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Abstract

Metacognitive monitoring is a fundamental milestone in a child’s developmental
trajectory. Previous theoretical models of monitoring have predominantly been informed by
classical methods such as behavioral measures and observations. Furthermore, to understand
monitoring within a broader research context, too little attention has been paid to expand the
definition of monitoring. Thus, the main goal of the present research is to propose a
comprehensive framework for monitoring and the underlying processes. The foundation of
the proposed framework emerges from the studies used in this umbrella paper and these
findings are integrated with a theoretical background of processes underlying monitoring.
While supporting children in their inhibition skills (study I) resulted in more accurate
monitoring, allowing children to differentiate between answer alternatives (study II)
negatively affected children’s monitoring accuracy. Results from study I indicate that
inhibition might be an important underlying process of monitoring. The results from study II
suggest that there might be additional processes influencing monitoring such as the high
interrelation with memory. Within this dissertation combining the results from our studies
expanding them with additional neuronal background of processes underlying monitoring
contributes to a new framework of monitoring. Within this framework I propose the dynamic
interplay of monitoring with memory and inhibition. This proposed framework might be a
first step to better understand why young children often struggle to accurately monitor. More
research is needed to shedding light on these dynamic relations between underlying processes

and monitoring.
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Introduction

Monitoring describes the ability to introspect and evaluate cognitive processes (Destan
et al., 2014; Dunlosky & Metcalfe, 2008). Monitoring and regulating ongoing cognitive
functions adaptively is a fundamental milestone in a child's development. These so-called
metacognitive functions enable adaptive behavior within various daily tasks (de Bruin & van
Gog, 2012; Roebers et al., 2017; van Loon et al., 2014). For example, ongoing surveillance of
subjective task performance and comparison with objective performance.

Research in young children suggests that the fine-tuning of monitoring skills is a
complex maturational process. A rudimentary form of monitoring emerges at preschool age
(Coughlin et al., 2015; Lyons & Ghetti, 2011). When starting school, a child’s monitoring
ability becomes more sophisticated and shows increasing congruency with actual performance
(Kuhn, 2000; Roebers et al., 2019). Nevertheless, at primary school age and beyond, children
still have difficulties monitoring accurately. Indeed, research findings still show a discrepancy
when monitoring is compared to performance accuracy (Destan & Roebers, 2015; Finn &
Metcalfe, 2014). Younger children often struggle to differentiate between correct and
incorrect answers and show a strong tendency towards overconfidence (Bryce et al., 2015;
Lipko et al., 2009). This discrepancy and overconfidence, also known as miscalibration, can
substantially affect further learning (Dunlosky & Rawson, 2012; van Loon et al., 2022).
Monitoring skills are needed for various skills in school, such as mathematics and writing
(Harris et al., 2010; Muncer et al., 2022). Moreover, the positive effect of monitoring on
school performance is evident even when controlling for intelligence, and the longitudinal
impact highlights the importance of this construct for a child's development (Ohtani &
Hisasaka, 2018).

Miscalibration resulting from inefficient monitoring skills is an important aspect that
can help us to understand how to adequately support children in their developmental age

(Hacker et al., 2008). Such higher-order cognitive functions are highly relevant for school
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success and are also important into adulthood (Bakracevic & Licardo, 2010; Dunlosky et al.,
2008). Therefore, the development of a comprehensive model for monitoring maturation is
crucial.

Traditionally, models of monitoring have predominantly been informed by classical
methods in behavioral psychology, such as behavioral measures and observations (Efklides,
2011; McAlpine et al., 1999; Nelson & Narens, 1990). As such, they run the risk of only
describing monitoring from one point of view and do no incorporate possibly relevant
findings from other fields with different perspectives, such as neurological considerations
(Carlén, 2017; Munakata et al., 2008). Within this umbrella paper, I aim to propose a more
comprehensive monitoring framework by incorporating both memory and inhibition into the
theoretical foundation of monitoring. To achieve this, results from our studies will be
combined with information derived from literature in the field of neurology. Joint
consideration of these research branches should contribute to gathering a more profound
understanding of processes underlying monitoring.

