faculty ethics committee (Approval No. 2023-07-01). We collected data from September 2023 until December 2023. Six trained experimenters individually tested participants. The child’s parents were not present during testing. Testing took place in a quiet room at the kindergarten. Among all administered tasks, task order was counterbalanced.



2.3 Sneaky Snake

The task measures metacognitive behavior in an unsolvable task. The task was adapted from Bryce and Whitebread (2012). The participants had to assemble a colored wooden snake according to a model. The model (picture) and a box with the target and distractor pieces were placed on a mat (Figure 1). The snake (test trial version) consisted of seven target pieces. Overall, 38 additional distractor pieces were placed in a box. To increase task difficulty and elicit different task behaviors, several distractors were used: The snake pieces differed in colors (green, blue, yellow), shape (short and long bent pieces, four different sizes of straight pieces), and symbols (dots, triangles, squares). First, the participants completed a practice trial (a snake with three pieces) to ensure they understood the task. During the practice trial, participants received feedback from the experimenter. After a successful practice trial, children were asked to assemble another snake (test trial). Children were instructed to start building the snake from the head. They were also instructed to build the snake on the mat. The test trial was unsolvable. The picture model of the test trial consisted of seven pieces, but the fourth piece of the snake was missing. For the test trial, the experimenter left the room and returned after 5 min or whenever the child ended the task. Children’s behavior was videorecorded. We piloted the task several times to determine the optimal number and qualities (colors, shapes, sizes, and symbols) of target and distractor pieces. Intensive piloting was necessary to ensure that the task was suitable for 5–6-year-olds yet challenging enough to observe metacognitive behavior. We excluded 10 children from the analyses because they were not able to successfully complete the practice trial, decided to interrupt the task (i.e., going to the bathroom), were interrupted by a third person, or understood that the task was unsolvable (children who had systematically tried all the distractor pieces, n = 1). Excluding children who understood the task is unsolvable is relevant to keeping the task demands constant across participants.
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FIGURE 1
 The Sneaky Snake task.




2.4 Coding scheme for metacognitive behavior

The foundation of the developed coding scheme is based on the coding scheme for metacognitive behavior by Bryce and Whitebread (2012). The coding scheme developed by Bryce and Whitebread has four distinct features that suggest it is a valuable tool for observing metacognitive behavior: (1) It is based on Nelson and Narens’ (1990) theoretical framework. (2) It is age sensitive. (3) It shows convergent validity with teacher ratings of children’s metacognition. (4) It has been successfully applied to a slightly different problem-solving task by Marulis and Nelson (2021). Based on the metacognitive behaviors described by Bryce and Whitebread (2012) and Nelson and Narens’ theoretical framework (1990), we adapted the coding scheme for the Sneaky Snake task. We coded monitoring, control, making mistakes, and off-task behaviors. To differentiate between monitoring and control behaviors, we relied on Nelson and Narens’ framework (1990), describing monitoring as a bottom-up process accumulating task information (e.g., studying the plan) and control as a top-down process initiating actions at the task level (e.g., seeking a piece in the box). Making mistakes and off-task behavior describe two types of metacognitive failure. Making mistakes describes a monitoring failure (e.g., building in an incorrect piece) and occurs when a person may not have accumulated enough task information to make an accurate decision. Off-task behavior describes a control failure (e.g., walking away from the task) and occurs when a person fails to maintain goal-directed behavior at the task level. To examine the validity of the coding scheme, i.e., if these behaviors were observable, we randomly selected and coded 10 videos. After these 10 initial codings, we had to revise the coding scheme because some behaviors did not occur as we theoretically assumed. For example, because of the low occurrences of verbalizations in the Sneaky Snake we reduced the number of verbalization categories to monitoring and control. The final coding scheme is displayed in Table 1.



TABLE 1 Sneaky Snake coding scheme.
[image: Table1]

After the first full coding round, we had to drop four behaviors (“Comparing a single piece with the plan,” “Comparing pieces,” “Checking own construction,” and “Grouping pieces”) because they were not uniquely identifiable and reliably distinguishable from other behaviors. It was challenging to distinguish between “comparing a piece with the plan,” “checking the original plan,” and “inspecting an object.” For example, a child looks back and forth between a piece and the plan while holding the piece in their hand. This behavior could be coded as a single instance of “comparing the piece with the plan” or as two instances of “inspecting the piece” and “checking the plan.” To decrease ambiguity in the coding process, we decided to focus on fewer behaviors but clearly identifiable and reliably observable behaviors. Finally, we excluded “emptying the box” because it was not observed. Table 1 shows an overview of the coded behaviors, including their occurrences and durations. A more detailed version of the coding scheme is available here: https://osf.io/3dtnv/.

Because the total test time varied between subjects, we divided the duration and occurrences per behavior through the total minutes spent on the task. If children were briefly disturbed by a third party (e.g., another child running in the test room), the disturbance time was deducted from the total time. (No behaviors were rated when the child was disturbed; n = 8; disturbance time: M = 3.39 s; range = 1–6.13 s). We also computed aggregated scores of monitoring, control, and off-task behavior. We summed all individual behaviors contributing to monitoring, control, or off-task behavior. Monitoring failures consisted of a single measurement based on mistakes. See Table 1 for the mean scores.

We double-coded 28 (39%) of the videos. Interrater reliability for monitoring (ICC occurrence/min = 0.85; ICC duration/min = 0.59), control (ICC occurrence/min = 0.94; ICC duration/min = 0.95), making mistakes (ICC occurrence/min = 0.93; ICC duration/min = 0.96), and off-task behavior (ICC occurrence/min = 0.93; ICC duration/min = 0.97) was excellent. We transcribed all verbalizations during the coding process. Two independent raters categorized the transcriptions as monitoring or control behaviors and solved disagreements by discussion.



2.5 Self-regulation skills

To assess children’s self-regulation skills in the classroom, teachers filled out two subscales, Plan/Organize and Emotional Control of the Behavior rating inventory of executive function-preschool version (Brief-P German version; Daseking and Petermann, 2013). We computed normed T-scores separated by age and gender for the Plan/Organize and Emotional Control scales. Normed mean scores are presented in Table 2. A lower T-score indicates fewer problems reported in the Plan/Organize and Emotional Control scales.



TABLE 2 Mean scores BRIEF-P and Ball-throwing.
[image: Table2]



2.6 Ball-throwing

The task based on Schneider (1998) measures overconfidence. Participants were asked to throw 10 balls into a basket from a 120 cm distance. Participants started with a practice trial (10 balls). After the practice trial, they were asked to predict how many balls they would successfully throw into the box in the test trial. In the test trial, children threw 10 balls again.

We calculated metacognitive accuracy based on children’s prediction [0–10] and test trial scores [0–10]. The accuracy score indicates the absolute difference between predicted and scored balls. A score closer to 0 indicates higher accuracy. Mean scores can be found in Table 2.



2.7 Statistical analysis

Shapiro Wilk tests revealed non-normal distributions of metacognitive behavior. Therefore, we relied on Spearman correlations and Mann–Whitney U Tests for group comparisons and Cohen’s d as effect sizes. For data analysis, we used R (R Core Team, 2021). We computed Spearman correlations with the purrr package [version 1.0.2], MANOVAs with the manova() function of base R, and Mann–Whitney U Tests with the wilcox.test() function of base R. The R code for data analysis was developed with the support of OpenAI’s GPT-4 model (OpenAI, 2024 version). The dataset and R script are available here: https://osf.io/3dtnv/.




3 Results


3.1 Descriptives

The final sample consisted of n = 62 children. Children spent M = 247.84 s (SD = 67.48) on the Sneaky Snake task. Regarding the solvable and the unsolvable parts, most children (n = 55/62) reached the unsolvable part of the task: They assembled the first three snake pieces correctly and started looking for the fourth missing piece. On average, participants worked on the task for M = 94.03 s (SD = 47.45) during the solvable part and for M = 156.21 s (SD = 68.78) during the unsolvable part. Table 1 reports the mean occurrences and duration of all observed behaviors in the Sneaky Snake task. Single categories dominated monitoring and control behavior. The most prevalent monitoring behavior was checking the plan (occurrences/min M = 4.2; duration/min M = 11.25), followed by inspecting a piece (occurrences/min M = 2.69; duration/min M = 4.76). The most prevalent control behavior was seeking (occurrences/min M = 4.44; duration/min M = 24.78), followed by adjustments (occurrences/min M = 0.13; duration/min M = 0.66). Therefore, we relied on sum scores of monitoring, control, and off-task behavior for the analyses. Making mistakes consisted of a single score. Interestingly, inspections of occurrences and duration of behaviors revealed slightly different patterns. While the most frequent behavior (occurrences/min) was monitoring, the longest (duration/min) behavior was control.

As indicated in Table 2, normed t-scores (normed for age and gender) on the BRIEF-P Plan/Organize scale and the Emotional Control scale were normally distributed, indicated by mean scores close to 50 and standard deviations close to 10. Moreover, in the ball-throwing task, children overestimated their performance. They predicted to score more balls than they did, which is typical for this age group (Schneider, 1998; Xia et al., 2023).



3.2 Validating the metacognitive behavior codings

To evaluate convergent validity we correlated metacognitive behavior in the Sneaky Snake task with a validated teacher questionnaire of self-regulated behavior (BRIEF-P). We expected negative correlations between the observed monitoring and control behaviors (occurrences and duration of the behaviors) and the BRIEF-P Plan/Organize scale. However, while controlling for age, we found no relation between monitoring or control behavior and the Plan/Organize scale for either of the variables, occurrence or duration. Also, off-task behavior and making mistakes were unrelated to the Plan/Organize scale.

Next, we explored the relationship between the observed monitoring and control behaviors and teacher ratings of self-regulated behavior in the BRIEF-P Emotional Control scale. While controlling for age, the results showed a negative correlation between monitoring occurrences and the Emotional Control scale (ρ = −0.27, p = 0.042), indicating that more monitoring is associated with fewer emotional control issues reported in the Emotional Control scale. Moreover, results showed a trend toward a negative correlation between control duration and the Emotional Control scale (ρ = −0.25, p = 0.054), indicating that longer control behavior is associated with fewer problems in regulating and controlling emotions. All other behaviors (monitoring duration, control occurrences, making mistake occurrences and duration, and off-task occurrences and duration) were unrelated to the Emotional Control scale.

Lastly, we evaluated the convergent validity between metacognitive behavior and metacognitive verbal performance prediction. Correlations controlled for age revealed no relation between monitoring or control behavior and metacognitive accuracy in the ball-throwing task for either of the variables, occurrence or duration. Also, off-task behavior and making mistakes were unrelated to the performance prediction in the ball-throwing task.



3.3 Age differences in metacognitive behavior

We compared 5 and 6-year-olds on occurrences and duration of monitoring, control, making mistakes, and off-task behavior. A MANOVA revealed a trend toward a significant age difference (Pillai’s trace = 0.23, F (8, 53) = 1.99, p = 0.066). Following up with Mann–Whitney U Tests revealed that 5-year-olds showed less control behavior (duration: U = 265, p = 0.002; d = −0.77), a trend to more off-task behavior (duration: U = 619.5, p = 0.051; d = 0.38), and more mistakes (duration: U = 630.5, p = 0.034; d = 0.69) than 6-year-olds. Mann–Whitney U Tests for all other age comparisons (monitoring occurrences and duration, control occurrences, making mistake occurrences, off-task occurrences) were not significant. See Table 3 for means and Figure 2 for boxplots. In summary, we partially confirmed our hypothesis regarding age: Older children show more control and less off-task behavior and made fewer mistakes. However, we did not find an age difference in monitoring behavior.