Investigating processes underlying memory from a neurological point of view should
contribute to a more comprehensive understanding of monitoring. Until now, less attention
has been placed on understanding the neurological activity of monitoring, but it is important
to incorporate this aspect as monitoring includes neuronal signaling in its basic components
(del Cul et al., 2009; Yeon et al., 2020). In this regard, imaging studies in adults have shown
that the prefrontal cortex (PFC) and the anterior cingulate cortex (ACC) can be regarded as
neurological correlates of monitoring (De Martino et al., 2013; Fleming et al., 2012; Insabato
et al., 2010). Moreover, activity in the ventromedial PFC and in the right rostrolateral PFC is
related to the sense of confidence in a selected answer, and its strength of connection also
influences the degree to which metacognitive judgments can be communicated (De Martino et
al., 2013). It is known that the maturation of these areas continues until late adolescence

(Kolb et al., 2012). The PFC in particular is one of the brain regions that matures relatively
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late (Carlén, 2017; Treffer & Semendeferi, 2021). Understanding the difference in neuronal
activity between children and adults is, therefore, fundamental to understanding the
maturational monitoring process.

Furthermore, when considering monitoring, it seems essential to address its
association with memory. A noteworthy observation is that memory and monitoring show
similar neuronal activity, indicating that the two processes are closely connected (Hanks &
Summerfield, 2017; Pereira et al., 2020). As in monitoring, the PFC is also essential for
memory development and executing sequential operations (Bauer et al., 2013). Memory
traces refer to neuronal connections between brain areas as a result of learning (Asok et al.,
2019; Robins, 2017). Within cognitive operations, such memory traces represent an
underlying origin of information to guide or evaluate subsequent executions. Hence, the same
memory traces might be connected to both monitoring and memory processes. Importantly,
we can distinguish between brain activity related to retrieval and monitoring processes
suggesting that, although closely related, they are not the same processes (Peters et al., 2017;
Samabha et al., 2016; Yeung & Summerfeld, 2012;).

The ability to stop and think about an answer, allowing an accumulation of
information, is important for monitoring (Kélin & Roebers, 2020). Such inhibitory skills refer
to a core component of executive functions and belong to the umbrella term of higher-order
cognitive functions (Miyake & Friedman, 2012). Overall, executive functions might serve as a
prerequisite for monitoring (Destan & Roebers, 2015; Jiao et al., 2023; Roebers et al., 2012;
Roebers, 2017). Interestingly, the importance of inhibiting a prepotent answer has already
been documented (Simpson & Riggs, 2007; 2011). The ability to withhold a prepotent answer
might benefit monitoring accuracy because it allows the dissipation of feelings of uncertainty.
With progressive maturation, executive functions and monitoring are thought to differentiate

and follow a distinct pattern (Bryce et al., 2015; Geurten et al., 2016; Roebers, 2017;). These
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results indicate an interplay between monitoring and inhibition to compensate for
inadequately developed neurological areas in young children.

The neurological basis of monitoring supports the inclusion of memory and inhibition
into its theoretical framework (Fleming et al., 2010). While measuring monitoring a number
of questions arise. What are the processes underlying monitoring? Is monitoring a distinct
process of memory or rather an additional accumulation of an underlying memory trace? To
what extent can we measure pure monitoring within young children?

To conclude, it is important to gain a profound understanding of the underlying
processes of monitoring and its developmental stages, as successful development of
monitoring skills is highly relevant for a child’s long-term development (Bayard et al., 2021;
Tobias & Everson, 2009). Moreover, the existence of a strong bias towards overconfidence at
early stages of monitoring development and its interconnection with inhibition and memory is
supportive of incorporation of a neurological point of view. The goal of the present umbrella
paper is, therefore, to propose a joint framework of monitoring and its underlying mechanism
by including state-of-the-art theories addressing monitoring, memory, and inhibition.

Theoretical Background

In this section I will introduce theories from behavioral psychology and neurology that
are relevant components of my comprehensive framework of monitoring. The model of
metacognition from Nelson and Narens (1990) serves as the foundation, and the significance
of memory and memory traces (Standard Model of System Consolidation & Multiple Trace
Theory) will be addressed based on the neurological foundation of our studies. Next,
theoretical aspects of metamemory will be outlined (Strategic Regulation of Memory
Accuracy). Furthermore, in the context of the neurological background, the question of
whether a process leading to a decision is the same or represents a distinct process for

monitoring is considered. Finally, the role of inhibition will be outlined (prepotent responses,
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Simpson et al., 2007). This overview aims to present the relevant parts of different theoretical
backgrounds to provide a comprehensive yet differentiated understanding of monitoring.
Monitoring

Metacognitive research most often refers to the foundational model of Nelson and
Narens (1990). This theoretical model addresses the interplay of monitoring and control
processes and their corresponding information flow. The studies in the present dissertation
focus solely on monitoring. However, to understand the relationship between monitoring and
control processes, and the importance of monitoring itself, it is essential to consider the entire
model. The model represents two closely related levels. The meta-level (metacognition) is
superordinate to the object-level (cognition) and enables specific regulation in response to
information from lower levels. Between these two hierarchically different levels there is an
interplay of bottom-up (monitoring) and top-down (control) processes. Therefore, through
monitoring, the meta-level is updated from the lower object-level. As a consequence, the
metalevel modifies the object level through control processes. This exchange enables us to
monitor current behavior and, subsequently, execution of a corresponding adaptation through
a feedback loop. This model defines an essential foundation for understanding monitoring. It
emphasizes the exchange between bottom-up and top-down processes, which describe the
dynamic exchange between higher and lower cognitive functions. As Nelson and Narens
(1990) outlined, the meta-level can not only influence the state of the object-level but can also
change the processing itself. Furthermore, it highlights the importance of monitoring, which
can be seen as a primary function for evaluating the cognitive processes that serve as the
foundation for further regulation of subsequent cognitive processes.

Monitoring is, therefore, described as the bottom-up process transferring information
between the object- and the meta-level. In my opinion this model neglects the role of hidden

processes underlying monitoring — namely memory and inhibition.
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Memory

Memory seems to provide the underlying information for further cognitive processing
such as monitoring (Klein, 2015; Zlotnik & Vansintjan, 2019). Memory is generally known as
a capacity that entails the acquisition, encoding, storing, and retrieving of information.
Memory traces are the underlying units that connect and store information within different
brain areas (Asok et al., 2019; Robins, 2017). These memory traces can be seen as a mental
representation of stored information, feelings, and experience in the brain. As such, without
the prior encoding and retrieval of memories, monitoring does not have the required
information to produce a sound meta-level response (Flavell, 1971).

Memory consolidation is an essential part in the learning process (Morgado-Bernal,
2011; Squire et al., 2015). Since a paired associate learning task was used in both of our
studies, it is essential to shed light on the memory processes behind them. Neuroimaging
studies suggest that, as a direct consequence of learning, neurological changes occur in the
hippocampus and the neocortex indicating that the moment of learning parallels a
recognizable change in neurological patterns (Clopath et al., 2012; Dash et al., 2004).
Furthermore, these changes can immediately influence subsequent behavior and evaluation.
The crucial process of memory consolidation is the process by which synaptic connections are
formed, which influences the subsequent retrieval of what has been learned (Taylor et al.,
2013). Initially, mainly the hippocampus is involved. Subsequently, connections with the
neocortex are further elaborated. It is assumed that the shift is increasingly based towards the
neocortex, where long-term memories are represented over time. Consolidation thus
represents the process by which initially short-lived, unstable memory traces are strengthened,
resulting in more stable and long-lived connections (McClelland, 2013). During retrieval
processes neurons in the hippocampus and the neocortex are activated. This theoretical
assumption has been confirmed repeatedly and is known as the Standard Model of System