TABLE 3 Sneaky Snake mean scores for first and second kindergarten year.
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FIGURE 2
 Boxplots for (A) occurrences and (B) duration of metacognitive behavior for 5 and 6-year-olds. *Significant differences between 5 (kindergarten 1) and 6-year-olds (kindergarten 2) at p < 0.05.




3.4 Metacognitive behavior in the solvable and unsolvable task

To explore how the task’s unsolvable nature affected children’s behavior, we compared the behavior during the solvable part of the task (i.e., before reaching the missing piece) to the behavior during the unsolvable part of the task (i.e., after reaching the missing piece). Therefore, we compared the 60 s before the missing piece (solvable interval) with the 60 s after the missing piece (unsolvable interval). Wilcoxon signed-rank tests revealed that compared to the unsolvable interval in the solvable interval children exhibited more monitoring behavior (occurrences: W = 983.5, p = 0.003; d = 0.43; duration: W = 1’049, p = 0.02; d = 0.28), less control behavior (duration: W = 372, p = 0.001; d = −0.48), made more mistakes (duration: W = 560, p < 0.001; d = 0.53), and less off-task behavior (duration: W = 150, p = 0.02; d = −0.34). Wilcoxon signed-rank tests for all other task solvability comparisons (control occurrences, mistake occurrences, and off-task occurrences) were not significant. See Table 4 for mean scores and Figure 3 for boxplots. In summary, children show more monitoring, less control, and less off-task behavior in the solvable than unsolvable interval.



TABLE 4 Mean scores for behavior in the solvable and unsolvable task part.
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FIGURE 3
 Boxplots for (A) occurrences and (B) duration of metacognitive behavior in the solvable and unsolvable part. *Significant differences in metacognitive behavior between the solvable and unsolvable part at p < 0.05.





4 Discussion

Simulations of real-life scenarios in behavioral metacognitive tasks can provide insights into how young children’s emerging metacognitive processes operate in everyday situations. In the present study, we developed an unsolvable behavioral task with high ecological validity to improve current behavioral methods to capture metacognitive monitoring and control behaviors in 5–6-year-olds. Building on existing behavioral metacognitive tasks (Bryce and Whitebread, 2012; Marulis and Nelson, 2021), three features were modified: First, to hold task difficulty constant across all participants, the task was designed to be unsolvable. Second, three distractors, shape, color, and size, were used to increase the frequency of different metacognitive strategies. Third, to understand metacognitive processes more comprehensively, in addition to observing the frequency of the observable behaviors, the duration of the behaviors was coded, too.

The results for the Sneaky Snake task can be summarized as follows: Overall, the analysis showed that the two most frequently observed metacognitive behaviors were “seeking” (i.e., metacognitive control behavior) and “checking the plan” (i.e., metacognitive monitoring behavior). “Checking the plan” was shown twice as often than the next frequent behavior, “inspecting a piece.” The difference for metacognitive control was even more pronounced: “Seeking” was shown four times more than the next frequent behavior, “adjusting.” These differences are also reflected in the duration of how long the behaviors were shown.

Other than expected, the correlation analysis showed that the observed metacognitive behaviors were not related to the teacher’s estimations of children’s metacognitive regulation skills measured with the BRIEF-P Plan/Organize scale. Moreover, metacognitive accuracy in a ball-throwing task (i.e., a classical verbal assessment of metacognition) was not related to metacognitive behavior. Expected age differences were found for control behavior (i.e., seeking behavior) and off-task behavior but not for monitoring behavior or making mistakes. Comparing the solvable part of the task to the unsolvable part showed that while the task was solvable, children showed more monitoring but less control behavior. Once the task was unsolvable, children tended to show more off-task behavior.


4.1 Evaluating the unsolvable metacognitive task

The Sneaky Snake task was developed to address existing constraints in capturing behavioral metacognitive processes in young children in a real-life, familiar play context. The task consists of wooden train track pieces. These wooden train tracks are a common toy in kindergartens and children’s homes in Switzerland. However, to ensure that all children were familiar with the task, we included an extensive practice trial with feedback. The practice trial was without any time limit, so every child could take as much time as they needed to get familiar with the task.

We included the BRIEF-P questionnaire (Daseking and Petermann, 2013) to validate the behavioral task. Other than expected, we found no relationship between metacognitive behavior in the Sneaky Snake task and teacher ratings of metacognitive regulation for either of the two variables, occurrences or duration. These findings indicate that the behavior children show when asked to work independently on a problem-solving task does not match the teacher’s estimation of how well a child is able to plan and organize their behaviors to pursue a goal in the classroom context. While these findings are different from what we expected, it might be that the regulation demands during the Sneaky Snake tasks differ substantially from the metacognitive regulation demands in the classroom context. Thus, it might be that the two measurements focus on different aspects of metacognition. More specifically, the Sneaky Snake captures metacognitive behavior in a single play session, whereas in a typical classroom setting, children must monitor and control their behavior in the presence of many other children or when working in a group setting with peers. Given that metacognition has been suggested to be domain-specific (e.g., Baer et al., 2021; van Loon et al., 2024), and these two measurements capture different metacognitive aspects, this may explain the lack of correlations between the BRIEF-P and the Sneaky Snake.

Moreover, the plan/organize scale includes only one item that captures the child’s ability to work on a difficult task; the remaining nine questions capture more classroom situations demanding to follow classroom rules. In addition to the plan/organize scale, the BRIEF-P also allows the computation of an emergent metacognition index as described in the BRIEF-P manual. This index combines the plan/organize and working memory scale. The working memory scale captures additional metacognitive components (e.g., difficulty staying on task or following multi-step instructions). However, the working memory scale was not assessed in the present study, and consequently, the metacognitive index could not be computed. It might be that the metacognitive index would reveal relationships with metacognitive behaviors that were not apparent with the plan/organize scale. Using a different questionnaire, Bryce and Whitebread (2012) found positive relations between metacognitive behavior and teacher rating with the CHILD questionnaire (Whitebread et al., 2009). The different findings may be explained by a slightly different focus of the two questionnaires: Whereas the CHILD questionnaire assesses adaptive metacognitive skills in the classroom (e.g., uses previously taught strategies), the BRIEF-P is a clinical scale focusing on metacognitive regulation problems (e.g., does not complete tasks, even after receiving hints). It may be that the CHILD questionnaire captures metacognitive skills more closely aligned with the Sneaky Snake task than the BRIEF-P.

Future research could also consider a questionnaire more closely related to metacognitive behavior reflected in the Sneaky Snake, such as the CHILD questionnaire. Moreover, a questionnaire on children’s metacognitive knowledge about the Sneaky Snake could be valuable for gaining further insights into children’s metacognitive awareness. For instance, Marulis and Nelson (2021) interviewed children after the Wedgits© Puzzle with the Metacognitive Knowledge Interview (e.g., Do you think you did a good or not so good job on the puzzles?; see Marulis et al., 2016). By relating the child’s answers during the interview to their behavior, the Metacognitive Knowledge Interview may provide insight into the child’s level of consciousness during the Sneaky Snake task.

Interestingly, metacognitive monitoring and control were related to teacher-rated emotional control skills. We found that children who more frequently monitored their behavior and spent more time with control actions (mainly seeking the snake pieces) were also better able to control their emotions. Thus, it seems that the ability to control one’s own emotions may be crucial to maintaining metacognitive monitoring and control when facing an unsolvable task.

Lastly, we also explored the relationship between metacognitive accuracy in the ball-throwing task and metacognitive behavior in the Sneaky Snake. The results showed that metacognitive accuracy in the ball-throwing task was not related to metacognitive monitoring and control behavior in the Sneaky Snake task. As mentioned previously, such performance predictions as an indicator of metacognitive accuracy are an explicit and verbal assessment of children’s metacognition (e.g., Xia et al., 2023). The present finding suggests that verbal assessment of metacognition and metacognitive behavioral processes reflect distinct metacognitive processes that, especially in early development, may operate more independently. The distinct measurement domains might also explain the zero correlations. Furthermore, the Sneaky Snake task is a problem-solving task, whereas the ball-throwing task is a motor task. As suggested above, metacognition in young children may be domain-specific (Baer et al., 2021; van Loon et al., 2024), explaining why metacognition in the Sneaky Snake task and metacognition in the ball-throwing task were unrelated. Future research could assess behavioral and verbal metacognition in the same task to further investigate whether behavioral and verbal metacognitive processes develop independently or develop differently between domains.

Comparing the Sneaky Snake task to existing behavioral tasks such as the Train track (Bryce and Whitebread, 2012) and the Wedgits© task (Marulis and Nelson, 2021) shows that increasing the number of distractors does not necessarily increase the frequency of the metacognitive monitoring and control behaviors. Similar to the train track study in the present study, not all behaviors were observed at a minimum frequency to be analyzed. In fact, three monitoring behaviors and two control behaviors were so rarely shown that we had to exclude them from the analysis. To address the limited frequency issue, developing more complex behavioral tasks involving multiple subsequent steps may be a way to elicit more diverse metacognitive behaviors in the participants.



4.2 Metacognitive processes captured through behavioral observation

As expected, we found age differences in several metacognitive indices (i.e., control, off-task, mistakes). Older children showed more control behavior than younger children. More specifically, when older children showed metacognitive control, they tended to show the behavior for longer periods but not necessarily more frequently. Contrary to our expectations and different than Bryce and Whitebread’s (2012) findings, we did not find age differences in monitoring behavior. The age range between the investigated groups might explain the different findings. Bryce and Whitebread (2012) compared 5-year-olds with 7-year-olds, whereas we compared 5-year-olds with 5 years and 9-months-olds. Age differences in monitoring are likely more pronounced when comparing groups of children with a more significant age difference. Finally, we also found shorter periods of off-task behavior and mistakes in older children than in younger ones. These findings align with the literature suggesting that metacognitive failure decreases with age (Bryce and Whitebread, 2012). Overall, the present findings suggest that in kindergarten, differences in metacognitive behavior occur primarily in the duration, not the frequency of metacognitive behavior. More specifically, older children may spend more time with goal-directed control behavior, which may be related to making fewer mistakes and showing less off-task behavior. The differing pattern of results for occurrences and duration emphasizes the importance of including both measurements in future studies.

Furthermore, the present findings are also somewhat contradictory to longitudinal studies with verbal metacognitive assessments. Whereas Bayard et al. (2021) and Gonzales et al. (2021) found more pronounced developmental improvements in metacognitive monitoring than control, we found age differences in metacognitive control but not in metacognitive monitoring. This opposing result pattern between the present results and verbal metacognition assessments emphasizes the need to further understand how language skills and metacognitive awareness may influence these verbal judgments. One way to address this knowledge gap is through longitudinal research, which includes both measurement approaches: behavioral metacognitive task and verbal metacognitive assessments. Through such an approach, we would be able to disentangle how language and metacognitive awareness might be driving developmental trajectories of monitoring and control.