Consolidation Theory (Nadel et al., 2007; Squire et al., 1992).
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Hippocampal memory traces are expanded and reinforced through repeated recall and
engagement. The Multiple Trace Theory (MTT) postulates that memory traces between the
hippocampus and neocortical regions are strengthened during retrieval (Nadel & Moscovitch,
1997). Engaging with the same stimuli triggers re-encoding, resulting in a more robust
memory trace. Furthermore, this strengthening enables a more dominant connection, which is
more accessible (Clopath et al., 2012). Specifically, repeated exposure produces a more robust
connection than other stimuli. Therefore, it is not surprising that a more pronounced trace is
associated with increased access speed and might be easier to recall. Through repetition, these
memory traces might be strengthened and adapted in a more connected way, leading to a more
robust association (Robertson et al., 2004). Several brain areas are activated during memory
retrieval, as shown in fMRI studies (Hayes et al., 2004; Kim, 2020). Indeed, increased brain
activity in these specific brain regions has recently been linked to lower reaction times,
indicative of increased memory strength through repetition and, therefore, easier access
(Nadel & Moscovitch, 2001). If memory traces and memory are indeed a prerequisite for
monitoring, we next need to investigate the mechanism which translates information between
the two processes.

Metamemory

The term metamemory refers to higher-level judgments about memory and is,
therefore, the link between memory and monitoring (Bjork, 1994). Metamemory is the
knowledge about memory and the degree to which this knowledge is valid (Koriat, 1993;
Nelson & Narens, 1990). The schematic model of strategic regulation of memory accuracy
offers monitoring processes under consideration of memory (Koriat & Goldsmith, 1996).
Within the strategic regulation of the memory accuracy model, monitoring operates as a
mechanism to evaluate the correctness of memory. Within this framework, monitoring and
memory retrieval processes lead to the, so-called, best candidate answer. Therefore, choosing

the best answer does not only rely on monitoring but also retrieval processes connected to
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long-term memory. This model emphasizes the importance of considering memory and
metamemory together. Having highlighted how monitoring and memory can be seen as
intertwined processes from a behavioral psychology perspective, I also want to discuss their
relationship from the neurological point of view.

Neurological Findings Regarding Monitoring and Memory Processes

Accumulation of Information

Because memory and metamemory are closely linked, the differentiation of these two
processes is challenging. Comparing the two, it seems possible that both evoke and leverage
the same neuronal activity in the form of a memory trace and mainly differ in how this is
further processed. As such, the question arises as to what degree they are distinct cognitive
processes (Fleming et al., 2012). Is monitoring simply the additional accumulation of
information after memory retrieval (Yu et al., 2015; Kiani et al., 2014)? Or are the underlying
processes different?

Following the theory of the race model (Kepecs et al., 2008; Vickers et al. 1970)
additional information about a given answer accumulates over time (De Martino et al., 2013;
Navajas et al., 2016). Pleskac and Busemeyer (2010) postulated a two-stage dynamic signal
detection theory (2DSD) model, adapted from the drift-diffusion model of Ratcliff (1987).
The 2DSD model proposes that, when choosing an answer, evidence is accumulated over
time. The occurrence of a decision is determined by the point at which enough information
has accumulated and reaches an individual boundary. However, further information
accumulates after a decision has been made, serving as the underlying cue for rating
confidence in the decision itself (Busey et al., 2000; Kepecs et al., 2008; Merkle & Van
Zandt., 2006; Vickers, 1979). The fact that, in this post-decision phase, additional information
is accumulated, with further cues also having an influence, is in alignment with the
observation that the CJ can differ from a previously selected decision (Pleskac et al., 2010;

Stone et al., 2022; Van Zandt & Maldonado-Molina, 2004).
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Monitoring represents an additional accumulation of information processing, extending
beyond decision processing (Cleremans et al., 2017; Navajas et al., 2016; Pasquali et al.,2010;
Yu et al., 2015). Neurological studies revealed neuronal activity in the posterior medial frontal
cortex during post-decision evidence accumulation (Fleming et al., 2018). Additionally, the
impact of post-decision evidence on the subjective confidence report was modulated by
specific activity in the anterior prefrontal cortex. Frontal subregions seem to be particularly
important in encoding evidence for one of the answer options, updating the accuracy of the
selected answer and transforming a confidence feeling about the selected answer (Fleming et
al., 2018). However, because selecting an answer and rating a CJ use accumulated
information, the question arises as to what extent these processes differ.

Distinct or Same Processes?