The unique feature of the Sneaky Snake task is that it is unsolvable. The main aim of designing an unsolvable task was to hold task difficulty constant for all participants. Most children (89%) reached the unsolvable part of the task, indicating that task difficulty was indeed comparable between children. However, the fact that the task consists of a solvable part and then becomes unsolvable allows us to examine an increase in metacognitive regulation demands. When the participant reaches the unsolvable part of the task, the regulation demands increase significantly as no moment of success facilitates metacognitive regulation and motivation to complete the task. The change in regulation demands was mirrored nicely in all four observed behaviors: Comparing the behaviors shown in the solvable part to the unsolvable part showed that while monitoring behavior and making mistakes decreased from the solvable to the unsolvable task part, control and off-task behavior increased. These behavioral changes may reflect the changing task demands from the solvable to the unsolvable part. While monitoring one’s progress when building the snake is crucial, the same amount of progress cannot be made in the unsolvable part when searching for the missing piece. Searching for the missing piece requires a high maintenance of goal-directed behavior when facing difficulty. The higher metacognitive demands in the unsolvable part may also explain the increase in off-task behavior. Finally, fewer mistakes in the unsolvable part may result from the seeking behavior; while children were searching for the next piece, they did not place any pieces, consequently lowering the risk of making mistakes. Overall, in terms of ecological validity, the shift in the task from solvable to unsolvable mimics real-life situations quite accurately. In class and more generally when learning something new, most children are faced with the situation that initially, when starting the task, they can complete the first part but then are confronted with difficulty. Maintaining this edge is where learning eventually happens. It is also precisely at this threshold and beyond where metacognitive skills are most needed to accomplish a goal successfully. The current version of the task has yet to be improved. However, examining metacognitive processes at the threshold from solvable to unsolvable, as well as when the task is unsolvable, may be interesting for future research to gain a more detailed understanding of metacognitive processes in action.



4.3 Limitations

Even though our aim was to develop a task to address constraints in existing behavioral tasks, with our adaptions, we could not reliably observe all behaviors as planned in the first version of the coding scheme (see Table 1). Especially “glancing behavior” was difficult to distinguish. For instance, when a child puts a piece next to the plan, it was difficult to distinguish whether the child solely glanced at the plan (“checking the plan”) or actively glanced back and forth between the piece and the plan (“comparing a single piece with the plan”). Therefore, we combined some of the categories in the second version of the coding scheme. For instance, we coded “checking the plan” and “comparing a single piece with the plan” as the same behavior (“checking the plan”). To address this issue in future studies, the task size should be increased. For example, instead of a picture of the snake, a same-size snake model could be used. The snake model should be placed further away from the building mat to allow for a more precise distinction between checking the model or comparing the piece with the model.

Motivation has an essential impact on any human behavior including metacognition (e.g., Efklides, 2011; Marulis and Nelson, 2021; Zimmerman and Moylan, 2009). Therefore, it’s possible that motivation affects the four observed behaviors (i.e., monitoring, control, mistakes, and off-task) to different degrees and that the demands on motivation even increased during the unsolvable part of the task. Unfortunately, in the current design, it is not possible to disentangle motivation from the observed behaviors. Further research using different incentives could investigate how motivation is related to monitoring, control, mistakes, and off-task behavior.

Furthermore, the focus of the BRIEF-P questionnaire made it difficult to validate the task. The zero relation between the metacognitive behavior and the teacher ratings limit our understanding of the extent to which the task effectively captures metacognitive behavior in 5–6-year-old kindergarten children. However, the BRIEF-P working memory scale may be interesting to include in future studies. Combining the working memory scale with the plan/organize scale would allow computing an emergent metacognition index, which might be more closely related to metacognitive behavior. Finally, the present cross-sectional study limits our understanding of developmental differences in metacognitive behavior. Longitudinal designs are required to understand developmental differences in more detail.



4.4 Conclusion

We investigated young children’s metacognitive behavior in an unsolvable task. The task was designed to gain insight into how children’s metacognitive processes operate in a problem-solving task that mimics real-life scenarios (e.g., Bryce and Whitebread, 2012; Marulis and Nelson, 2021). Similar to previous studies (e.g., Bryce and Whitebread, 2012; see for reviews Roebers, 2017; Xia et al., 2023), we found age differences in metacognition. Older children showed longer control behavior than younger children. Furthermore, results suggest differing metacognitive behaviors depending on whether a task is solvable or unsolvable. We observed more monitoring and less control behaviors in the solvable than unsolvable part of the task. Although the task still needs further improvement, the unsolvable nature of the task assesses metacognitive processes at a crucial threshold: Most learning happens at the edge between solvable and unsolvable, similar to what Vygotsky described as the zone of proximal development (Vygotsky, 1978). The nature of the Sneaky Snake task allows us to capture metacognitive processes precisely at this edge, potentially providing insight into metacognitive processes during a crucial moment in the learning process. The current study contributes to the research methodology to capture metacognitive processes in action by introducing an unsolvable behavioral metacognitive task.
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Introduction: Children's naïve understanding of the physical world is permeated with inconsistencies among beliefs. For example, young children who believe that air does not occupy space also believe that balloons are filled up with air. Here, we asked if an ability to explicitly notice inconsistencies among statements is associated with a more mature understanding of the physical world.

Method: We tested 100 children who received a Physics Interview, a battery of Executive Functioning measures, a Cognitive Reflection measure, and a Consistency Monitoring measure.

Results and discussion: We found that Consistency Monitoring is associated with Physics Understanding, even when controlling for Age, Executive Functioning, and Cognitive Reflection. This finding highlights the importance of explicit consistency monitoring skills in the accumulation and expression of domain-specific understanding of the physical world, and it suggests future avenues for development and research of educational interventions that take into account the role of consistency monitoring skills in science learning.
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Introduction

Domain-specific theories help bind together our systems of beliefs and provide broad explanatory accounts of the data we observe. However, our theories about the world are fallible: they are sometimes wrong, sometimes internally inconsistent, and often incomplete. This fallibility is particularly pronounced in children's and adults' naïve theories. Indeed, one of the biggest obstacles that science teachers face in the classroom is “not what children lack, but what they have,” namely children's naïve theories constructed in early childhood (Carey, 2000). As an example of internal inconsistency in children's understanding of the physical world, consider the common naïve belief that “air is nothing” or that “air does not take up any space” held by 6- and 7-year-olds (Carey, 2009). Contrast that with the belief—also held by many 6- and 7-year-olds—that “there is no air in outer space” or that “we use air to fill up balloons.” The belief that “air does not occupy space” is inconsistent with the belief that “air can fill up a balloon.” Importantly, children do not easily notice this inconsistency at an explicit level (by explicit, we mean available to verbal report; Limón and Carretero, 1997), and they do not easily change their belief that “air does not take up any space” upon seeing anomalous data, namely balloons being filled up with air (c.f., Posner et al., 1982). The existence of such inconsistent beliefs raises the question of how important the general ability to explicitly notice inconsistencies is for the process of theory revision and theory construction. Indeed, explicitly noticing inconsistencies in one's own understanding—as contrasted with implicit measures of feelings of uncertainty or slowing down—might facilitate the process of generating and assimilating more accurate models of reality (Limón and Carretero, 1997).

In the present study, we investigate the relationship between children's domain-general ability to explicitly notice inconsistencies among statements and their domain-specific progress toward generating more accurate models of reality. By domain-general, we mean cognitive resources and skills that are not specific to any given domain. This includes executive functioning, cognitive reflection, and consistency monitoring skills, as well as other broad cognitive abilities. By domain-specific, we mean areas (e.g., physics) with specific developmental trajectories, in which learners acquire the identity of the entities that belong to the domain (e.g., matter or energy in the case of physics), as well as the specific causal mechanisms they then use to predict and explain phenomena in that domain (e.g., mechanical forces in the case of physics; Carey, 1995; Wellman and Gelman, 1992).

More specifically, we investigated the interplay between domain-general skills like consistency monitoring, executive functioning, and cognitive reflection, and children's domain-specific understanding of the physical world. Notably, these domain-general skills are closely related to a broader category of metacognitive monitoring: e.g., consistency monitoring is often invoked when discussing metacognitive comprehension monitoring and error detection processes (Fleur et al., 2021) and executive functioning is also often implicated in metacognitive regulation (Fernandez-Duque et al., 2000). Additionally, although the initial cognitive reflection (CRT) task (Frederick, 2005) has mostly been discussed in the theoretical framework of intuitive and fast cognitive System 1 vs. a more reflective and slow cognitive System 2 type of reasoning (Kahneman, 2011), the slower and more reflective type of reasoning implies a metacognitive component (Shtulman and Young, 2023). Despite this similarity, however, in the present study we treat them as potentially overlapping but still different sets of skills.

As far as young children's domain-specific intuitive theories about the physical world are concerned, they are different from those of adults and from the current scientific understanding (Carey, 2009; Piaget and Inhelder, 1974). In some respects, children's intuitive beliefs and concepts resemble those of Aristotelian physics. For example, young children's concept of weight, similar to Aristotle's concept, is that weight is an accidental property of matter (akin to odor; Jammer, 1961). On this view, some things weigh something, and some things weigh nothing at all, just like some things have odor and some things do not. In line with this, children typically claim that a big pile of rice weighs something and that small pieces like a grain of rice or a small piece of Styrofoam weigh nothing at all (Smith, 2007; Smith et al., 1985, 1992, 1997). Furthermore, young children do not think of occupying space as a necessary property of matter, and they think that some small objects do not take up any space at all (Bascandziev and Carey, 2022). Another aspect of children's intuitive theory of matter is that it does not differentiate between non-material (but physically real) entities and material entities. For example, young children often say that non-material things like shadows, sound, and electricity are material (DeVries, 1986; Carey, 1991, 2009; Piaget, 1960). In short, from a modern scientific point of view, young children's intuitive understanding of the physical world is permeated with various misconceptions about the nature of matter and its properties.

Other related theoretical concepts that also undergo developmental change are the concept of density, children's understanding of the principles of water displacement, and their understanding of the law of conservation of weight. Young children, up to age 10 or older, have not yet constructed an adult-like concept of density that is differentiated from the concept weight (we use “weight” instead of “mass” because the concept mass is also not yet differentiated from weight at this age; see Carey, 2009 for review). This is evident across many tasks where children exhibit weight intrusions when making density judgments, for example, judging a large aluminum block to belong to the steel metals family because the absolute weight of a large aluminum piece is bigger than the weight of a small piece of steel. Children also exhibit density intrusions when making weight judgments, for example, judging that a small steel block would cause a bridge to collapse, while also correctly judging that a larger and heavier wooden block would not cause the same bridge to collapse (Smith, 2007; Smith et al., 1985, 1997, 1992; Smith and Unger, 1997; Snir et al., 1993). Similarly, children exhibit misconceptions when reasoning about the principles of water displacement. The typical error that many 6- to 8-year-olds make is that heavier objects, rather than objects with bigger volume, displace more water. When given an example of two objects with an identical volume but different weights, or two objects of different volumes where the smaller one is heavier, children tend to ignore the volume of the object and claim that the heavier one will displace more water (Colantonio et al., 2022, 2023; Theobald et al., 2024). Finally, it has been widely documented that young children up to age six or older fail to appreciate the law of conservation of weight (Piaget and Inhelder, 1974). Taken together, these findings show that many interrelated concepts—that together constitute children's understanding of the physical world—undergo change in early and middle childhood.


Inconsistencies among beliefs and domain-specific learning

A common feature of (children's) naïve theories is that they are globally inconsistent (diSessa, 1988; Friedman and Forbus, 2011; Friedman et al., 2018). For example, a child who believes that a grain of rice weighs nothing at all, also knows that a pile of rice weighs something, and that the sum of an infinite number of zeros equals to zero (Bascandziev and Carey, 2022). Thus, the belief that a grain of rice weighs zero units of weight and the belief that a pile of rice weighs some non-zero number of units of weight cannot be true at the same time. The same line of argument applies to reasoning about space. The belief that a piece of material takes up no space at all and the belief that a larger piece of the same material takes up some non-zero amount of space cannot be true at the same time, given that the sum of zeros equals zero. As mentioned above, children's reasoning about the material/non-material distinction also runs into inconsistencies. The statement that air does not take up space, because air is nothing, is incompatible with the statement that air is used to fill up balloons.

A similar type of conflict arises in children's reasoning about water displacement. The belief that heavier objects displace more water is inconsistent with the belief that two material entities—such as water and blocks—cannot occupy the same space at the same time—a belief that young children and even infants seem to have (Carey, 2009; Spelke et al., 1992). Consider the following example as an illustration. Imagine two blocks that are a perfect fit for their respective containers. When the blocks are in the containers, there is no space left in the containers. In other words, nothing else but the blocks can fit in the containers, because two material objects cannot occupy the same space at the same time. If the two blocks are pushed in two containers that have an equal amount of water, the blocks will displace the same amount of water, namely all of the water that is inside the containers. How heavy the blocks are has no bearing on how much water they will displace. Despite this, however, children routinely claim that heavier blocks displace more water.

The existence of inconsistent beliefs within the same individual has been well documented in the psychological literature. Those range from coexistence of supernatural and scientific explanations (Legare et al., 2012; Legare and Shtulman, 2018) to coexistence of naïve and scientific explanations (Bascandziev, 2022, 2024; Shtulman and Harrington, 2016; Shtulman and Legare, 2020; Shtulman and Lombrozo, 2016). For example, although most scientifically naïve adults have acquired a vitalist theory of biology according to which plants are living things but the sun is not, they (and even university professors) are slower and less accurate to confirm that plants are alive than to confirm that animals are alive under speeded conditions (Goldberg and Thompson-Schill, 2009). This suggests that these individuals continue to implicitly harbor conflicting scientific and naïve beliefs. Similarly, healthy elderly with weakened executive functioning sometimes will say that the “sun is alive because it's moving” under normal (i.e., not speeded) conditions, although their biological theory and explanations seem to remain intact (Tardiff et al., 2017). This also suggests that naïve and scientific representations that are in conflict with each other are held by the same individual.

Importantly, various studies have investigated the effects of a conflict between the observed evidence and a model of the world (e.g., Bascandziev, 2024; Limón, 2001; Posner et al., 1982; Theobald et al., 2024; see Potvin, 2023 for review). Indeed, children and even infants seem to learn from data that are in conflict with their model of the world (Bonawitz et al., 2012; Legare et al., 2010; Schulz et al., 2008; Stahl and Feigenson, 2015). For example, children who erroneously believe a block should balance at its geometric center (rather than center of mass) are more likely to explore a block balancing at a non-geometric point and correctly revise their beliefs following exploration of this “anomalous” data (Bonawitz et al., 2012). At some level, the children in these looking-time and behavioral tasks are registering a conflict and acting on it. On the other hand, the conflict between anomalous data and the learner's model of the world is not always explicitly noticed (i.e., accessible to verbal report), and it does not always lead to learning (Chinn and Brewer, 1993; Dreyfus et al., 1990; Kuhn, 1989; Limón and Carretero, 1997).

The findings that conflicting evidence sometimes generates behaviors that support learning and other times goes unnoticed raises two important, inter-related questions. First, given that anomalous data and inconsistent beliefs often go unnoticed, which domain-general cognitive skills are involved in consistency monitoring? Second, how are those consistency monitoring skills related to the acquisition and accumulation of domain-specific knowledge?



Present study: consistency monitoring vis a vis other domain-general cognitive skills and domain-specific knowledge

What kind of cognitive capacity is required for one to explicitly notice inconsistencies among beliefs or statements? There are several plausible, not mutually exclusive answers that we investigate in the present study. The first is that executive functions are foundational to consistency monitoring skills. Executive functioning is a set of skills including updating or working memory, cognitive flexibility or set shifting, and inhibitory control (Miyake et al., 2000). These skills are implicated in self-regulation, planning, metacognitive control, comprehension and conflict monitoring (Botvinick et al., 2004; Hofmann et al., 2012; Roebers et al., 2019; Neuenschwander et al., 2012). Indeed, the term executive functioning is often used interchangeably with terms such as error monitoring or conflict monitoring (Checa et al., 2014). Thus, it is plausible to say that the capacity to notice inconsistencies among beliefs and statements, especially in the context of domain-specific learning, is functionally dependent on executive functioning.

A second possibility is that consistency monitoring skills overlap with the ability for cognitive reflection. Cognitive reflection is somewhat independent of executive functioning, and it is defined as an ability to override an initial intuitive response with an analytic or reflective response (Frederick, 2005; Stanovich et al., 2016). By definition, engaging in reflective reasoning means reasoning about a particular issue, monitoring for (intuitive) errors (i.e., consistency monitoring), inhibiting intuitive incorrect responses, and generating analytic (accurate) responses (Shtulman and Young, 2023). Thus, it is plausible that the capacity to explicitly notice inconsistencies among beliefs and statements overlaps greatly with the capacity for reflective reasoning.

A third option is that the ability to explicitly notice inconsistencies among beliefs or statements is sufficiently independent from both executive functioning and reflective reasoning, and it is implicated in domain-specific knowledge acquisition. We review the three options in more detail below.


The relationship between domain-general executive functioning and domain-specific knowledge

There is a large literature showing that executive functioning is related to domain-specific knowledge acquisition and the expression of the acquired knowledge (see Carey et al., 2015 for review). That is, executive functioning has been implicated in the acquisition and expression of mathematical knowledge (Bull and Lee, 2014), understanding of the psychological world (Carlson and Moses, 2001; Devine and Hughes, 2014), understanding of the biological world (Bascandziev et al., 2018; Tardiff et al., 2020), and understanding of the physical world (Colantonio et al., 2024; Thibault and Potvin, 2018). Across all these domains, executive functioning may be involved in the online processing and the expression of an already acquired understanding, or it may be involved in the construction of such understanding (Carey et al., 2015). However, it is unclear what specific role executive functioning is playing in the construction of domain-specific understanding. Although some proposals have speculated that executive functioning may be playing a role in conflict monitoring and in the process of resolving noticed inconsistencies (Bascandziev et al., 2018), the hypothesis that consistency monitoring predicts domain-specific knowledge (concurrently, independently, or as part of executive functioning) has not been tested directly.



The relationship between domain-general cognitive reflection and domain-specific knowledge

Similarly, there is a growing literature showing that cognitive reflection is related to domain-specific knowledge (Shtulman and Young, 2023). Cognitive reflection has been shown to be associated with mathematical understanding, understanding of the physical and biological worlds (Young and Shtulman, 2020a,b), and a wide range of skills that are important for scientific reasoning and science learning (Don et al., 2016; Gervais, 2015; Pennycook and Rand, 2019; Shtulman and McCallum, 2014; Stanovich et al., 2016). Importantly, cognitive reflection has been shown to predict domain-specific performance over and above executive functioning (Young and Shtulman, 2020a). It has been argued that the main role of cognitive reflection in the expression of domain-specific understanding is the ability to override intuitive ideas and responses while engaging in reflective reasoning processes (Shtulman and Young, 2023). However, whether engaging in cognitive reflection also means engaging in consistency monitoring is not clear.



Consistency monitoring as an independent predictor of domain-specific knowledge

In the present study, we are testing the hypothesis that consistency monitoring is associated with young children's understanding of the physical world. In order to test this hypothesis, we developed an individual differences measure that, at face value, measures explicit consistency monitoring directly. The measure was developed by adapting tasks from Markman's (1977, 1979) pioneering work on comprehension monitoring. The tasks included in this measure involve short texts that have numerous inconsistencies or straightforward contradictions. The texts used in the present study were about animals and animal behavior, which is a domain unrelated to the children's developing physics understanding. In this task, after hearing the texts/stories, children are asked whether the story makes sense, whether there is anything confusing about the story, and whether the story is true or not. We reasoned that children who notice the inconsistencies and contradictions in the text would answer that the story did not make sense, that it is confusing, and that the story as a whole is not true. We predicted that children's performance on this task is going to be related to their domain-specific understanding of the physical world.

We did not have any specific predictions about the predictive power of the consistency monitoring measure over and above executive functioning and cognitive reflection. As reviewed above, one possibility is that executive functioning, cognitive reflection, or both might be foundational to explicit consistency monitoring. If so, then we should find that the consistency monitoring measure is unrelated to children's understanding of the physical world after controlling for executive functioning and cognitive reflection. Another possibility, however, is that the consistency monitoring measure is sufficiently independent from executive functioning and cognitive reflection and therefore predictive of children's physics understanding over and above executive functioning and cognitive reflection.

In summary, the first and main hypothesis tested in the present study is that children's ability for consistency monitoring is associated with the domain-specific understanding of the physical world. To test this hypothesis, we tested the prediction that, when controlling for age, the newly developed consistency monitoring measure (i.e., the Inconsistent Stories task) will be correlated with children's performance on the Physics Interview.

Second, we tested the hypothesis that children's executive functioning and cognitive reflection abilities are associated with the domain-specific understanding of the physical world. Although this hypothesis has been tested in other domains (e.g., Bascandziev et al., 2018; Carlson and Moses, 2001; Colantonio et al., 2024; Devine and Hughes, 2014; Tardiff et al., 2020; Thibault and Potvin, 2018; Zaitchik et al., 2014), to our knowledge, it has not been tested in the domain of physics. We predicted that, when controlling for age, the executive functioning and cognitive reflection measure will be correlated with children's performance on the Physics Interview.

Third, we investigated several research questions for which we did not have specific predictions. We asked whether children's ability for explicit consistency monitoring is associated with physics performance over and above executive functioning, over and above cognitive reflection, and over and above both executive functioning and cognitive reflection. Learning the answers to these research questions is important because it will shed light on whether the relationship between explicit consistency monitoring and physics understanding is independent or dependent on executive functioning and cognitive reflection.





Method


Participants

A total of 100 children were recruited (MAge = 84.79 months; SD = 12.21; range = 57 to 114 months). All 100 children participated in the first assessment session of the study in which they received the Physics Interview. Due to attrition, a total of 85 children participated in the second assessment session of the study (about a month later) in which they received the battery of domain general tasks (i.e., executive functions tasks, the Cognitive Reflection Task—Developmental, and the consistency monitoring measure (Inconsistent Stories Task). The average age of the 85 participants was 84.39 months (SD = 12.5; range = 57 to 114 months) at the start of the study. The convenience sample was drawn from elementary schools in the Boston metro area, which comprise a predominantly white, Non-Hispanic, middle-class population. The school district from which the majority of the sample was drawn is composed of 71.8% White, 13.7% Asian, 6.7% Hispanic, 1.9% African American, 5.8% Multi Race, Non-Hispanic, and 0.1% Non-Hawaiian Pacific Islander families.



Procedure

The data presented here were collected as a part of a larger study that included pre-training assessment (Physics Interview), four teaching sessions about the material world ~1 week apart, and post-training assessment (that included the same Physics Interview and domain-general tasks designed to measure children's executive functions, cognitive reflection, and consistency monitoring).1 The present study reports only a portion of the data collected for the larger study, namely children's performance on the Physics Interview at pre-training only and their performance on the domain-general tasks that were administered at post-training. We investigated children's performance on the Physics Interview at pre-training (as opposed to post-training) because the four training sessions administered after pre-training targeted children's physics understanding, which were manipulated in three different conditions in the larger study [Thought Experiments, Real Experiments, and Baseline (no training) condition], which systematically influenced children's physics understanding at post-training. However, the training that targeted physics concepts exclusively was not expected to have any influence on children's executive functioning, cognitive reflection, or consistency monitoring. Indeed, a one-way ANOVA comparison of the three groups across these three domain-general variables showed that there were no significant differences on those measures as a function of a group. The data on pre- to post-training improvement are presented elsewhere. The two assessment sessions (i.e., the pre-training Physics Interview and the post-training domain-general measures) presented here were ~6 weeks apart.2 The prediction tested in the present study, namely that children's performance at pre-training will be related to consistency monitoring, executive functioning, and reflective reasoning is included in the pre-registration among the other predictions that are tested and presented elsewhere. In addition, the pre-registration describes the sample size, and the coding procedures for the physics interview. All assessments involved one-on-one testing, and they were conducted in a quiet classroom or a quiet corner in a hallway in the children's schools.



Physics interview

The Physics Interview was designed to cover concepts that are the target of early elementary STEM education (NGSS Lead States, 2013) and have been researched extensively in prior literature (e.g., see Carey, 2009 for review). Moreover, the concepts targeted in the Physics Interview undergo a prolonged acquisition period because of their complexity and also undergo dramatic change in early and middle childhood (Carey, 2009). For example, at age 6, children have not yet differentiated material from physically real but non-material entities (e.g., shadows, electricity, or sound) and they do not think that gasses are material (Carey, 2009). Furthermore, children at this age have not yet constructed a concept of density that is differentiated from the concepts weight and size (Smith et al., 1985), they have incorrect beliefs about the principles of water displacement (Theobald and Brod, 2021), and they still make conservation errors (e.g., that the weight of an object would change if its shape changes; Piaget and Inhelder, 1974). Below, we give a short overview of the Physics Interview questions that targeted these concepts.3


Material non-material distinction, weight, and occupying space

In order to tap into children's understanding of the distinction between material and non-material entities, as well as their understanding of weight and occupying space as necessary properties of matter, the interview included a series of questions on this topic. After providing an introduction, a few examples, and a child-friendly locution about what we mean by the word material (i.e., something material is something made of stuff; see Carey, 2009 for examples where the “made of stuff” locution was used to question children about their understanding of the material non-material distinction), the experimenter first asked whether a list of 10 different entities were material or not (e.g., “Is air made of stuff?”). These questions were designed to examine the material/non-material distinction (DeVries, 1986; Carey, 1991). Next, the experimenter asked if the same list of 10 entities occupy space, and whether they weigh anything at all (note that children at this age do not differentiate weight from mass; e.g., “Does air take up space?” and “Does air weigh anything at all?”). Then, children were asked to agree or disagree with an argument made by a different child according to which if you put the shadow of an elephant on your hand, you will not be able to lift your hand because elephants are so big. These questions were designed to examine children's understanding that shadows are not material and do not weigh anything at all. The next set of questions also considered children's understanding of occupying space and having weight as necessary properties of matter, but this time by using actual visible, but very small pieces of matter, namely a tiny ball made of playdough, a grain of sand, and a tiny piece of sponge. For each piece, the experimenter placed the entity on the table in front of the child and asked if the piece takes up a lot of space, a tiny bit of space, or no space at all, and whether it weighs a lot, a tiny bit, or nothing at all (Bascandziev and Carey, 2022).



Density, water displacement, and conservation

In order to tap into children's understanding of density and the differentiation of the concepts weight, volume, and density, we administered a set of questions adapted from Smith et al. (1985). For example, children were shown two blocks that are different sizes but weigh the exact same amount, and they were asked if the two blocks could be made of the same material. Similarly, children were shown blocks of the same size that weigh different amounts, and they were asked if those two blocks could be made of the same material.

Next, children received items designed to test their understanding of the principles of water displacement. Children were shown two containers with an equal amount of water and two balls made out of different materials, with different (or same sizes), and with different weights. Children were asked to imagine pushing the two balls all the way to the bottom of the container, and they were asked if one of the two balls will push up more water or if the two balls would push up an equal amount of water (Theobald and Brod, 2021).

Finally, children received a question about the conservation of weight (Piaget and Inhelder, 1974) and questions borrowed from The Inquiry Project curriculum about units of weight measurement and about conservation of weight (TERC, 2011). As specified in our pre-registration, we scored the judgments that children made in the Physics Interview by assigning a score of 1 to correct judgments and a score of 0 to incorrect judgments. All 100 children in the sample completed the Physics Interview. To check the interrater agreement, 30% of the data were coded by two independent coders. The interrater agreement was ICC = 0.99, p < 0.001.




Consistency monitoring (inconsistent stories task)
 
Inconsistent stories task

The Inconsistent Stories Task (IST) has been adapted from Markman's (1979) work on children's metacognitive unawareness of their comprehension failures. To our knowledge, this is the first adaptation of this task as an individual difference measure. Before reading the stories, the experimenter told the children that he would read them a couple of stories, and that their job is to pay close attention, because they would be answering a few questions afterwards. The task included a total of two stories (adapted from Markman, 1979), which were about animals and included inconsistencies. For example, in one story children heard that snakes find insects by listening to them and that snakes do not have ears and they cannot hear insects. After hearing each story, children received three questions: i) “Did the story make sense?” ii) “Do you think the story is true?” iii) “Was there anything confusing about the story?” If children said that the story makes sense, that it is true, and that there is nothing confusing about the story, they received 0 points on the respective question. If children said that the story did not make sense, that the story is not true, and that the story was confusing, they received 1 point on each respective question. If children answered any of the three questions correctly, they were asked a follow up question to explain why they thought the story did not make sense, why it was not true, or why it was confusing. A total of 84 children completed the Inconsistent Stories task. Given our two stories with three questions each, the possible range of scores on this task was between 0 and 6. To check the interrater agreement, 30% of the data were coded by two independent coders. The interrater agreement was ICC = 0.99, p < 0.001.4




Executive functions (backward digit span, verbal fluency, and day-night)

To measure the three different aspects of executive functions, namely working memory, set-shifting, and inhibitory control (Miyake et al., 2000), we administered three different executive function tasks: backward digit span, verbal fluency, and the day-night task.


Backward digit span

The backward digit span is a working memory task. Children were told that the experimenter would read them some numbers, and that their job is to remember the numbers and tell the experiment what the numbers were, but in backwards order. The experimenter gave a few examples and said: “if I say 1, 2, you should say 2, 1; if I say 3, 4, you should say 4, 3. Okay?” Next, children were able to complete a few practice trials with 2-digit numbers during which trials they were given corrective feedback if they made any errors. The test trials began with a block of two 2-digit numbers, then a block of two 3-digit numbers, all the way to a block of two 7-digit numbers. The testing was discontinued after children made two consecutive errors within a block, but not before the block with 5 digits was reached. The score that each child received was equal to the cardinal value of the largest set that the child repeated correctly. For example, if the child correctly repeated at least one string with 2 digits and repeated incorrectly both strings with 3 digits, then the child received a score of 2. If the child correctly repeated at least one string with 3 digits and made two consecutive errors within the block with 4 digits, then the child received a score of 3. The range of possible scores is between 2 and 7. A total of 82 children completed the Backward Digit task. To check the interrater agreement, 30% of the data were coded by two independent coders. The interrater agreement was ICC = 0.99, p < 0.001.



Verbal fluency

The Verbal Fluency task is designed to measure cognitive flexibility or set shifting (Munakata et al., 2012; Troyer et al., 1997). This task has been used as a measure of endogenous set shifting with children of similar ages as the ones in the sample of the present study (Bascandziev et al., 2018; Shtulman et al., 2023; Snyder and Munakata, 2010; Young and Shtulman, 2020a,b). Children were given two tasks: Animal Naming and Food Naming. For each task, the experimenter told children that they should name as many animals (or foods) as they can in 1 min. After the experimenter ensured that the child understood the task, children began naming animals (or foods) until the time was up. To be successful on this task requires the use of an abstract superordinate concept animal or food and then search a vast lexical database of individual instances of animals and foods. A strategy that finds subcategories of animals (or foods; e.g., farm animals, jungle animals, sea animals, etc.), monitoring when the subcategory is exhausted, and flexibly switching to a different subcategory, which includes endogenous set shifting, leads to higher scores on this task (Snyder and Munakata, 2010). Children's scores reflect the number of unique animals and foods that they named in 1 min. Repetitions (with some exceptions)5 and incorrect responses (e.g., drinks instead of foods) were excluded. Children's verbal fluency score is a simple sum of the Animal and Food naming. A total of 84 children completed the Verbal Fluency task. To check the interrater agreement, 30% of the data were coded by two independent coders. The interrater agreement was (ICC = 0.98, p < 0.001).



Day-night task

The Day-Night task is designed to measure children's inhibitory control ability. We modeled our task after Gerstadt et al. (1994) classic study in which they administered this task to 3 [image: image] to 7-year-olds. Children were shown two pictures, one of a day sky and one of a night sky, and they were told that when they see a picture of a day sky, they are supposed to say “night” as fast as possible, and when they see a picture of a night sky, they are supposed to say “day” as fast as possible. Next, children received four practice trials with corrective feedback and ample time to respond. The test trials consisted of 10 trials during which one picture was presented at a time for ~ 1to 2 s. In order to succeed, children needed to inhibit the prepotent response, namely, to say the word that describes the picture, and then produce the opposite word. Children's scores reflect the number of correct responses on the 10 trials. Incorrect responses, false starts (e.g., “da.. night”), switched answers (e.g., “day, no… night”), and missed trials were given 0 points. The range of possible scores is from 0 to 10. A total of 82 children completed the Day Night task. To check the interrater agreement, 30% of the data were coded by two independent coders. The interrater agreement was ICC = 0.96.




Cognitive reflection (cognitive reflection task)
 
Cognitive reflection task—developmental (CRT-D)

The Cognitive Reflection Task—Developmental is designed to measure children's reflective reasoning, which involves recognizing and rejecting an intuitive but incorrect response, and then providing a counterintuitive but correct response (Young and Shtulman, 2020a). An example of an item is: “If you are running a race and you pass the person in second place, what place are you in?” The intuitive lure is to say 1st place, which is an incorrect answer. The correct answer is that the person who passed the person in 2nd place will be in 2nd place. Before administering the task, the experimenter told the children that they will hear some really tricky questions, that they should listen carefully, and that they should try their best to give a correct answer. The task included a total of five questions. Each answer was scored as correct (1 point) or incorrect (0 points), thus producing a possible range between 0 and 5 points. A total of 84 children completed the Cognitive Reflection task. To check the interrater agreement, 30% of the data were coded by two independent coders. The interrater agreement was ICC = 1; i.e., perfect agreement.





Results

We first present the descriptive statistics of the Physics Understanding measure as well the domain-general measures. Next, we present the bivariate correlations between the variable of interest (Physics Understanding) and the domain-general measures. Finally, we present a series of regression analyses, which focuses on the relationship between the Physics Understanding outcome variable and the control and domain-general predictor variables.


Descriptive statistics: physics understanding

Table 1 presents the descriptive statistics of the six sub composites designed to measure different aspects of children's understanding of the material world. The interview's questions targeted several concepts, including children's understanding of the material/non-material distinction (e.g., that air is material, but shadows are not), the understanding that material things occupy space, and the understanding that material things have weight. In addition, the interview tapped into children's understanding of the concept density and how it is differentiated from weight, the understanding of water displacement principles, and the understanding of conservation of weight.


TABLE 1 Descriptive statistics of the six sub composites of the Physics Interview (n = 100).

[image: Table 1]

Inspection of Table 1 shows that there was sufficient variability among children on the six sub composites and children were showing neither floor, nor ceiling effects on any of the six sub composite variables. As far as individual variability is concerned, some children were performing near the bottom of the possible range and some children were performing at the very top of the possible range on each of the six sub composites. As a group, children's average scores indicated that they have not yet acquired an adult-like theory of matter. The errors that children typically made on the Physics interview were consistent with prior findings in the literature (see Carey, 2009 for review). For example, on average, children denied that gasses such as air and steam are material, but they frequently said that non-material but physically real entities, such as electricity, are material. Similarly, on average, children denied that material things such as air and steam occupy space and have weight (Carey, 2009), they believed that heavier objects (rather than objects with bigger volume) displace more water (Theobald and Brod, 2021), that weight could change if one changes the shape of the object (Piaget and Inhelder, 1974), or that two blocks of the same size but different weights could be made of the same material (Smith et al., 1985).

The internal consistency of the six sub composites, where each sub composite was treated as an item, was acceptable (Cronbach's Alpha = 0.7). This allowed for the construction of a Physics Understanding composite variable. To construct a composite variable, each of the six sub composites was first standardized,6 and then the six composites were averaged into a single variable, which was again standardized with a mean of 0 and a standard deviation of 1. Thus, a score of 0 on the Physics Understanding outcome variable represents an average performance.



Descriptive statistics: domain general measures

Table 2 presents the descriptive statistics of the domain general measures, including the consistency monitoring measure [measured with the Inconsistent Stories Task (IST)], the three executive function measures: working memory (measured with the Backward Digit Span task), set shifting ability (measured with the Verbal Fluency task), and inhibitory control (measured with the Day Night task), as well as the cognitive reflective measure [measured with the Cognitive Reflection Task - Developmental (CRT-D) task].


TABLE 2 Descriptive statistics of the domain-general predictors (n = 82–84).

[image: Table 2]

Inspection of Table 2 shows that there is sufficient variability across all domain-general measures. The range of scores that children achieved on all tasks was near or equivalent to the possible range. In other words, some children were performing at the bottom of the possible range and some children were performing at the very top of the possible range of scores. As far as the average group performance is concerned, the performance on the Day Night task was near the ceiling, suggesting that the task was relatively easy for children at this age. Conversely, the average group performance on the Cognitive Reflection Task—Developmental was near floor, suggesting that children were providing incorrect responses most of the time on this particular task. Importantly, however, although the average performance was high on the Day Night task and low on the CRT-D task, there was sufficient variability around those average scores. The average group performance on the remaining tasks was neither near floor nor near ceiling.

In order to reduce the number of predictor variables, on theoretical grounds, we created a composite Executive Function (EF) variable by standardizing and averaging the Backward Digit Span, Verbal Fluency, and Day Night tasks. The composite EF variable was then standardized. The composite EF variable was based on the data from 81 children. We also include a supplementary analysis posted on OSF (see link above) where each of the EF variables is treated as an independent construct. The supplementary analysis presents results that are consistent with the results presented here. Finally, on theoretical grounds, we kept the Inconsistent Stories and Cognitive Reflection tasks as separate predictors. Both variables were also standardized. The variable Age was also standardized, which means that Age of 0 represents an average age of the sample.



Correlations among the outcome, predictor, and control variables

Figure 1 presents the bivariate correlations among the outcome Physics Understanding variable, the domain general predictor variables, and Age. In addition, Figure 1 represents the distributions of each variable as well as the scatterplots of the bivariate relationships. Inspection of the correlation coefficients reveals that the outcome variable of interest, Physics Understanding, is significantly correlated with all domain-general predictor variables and also with Age. The strength of the correlation coefficients between Physics Understanding and the domain general predictor variables ranged between moderate to high. Inspection of the correlation coefficients among the domain-general variables shows that all three constructs, namely Consistency Monitoring, Executive Functioning, and Cognitive Reflection are correlated with each other, and they are all correlated with Age.


[image: Figure 1]
FIGURE 1
 Bivariate correlations between Physics Understanding and the domain general predictor variables (n = 81–100). * < 0.05, ** < 0.01, *** < 0.001. The distributions of all variables are on the diagonal. Below the diagonal are the bivariate scatterplots. All plotted variables represent z-scored measures.


In addition, we investigated the intercorrelations between the three predictor variables, namely Executive Functioning, Cognitive Reflection, and Inconsistent Stories while controlling for Age. We found that controlling for Age, the correlation between EF and CRT-D was r(78) = 0.16, p = 0.15, the correlation between EF and Inconsistent Stories was r(78) = 0.07, p = 0.55, and the correlation between CRT-D and Inconsistent Stories was r(78) = 0.17, p = 0.14. This finding suggests that the measures of executive functioning, cognitive reflection, and consistency monitoring tap into unique constructs that are independent from each other.



Predicting children's physics understanding

To test the hypotheses and research questions outlined above, we performed a series of regression analyses. Table 3 presents the regression coefficients and the associated statistics of six different models (Models A through F). The outcome variable in all models is children's Physics Understanding and the goal of each model was to test the predictive value of each of the domain general variables while controlling for other variables.


TABLE 3 Comparison of regression models predicting children's physics understanding.
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We first asked whether Consistency Monitoring, Executive Function, and Cognitive Reflection would continue to be significantly associated with Physics Understanding after controlling for Age. The first Model A tests the main prediction that Inconsistent Stories is going to be correlated with children's performance on the Physics Interview even after controlling for Age. The regression analysis confirmed this prediction, and it showed that controlling for Age, the predicted Physics Understanding score is 0.29 higher for every 1-unit difference in Inconsistent Stories. Conversely, Model B shows that controlling for Age, Executive Function is no longer a significant predictor of Physics Understanding. Finally, Model C shows that controlling for Age, Cognitive Reflection remains a significant predictor of Physics Understanding. Taken together, these results show that once Age is controlled for, the variability in Executive Function is no longer predictive of the variability in Physics Understanding. Conversely, the relationship between Physics Understanding on the one hand and Inconsistent Stories and Cognitive Reflection on the other hand is significant even after statistically controlling for Age. There were no significant interactions between Cognitive Reflection and Age and between Inconsistent Stories and Age.

Next, we addressed the research question of whether Inconsistent Stories predicts Physics Understanding over and above Executive Functioning and Cognitive Reflection. Model D shows that after controlling for Age and Executive Function, Inconsistent Stories remains a significant predictor of Physics Understanding. Similarly, Model E shows that after controlling for Age and Cognitive Reflection, Inconsistent Stories remains a significant predictor of Physics Understanding. Finally, Model F shows that after controlling for Age, Executive Functioning, and Cognitive Reflection, Inconsistent Stories remains a significant predictor of Physics Understanding. Importantly, Model F shows that controlling for Age and Executive Function, both Cognitive Reflection and Inconsistent Stories predict unique variance in Physics Understanding over and above the other variables. That is, controlling for Age, Executive Function, and Cognitive Reflection, the predicted score of Physics Understanding is 0.21 higher for 1-unit difference in Inconsistent Stories. Similarly, controlling for Age, Executive Function, and Inconsistent Stories, the predicted score of Physics Understanding is 0.40 higher for every 1-unit difference in Cognitive Reflection. Figure 2 shows the fitted lines (i.e., based on Model F) of prototypical children who scored at the 25th percentile (bottom line) and the 75th percentile (top line) on CRT-D where the slopes of the lines represent the relationship between Physics Understanding and performance on Inconsistent Stories, controlling for Age and Executive Functioning.
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FIGURE 2
 Consistency monitoring is positively correlated with Physics Understanding when controlling for Age, Executive Functioning, and Cognitive Reflection. Fitted lines of prototypical children who scored at the 25th percentile (bottom line) and the 75th percentile (top line) on Cognitive Reflection—Developmental. The slope of the line represents the relationship between Consistency Monitoring and Physics Understanding on the basis of Model F (see Table 3). The scatter plot represents the bivariate relationship between Consistency Monitoring and Physics Understanding.





Discussion

The present study investigated the relationship between explicit consistency monitoring skills and domain-specific knowledge. We found that even after controlling for Age, Executive Functioning, and Cognitive Reflection, children's performance on the Physics Interview was associated with Consistency Monitoring (i.e., with the Inconsistent Stories task). This result suggests that the consistency monitoring skill, as measured by the Inconsistent Stories task, is an independent predictor of children's performance on the Physics Interview. In other words, the ability to notice inconsistent statements in text is different from the suite of executive functioning abilities, as well as the ability for cognitive reflection, and it independently predicts variance on measures of physics understanding.

A novel aspect of the present study is the inclusion of the new individual differences measure, namely the Inconsistent Stories task, designed to measure children's consistency monitoring skill. To our knowledge, this is the first study to investigate the individual differences in explicit consistency monitoring and how those individual differences relate to other domain-general skills such as executive functioning and cognitive reflection, as well as how consistency monitoring relates to the domain-specific physics understanding. As outlined in the Introduction, we reasoned that explicit consistency monitoring might be sufficiently independent from executive functioning and cognitive reflection and that it may be independently related to physics understanding. We found that although the bivariate correlations between Inconsistent Stories, Executive Functioning, and CRT-D were significant, they were not statistically significant after controlling for Age, suggesting that these measures tap into different types of abilities. Collectively, these findings provide a basis for advocating further exploration of the explicit consistency monitoring construct and for the expansion and improvement of the tasks that measure it.

In what ways is the consistency monitoring construct different from executive functioning and cognitive reflection, and why does it predict physics understanding over and above executive functioning and cognitive reflection? At face value, consistency monitoring, as measured by the Inconsistent Stories task, requires participants to encode the information, hold it in working memory, inhibit intuitive interpretations, draw relevant long-range inferences from that information (e.g., that not having light at the bottom of the ocean means that one cannot see the color of other animals), and then compare the long-range inferences for consistency. Executive functioning and cognitive reflection seem to tap into abilities that overlap to some extent. The Cognitive Reflection Task specifically, also contains a lure that elicits a fluent, first to mind kind of intuitive response that neither the executive functioning tasks nor the consistency monitoring task seem to have. In a similar vein, neither the executive functioning tasks nor the cognitive reflection task seem to tap into the individual's propensity to reason about the consequences of having certain beliefs (i.e., drawing long-range inferences that follow from those beliefs) and comparing them for consistency. Indeed, these processes are also important for scientific and domain-specific reasoning. For example, the consequence of having a belief that air is nothing and that it occupies no space, is that air cannot inflate balloons, it cannot fill up one's lungs, and that there is no difference between the “air” on Earth and in outer space. By noticing the inconsistencies that follow from holding the belief that air is nothing, one is in a better position to learn that air is something. Future research should test these possibilities more directly.

While acknowledging that explicitly noticing inconsistencies does not automatically lead to learning, nor does it mean that it automatically puts the learner in a better position to learn (e.g., Chi, 2013; Chinn and Brewer, 1993; Festinger, 1957), we list several reasons why noticing inconsistencies might sometimes help learners to engage in theory revision and theory construction. The first possibility is that noticing inconsistencies in one's understanding may play a motivational role. That is, if one notices a tension among one's beliefs, then that may motivate the process of seeking new explanations in the service of resolving the tension (e.g., Loewenstein, 1994). The quest for new explanations may include seeking information in the physical world (e.g., conducting new observations and experiments), in the social world (e.g., asking questions of knowledgeable others), as well as in one's mind (e.g., conducting thought experiments; see Bascandziev and Carey, 2022; Bascandziev and Harris, 2019; Bascandziev, 2022, 2024 for examples of how thought experiments can help learning). Another related possibility is that drawing long-range inferences, noticing inconsistencies, and attempting to resolve them may have cognitive benefits for the learner. By definition, engaging in such processes implies that the learner engages in deep processing of the material and making more connections among the relevant pieces of information, which is known to benefit memory and learning (Craik and Lockhart, 1972). Finally, noticing inconsistencies in one's understanding may pay dividends when one is encountering new explanations in informal or formal educational settings. For example, a child who has noticed an inconsistency between the belief that a grain of rice weighs nothing at all and that a pile of rice weighs something may find it easier to encode and assimilate the information that all material bodies, no matter how small they are, weigh something (Bascandziev and Carey, 2022).

The present study found an association between explicit consistency monitoring and domain-specific learning. The emphasis is on explicit, because the kind of consistency monitoring investigated in the present study, as measured by the Inconsistent Stories task, should be differentiated from many forms of implicit consistency monitoring. For example, implicit uncertainty could be measured by physiological indexes such as pupil dilation (Preuschoff et al., 2011), theta activation (Begus and Bonawitz, 2020, 2024); reaction times (Roebers et al., 2019), search behavior (Andreuccioli et al., 2024), or exploration measures (Lapidow et al., 2022; Wang et al., 2021). Moreover, studies have reported a link between implicit consistency monitoring measures and domain-specific learning. For example, several studies have reported a link between surprise, as measured by pupillometry, and domain-specific learning (Brod et al., 2018; Colantonio et al., 2023; Theobald and Brod, 2021; Theobald et al., 2024). However, the link between implicit and explicit measures of consistency monitoring is not clear. In other words, it is not clear whether the implicit forms of consistency monitoring give rise to an explicit (i.e., accessible to verbal report) consistency monitoring, and if not, then what additional steps are needed to attain an explicit representation of an inconsistency. Furthermore, it is not clear whether the reported association between implicit consistency monitoring and domain-specific learning and the association between explicit consistency monitoring and domain-specific learning are akin to each other. It is quite possible that different mechanisms underlie each association. In sum, the present study reports an association between explicit consistency monitoring and domain-specific knowledge. Future studies should explore the relationship between implicit and explicit measures of consistency monitoring, as well as how each type of consistency monitoring contributes to domain-specific learning.

In addition to finding that consistency monitoring is related to physics understanding, the present study also showed that cognitive reflection is related to physics understanding and failed to show any relationship between executive functioning and physics understanding (after controlling for age). Whereas, prior work has found a relationship between domain-general skills and the specific domains of biology (Bascandziev et al., 2018; Tardiff et al., 2020; Zaitchik et al., 2014), intuitive psychology (Carlson and Moses, 2001; Devine and Hughes, 2014), mathematics, and physics in adults (Bull and Lee, 2014; Colantonio et al., 2024; Thibault and Potvin, 2018), there have been no studies to our knowledge that have investigated young children's domain-general skills and their understanding of the physical world. This is important because each domain is different and the construction of knowledge within each domain may entail different domain-specific learning mechanisms (Wellman and Gelman, 1992), and by extension, it may also recruit different domain-general skills. Indeed, past research has shown that even learning different types of knowledge within a single domain (e.g., learning factual vs. conceptual knowledge), is associated with different types of domain-general skills (e.g., Bascandziev et al., 2018). As a case in point, the present study showed that young children's accumulated knowledge about the physical world is related both to their ability for cognitive reflection and their consistency monitoring, but not with their executive functioning (when controlling for Age). This suggests possible differences between this domain of physics and other domains (e.g., biology or mathematics) for which past studies have found strong associations with executive functioning. Future research could more systematically compare different domains and how conceptual learning in those domains relates to a wide range of domain-general skills, to better understand how different systems of knowledge might be built via different domain general supports.

One limitation of the present study is that it did not include a language measure. This is a limitation because both the Inconsistent Stories task and the Cognitive Reflection Task are language dependent, so it is possible that the effects observed in the present study are driven by children's language abilities rather than their consistency monitoring or cognitive reflection ability. We think that this possibility is unlikely. First, many studies that have investigated the relationship between executive functioning and domain-specific understanding have found that the effect of executive functioning continues to be significant even after controlling for language measures, suggesting that it is not the language comprehension component of the tasks that drives the effect (Tardiff et al., 2020; Carlson and Moses, 2001; Zaitchik et al., 2014). Moreover, one study in a different science domain (biological reasoning) found a double dissociation between language measures and executive functioning on the one end and domain-specific learning on the other. Whereas, executive functioning was predictive of improvement on domain-specific causal-explanatory learning, it was not predictive of factual learning. Conversely, whereas receptive vocabulary was predictive of factual learning, it was not predictive of domain-specific causal explanatory learning (Bascandziev et al., 2018). Taken together, these findings suggest that the role of the domain-general cognitive abilities such as executive functioning in domain-specific learning goes beyond language abilities. Future research should test the prediction that the roles of consistency monitoring and cognitive reflection in domain-specific learning is also disassociated from language abilities.

In conclusion, the present study investigated the relationship between young children's progress in the domain of physics and several domain-general predictors, including consistency monitoring, executive functioning, and cognitive reflection. We found a relationship between explicit consistency monitoring and physics understanding when controlling for age, executive functioning, and cognitive reflection. This finding highlights the importance of a domain-general skill implicated in the accumulation and expression of domain-specific understanding, and it points to important avenues for future research and educational interventions.
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Footnotes

1 The raw data, interviews, and coding schemes are available at https://osf.io/ua3rb/.

2 We pre-registered the predictions for the larger study at https://aspredicted.org/DJG_YWR.

3 The full interview and the coding scheme are available at https://osf.io/ua3rb/.

4 The coding schemes and the raw data for all tasks described above are available at https://osf.io/ua3rb/. Furthermore, the larger study, including predictions made for the results presented here, have been pre-registered at: https://aspredicted.org/DJG_YWR.

5 See coding scheme at https://osf.io/ua3rb.

6 This allowed each of the six sub composites to have an equal weighting when averaged together. Creating a composite variable from the raw scores, however, does not change the results presented in this study.
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Inspectinga piece
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Comparing a single piece with the plan
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Checking own construction
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Adjustments
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Control failure
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Child glances back to the plan while secking in the box for a piece. 42(147)

Child takes a closer look at  snake piece by counting the number of 269(1.25)
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“Thisis a difficult task” or “1, 2, 3,4 [child counts squares on a piece]” 018 (0.54)

Child puts a snake picce next to the plan and glances back and forth -

between the piece and the plan.
Child compares a blue curve with dots with a blue curve with squares. -

Child checks their construction by overviewing the built snake. -

- 7.08 (2.6)
Child seeks in the box for a piece. 444 (121)
Child replaces a piece in the snake to correct an error. 013 (017)
“A yellow curve with four squares [child repeats what they are seeking]” 005 (0.32)
‘The child groups yellow pieces in one place. -

Child empties the box. -

- 4.63(1.29)
Child builds in an incorrect piece. 058 (0.73)
Child builds a snake that is unrelated to the task and the plan. 075 (075)
Child walks away and does not interact with the task anymore. 03(0.26)
- 1.06 (08)

11.25 (3.51)

476 (259)

0.65 (2.16)

1667 (6.17)
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022(1.37)
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All behaviors were coded in the first round of coding, In the second coding round, behaviors in bold were maintained, whereas all other behaviors were dropped because of low frequencies

and reliablitis.
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6.71(1.52)
16,39 (4.58)

4.59(1.29)
2305 (5.47)

0.78 (0.92)
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Significant differences between kindergarten 1 and 2 are bold (p <0.05).
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children covariation
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4-cell strategies 5] 4.54
Comparison of ratios 4 5.75
Comparison of differences 7 371
Tie: comparison of ratios and 2 5

comparison of differences

2-cell strategies 25 1.64
Avs.B 2 25
Cvs.D 2 5
Avs.C 16 0.0375
Bvs.D 4 4
Tie: Cvs. Dand Bvs. D 1 4
Other/mixed strategies 36 228

Other/mixed children did not match an expected strategy response pattern on at least 5 of
6 items.
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Correlations

Variable Mean (SD) 3.

1. Correct covariation judgments (out of 6) 74 2.46 (1.64) -

2. Age (in years) 74 7.38 (1.85) 0.46"* -

3.CRT-D (out of 9) 74 2.96 (2.25) 0.50%* 052+ -

4. Verbal fluency 71 12.11 (5.26) 0.07 0.04 —0.04 -

5. Flanker 43 82.00 (18.31) 025 0.62%* 0.09 —0.05 —
6. Backward digit span 63 3.13(1.34) 0.11 0.43%% 024 —0.14 0.40*

*p <0.05.
D < 0001
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Measures SD Range
CJ correct recognition 5.41 1.67 1-7

CJ incorrect recognition 4.93 176 1-7
Monitoring discrimination 0.49 0.93 —2.14-3.79
Non-verbal intellectual ability | 32.87 10.72 4-66
Memory performance (%) 0.33 0.13 0.06-0.94

M, mean; SD, standard deviation; CJ, confidence judgments.





OPS/images/fdpys-02-1332358/fdpys-02-1332358-t005.jpg
Model R Adjusted Std. error of the estimate
1 0.30° 0.09 0.08 3.76
2 030" 0.09 0.07 377
3 0.44¢ 0.19 0.16 3.59

Model with sex and age; *model with sex, age, and executive functions . model with sex, age, executive functions, explicit metacognition, implicit metacognition.
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Unstandardized coefficients Standardized coefficients

B Std. Error B

1 (Constant) 41.82 5.88 7.11 <0.001
Age (months) 0.29 0.09 0.30 3.37 0.001
Sex —0.36 0.69 —0.05 —0.52 0.602

2 (Constant) 41.86 591 7.08 <0.001
Age (months) 0.29 0.09 0.31 3.29 0.001
Sex —0.38 0.70 —0.05 —0.54 0.591
EF Average —0.00 0.03 —0.02 —0.19 0.847

3 (Constant) 46.00 5.74 8.02 <0.001
Age (months) 0.24 0.09 0.25 2.80 0.006
Sex —0.62 0.67 —0.08 —0.92 0.358
EF average —0.02 0.03 —0.08 —0.88 0.379
Confidence 6.31 3.15 0.19 2.00 0.047
judgements
Clue selection 6.01 2.85 0.20 2.11 0.037

Significant predictors are bolded.
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Confidence Clue selection Confidence Clue Response time
(monitoring) (control) difference difference difference score
score score (implicit)
Incorrect Correct Incorrect Correct

M 0.74 080 045 039 0.06 0.06 0.63

SD 029 024 037 035 0.13 013 099

N 128 128 128 128 128 127 121

t 9.58 13.83 —141 -362 198 516 7.03

df 127 127 127 127 127 126 120

p <0.001 <0.001 0.08 <0.001 <0.001 <0.001 <0.001

Cohen’s d 085 122 —0.13 —032 0.44 0.46 0.64

95% CI 0.19-0.29 0.26-0.34 —0.11-0.02 —0.17--0.05 0.03-0.08 0.04-0.08 0.45-0.81

Chance was operationalized as 0.5 for the Correct and Incorrect trials and at 0 for the difference scores.
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Mean 6.19 7.82 9.68 1.99 1.69 1.54
SD 176 2.18 2.67 0.75 1.33 0.96
Range 2-9 4-12 3.5-15 1-3 0-4 0-3
Possible range | 0-10 0-13 0-15 0-3 0-4 0-3
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Flanker DCCs Executive Flanker DCCs Executive
computed computed function mean standard standard function mean
computed standard
N 130 128 130 130 128 130
5.76 429 503 74.38 69.92 72.14
sD 147 236 152 14.88 20.69 14.10
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Inconsistent stories

Backward digit

Verbal fluency

Cognitive reflection

Mean 2.73 343 28.62 8.45 0.99
SD 1.88 0.98 9.47 2.04 1.22
Range 0-6 2-5 0-50 1-10 0-5
Possible Range 0-6 2-7 0-n/a 0-10 0-5
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1. School readiness i 1 = = = =
N 128
2. Executive function r 0.06 1 - - -
N 128 130
3. Confidence T 0.25* 0.24* 1 = -
judgements (explicit)
N 126 128 128
4. Clue selection r 0.22* 0.14 0.43* 1 =
(implicit)
N 125 127 127 127
5. Response time r 0.10 0.14 0.22* 0.13 1
(implicit)
N 119 121 121 120 121

Results that remain significant following the false discovery rate are in bold. *p < 0.05.
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Predictor Model A Model B Model C Model D Model E Model F
Intercept 0.07 0.1 0.09 0.09 0.08 0.09
(0.08) (0.09) (0.08) (0.08) (0.08) (0.08)
087 133 113 1.02 1 111
Age 0.49 0.46 0.31 0.38 0.26 0.19
(0.09) (0.11) (0.10) (0.11) (0.10) (0.11)
5.56%* 4340 3.10% 3.56% 2.50% 175
Inconsistent stories | 0.29 026 0.22 0.21
(0.09) 3.20%* (0.09) (0.09) 2.61* (0.09)
2.81° 241%
Executive function 021 0.19 0.13
(0.11) (0.11) (0.10)
1.94 182 137
Cognitive reflection 0.49 0.43 0.40
(0.10) (0.10) (0.11)
182%** 116" 3.83%*
R 0.44 0.40 052 0.45 052 054
F 32.00 2554 2554 2117 3098 2236
(df) (2,81) (2,78) (2,78) (3,77) (3,79) (4,76)
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

* <0.05,* <0.01,** <0.001.

Cell entries are estimated regression coefficients in bold, (standard errors in parentheses), and t-statistics.
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Solvable Unsolvable

n=>55 n=55

Monitoring

‘Occurrences [occ/min] 9.29 (4.21) 2-18 7.19(3.92) 0-20

Duration [s/min] 19.27 (8.64) 5.32-42.18 15.96 (9.53) 0-60
Control

Occurrences [occ/min] 5.25(1.75) 2-9 484(2.14) 0-10

Duration [s/min] 22.3(892) 8.81-48.53 29.9(13.05) 0-50.31
Mistakes

Occurrences [occ/min] 1.06 (1.03) 0-4 0.87(1.2) 0-6

Duration [s/min] 885 (10.04) 0-39.88 312(6.38) 0-28.15
Off-task

Occurrences [occ/min] 0.51(1.12) 0-7 0.75(1.14) 0-5

Duration (s/min] 153 (4.8) 03161 437(7.48) 0-10.92

Scores for the solvable part are based on the 60s before children reached the unsolvable piece, and scores for the unsolvable part are based on the 60s after children reached the unsolvable
piece. Significant differences between the solvable and unsolvable task part are bold (p<0.05).
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Allen et al.

Conceptual

N/A

Knowledge (epistemic
reflection)

A model of epistemic reflection based on interactivism
(knowing is doing and, subsequently, predicts
successful interactions with oné’s environment rather
than information processing) was proposed to better
explain new representations and conceptual changes
emerging from reflection.

Bascandziev etal.

Empirical

4.75-9.5-year-olds

Skills (cognitive reflection and
monitoring)

Children’s monitoring skills were associated with an
understanding of physical science concepts controlling
for age, EE and cognitive reflection underscoring the
importance of metacognitive skills (specifically
consistency monitoring) for young children’s scientific
learning.

Buehler and Oeri

Empirical

5-6-year-olds

Skills (monitoring and
control/regulation)

Older children (M = 5.85 years old) displayed greater
metacognitive control than younger children (M = 5.05
years old) on a newly developed, ecologically valid,
unsolvable problem-solving task, although no age
differences were found for metacognitive monitoring.
Children showed more metacognitive monitoring and
less control in the solvable than in the unsolvable part
of the wooden puzzle.

Dutemple et al.

Empirical

5-6-year-olds

Skills (broad explicit and
implicit)

Implicit and explicit metacognition (not EF)
significantly predicted school readiness beyond age and
sex. Correlations were found between explicit
‘metacognition and EF.

Jacobs et al.

Kim and Carlson

Empirical

Mini review

7-9-year-olds

Infancy-Adulthood

Skills (control/regulation)

Skills (monitoring, cognitive
reflection, and
control/regulation)

Significant positive correlations were found
longitudinally between metacognitive control and
arithmetic accuracy in 7-8 year olds. However,
post-error adjustments in arithmetic and the working
memory tasks were not correlated.

To better understand the development of
metacognition and reflection from infancy through
adulthood, interactions with the environment were
systematically examined. Specifically, children’s
exploration (experimenting with multiple, familiar and
unfamiliar, options) and exploitation (sticking with
familiar options or those perceived to be most
advantageous for maximum reward) behaviors were
investigated focusing on the benefits for adaptive
learning and decision-making in children.

Kolloff and Roebers

Empirical

6-year-olds

Skills (monitoring)

Memory and nonverbal intellectual ability were found
to be related to metacognitive monitoring, although the
impacts of nonverbal intelligence were modest,
indicating that young children’s nonverbal intellectual
ability and metacognitive monitoring skills are
relatively independent constructs.

Tomasello

Conceptual

Infants and
preschool-aged

Skills (control/regulation)

A developmental (What is regulated? How is it
regulated? Where is it regulated?) model integrating
executive and metacognitive processes was proposed in
which executive processes monitor and control action
and attention; in turn, metacognitive processes monitor
and control these executive processes. Executive
processes emerge between 9-12 months of age;
metacognitive processes emerge around 3-4 years of
age.

Young and Shtulman

Empirical

5-12-year-olds

Skills (cognitive reflection)

Cogpnitive reflection strongly predicted children’s
strategic behaviors and interpretation skills and
uniquely predicted children’s performance beyond age
and EF.
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DDid not select a clue
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Explore-exploit

(EE) tasks

Reference

Specific EE
measure

EE results

N-armed bandit tasks Daw etal,, 2006 14 Adults Four-armed bandit task o Brain regions for exploratory and
with dynamic rewards exploitative decisions were
identified
- Exploratory decisions:
frontopolar cortex, intraparietal
sulcus
- Exploitative decisions: striatum,
ventromedial prefrontal cortex
Meder et al., 2021 102 o 4-9years Spatially correlated o Random exploration
54 Younger children: 6 multi-armed bandit task decreases with age
years o Directed exploration was found at
(M = 72.6 months) all ages, decreasing slightly
48 Older children: 8 with age
years
(M = 93.1 months)
Giron etal,, 2023 281 o 5-55 years (M = 14.46 Spatially correlated o Random exploration
years) multi-armed bandit task decreases with age
o Directed exploration decreases
with age
Schulz et al., 2019 160 o 55 Younger children: Spatially correlated o No reliable differences in
7-8 years multi-armed bandit task random exploration between
(M = 7.53 years) age groups
© 55 Older children: 9-11 o Directed exploration decreases
years (M = 9.95 years) with age
© 50 Adults: 18-55 years
(M = 33.76 years)
Blanco and 218 © 110 Children: 48-67 Simplified 4-armed o Children switched between options
Sloutsky, 2020 months bandit task with static more frequently than adults, which
(M = 57 months) rewards characterizes their systematic
o 108 Adults: 18-29 years exploration, although salience
(M = 19 years) disrupted this pattern
o Adults showed consistent
exploitation
Blanco and 139 o Experiment | Simplified 4-armed o Experiment 1:
Sloutsky, 2021 32 Children: 4 years bandit task with static - Children showed high levels of
(M = 54.8 months) rewards systematic exploration
34 Adults - Adults maximized rewards
o Experiment 2 through exploitation
36 Children: 4-5 years o Experiment 2:
(M = 58.9 months) - Children’s exploration was
37 Adults influenced by uncertainty: some
preferred a hidden option with an
unknown reward, while others
actively avoided it
Blanco and 214 o 188 Children: 38 years Simplified 4-armed o Exploration decreases
Sloutsky, 2024 (M = 64 months) bandit task with static with age
© 26 Adults: 18-21 years rewards o Children predominantly
(M =19 years) explore, with even 3- to
4-year-olds systematically
avoiding repeated choices
o Adults predominantly exploit the
highest reward option
Wuetal, 2018 241 o Experiment | Spatially correlated o Experiments 1,2, 3:
81 Adults: 22-44 years multi-armed bandit task - Adults balanced exploration and
(M = 33 years) exploitation, achieving higher
o Experiment 2 rewards by sampling locally and
80 Adults: 23-41 years using generalization in spatially
(M = 32 years) correlated environments through
o Experiment 3 Gaussian process function
80 Adults: 25-45 years learning and an optimistic upper
(M = 35 years) confidence bound sampling
strategy
Horizon tasks Wilson et al., 2014 31 o Adults: 18-24 years Horizon task with short o Adults showed more random and
(M =19.7 years) and long horizons directed exploration in long
horizons than in short horizons
Somerville et al., 147 o 12-28 years Horizon task with short e No reliable differences in
2017 and long horizons the strategic use of random
exploration across ages
o Strategic use of directed
exploration emerges in
adolescence and stabilizes into
adulthood
- The age difference is partly
because adolescents favor
immediate rewards over new
information
Zhuang et al., 2023 132 o 43 Younger children: Simplified horizon task o Adaptation to time horizons
4-5 years with short, long, and increased with age
(M = 5.5 years) ambiguous horizons o Adult levels of adaptation are
o Older children: 11-12 evident by ages 11-12, but not at
years (M = 11.5 years) ages 5-6.
o 49 Adults: 18-31 years o Under short and ambiguous
(M =194 years) horizons, older children and adults
exploited, while younger children
did not
Patch foraging tasks Constantino and 52 o Experiment 1A Virtual apple o Adults adapted their foraging
Daw, 2015 11 Adults (19-35 years) | patch-foraging task with behavior to environmental changes
o Experiment 1B varying travel times and but tended to overharvest as well
11 Adults (19-35 years) depletion rates o Trial-by-trial decisions were better
o Experiment 2 explained by the marginal value
30 Adults (19-35 years) theorem than by
temporal-difference learning
Harms et al., 2024 121 o 62 Early adolescents: Orchard Task, e Orchard task: More exploration
10-13 years Grid Task, in shorter travel time conditions;
(M = 11.1 years) Chain Task, No reliable differences between age
© 59 Youngadults: 18-32 | Horizon Task groups (Both overexplored, leaving
years (M = 19.3 years) a patch earlier than optimal for
reward maximization)
o Grid task: Early adolescents
explored more than adults
o Chain task: No reliable differences
between age groups
e Horizon task: A more random and
directed exploration in longer
horizon tasks; Early adolescents
showed less directed exploration
than adults
Lloyd etal., 2021 137 o 68 Adolescents: 16-17 Virtual apple o Adolescents explored more
years (M = 16.57 years) patch-foraging task with than adults
© 69 Adults: 21-50 years varying travel times and - Adolescents accumulated
(M =30.77 years) depletion rates more rewards (though not
statistically significant)
- Adolescents explored more
optimally (i.e., leave a patch at the
right time for maximizing
rewards) than adults who
overexploited (i.e., overharvest in a
patch longer than optimal for
reward maximization)
de Liafio etal, 2022 279 o 179 Children from Hybrid visual foraging o Optimal quitting behavior

junior kindergarten and
clementary school
o 67 Adolescents from
middle and high school
o 33 University college

students

task

improves with age
o 4-5-years-olds quit slightly earlier
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