Although neurological studies indicated that, during decision and monitoring processes,
the same brain regions are activated, monitoring processes appear to evoke additional
neuronal activity. Several neurological studies have investigated the neurological
underpinnings of confidence (Bang et al., 2018; Li et al., 2021). Neurological regions
involved in confidence are the antero-medial prefrontal cortex (del Cul et al 2009; De Martino
et al., 2013; Lebreton et al., 2015), anterior prefrontal cortex, rostrolateral prefrontal cortex
(De Martino et al., 2013; Fleming & Huijgen, 2012), temporal lobe (Fleming et al. 2010), and
the anterior cingulate cortex (Fleming & Huijgen, 2012). Of note, the perigenual anterior
cingulate cortex (pgACC) located in the medial prefrontal cortex is strongly activated during
decision confidence. Indeed, activity measured in the pgACC differs within a subject
depending on the reported explicit confidence (Bang & Fleming, 2018). However, there are
also brain regions, such as the intraparietal sulcus (IPS), activated during the decision process.
Neurons in the IPS are, therefore, not only active during the decision process but their

information is also used for confidence (Kiani et al., 2009).
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There are two views regarding the relationship between decision-making and confidence.
One line of research suggests that both cognitive processes are based on the same
neurological areas (Boldt & Yeung, 2015; Hanks & Summerfield, 2017; Pereira et al., 2020).
Another direction postulates that they are two different processes originating in distinct
neurological circuits (Peters et al., 2017; Rahnev et al., 2015; Samaha et al., 2016). Yeon et al.
(2020) investigated this intertwined process of neurological underpinnings within a fMRI
study in adults. Results revealed that, during decision-making and confidence rating, the same
neural circuits are activated (see Yeon et al. (2020)) in specific neurological areas. These
findings indicate that there is an overlapping neural response during these processes (Stone et
al., 2022). The authors argue that this overlap might stem from the fact that decision and
confidence represent a judgment. Moreover, this view is supported by animal studies showing
that the same underlying neurons predict decision and confidence (Kepecs et al., 2008; Kiani
et al., 2009). Additionally, Kiani and Shadlen (2009) detected specific neurons in the parietal
cortex which are activated during decision and confidence judgments (CJ). These results
indicate that the underlying information for choice and confidence stem from the same
neuronal patterns (Maniscalco & Lau, 2012; Meyniel et al. 2015).

Although it can be assumed that the same or similar neurological circuits are used for both
decision-making and monitoring, they may still be conceptually different (Busey et al., 2000;
Merkle et al., 2006). Some studies showed that additional brain areas are activated while
forming a confidence judgment which are not activated during memory retrieval (Chua et al.,
2006; 2009; Fleming et al., 2018; Kim et al., 2007; Moritz et al., 2006; Yeon et al., 2020).
They also found brain regions that are activated during the decision process but not during
confidence judgments. This is congruent with monitoring being a second order cognitive
function compared to the first order function of decision making (Yeung et al., 2012).

Moreover, the same underlying process can lead to different signal processing. More
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precisely, this means that the perception of the signal is different, and the underlying
information is processed and viewed differently (Maniscalco, 2012; Yeon et al., 2020).
Looking at the same underlying processes from a different perspective might explain why
there are additional regions activated during monitoring. Qiu et al. (2018) investigated the
underlying processes of metacognition and decision processing within a decision — re-decision
paradigm. The authors hypothesized that a different neural system controls the formation of
confidence judgment beyond the decision process. Metacognition thus consists of a system
that is independent of memory decision-making. They proposed a model where information
about confidence simultaneously emerges during the decision process. Thereafter, second-
order processes are involved in converting this accumulated information into confidence.
Additionally, the authors postulated that monitoring emerges from a feeling of uncertainty
rather than from error detection. To conclude, monitoring and the decision process seem to
share at least in some parts the same neuronal activity. However, they also are distinct
processes because monitoring triggers additional brain activity.
Inhibition and Prepotent Response

To conclude this section, I will discuss the relationship between inhibition, monitoring,
and prepotent responses in children as the last piece for my framework. Inhibitory skills are
important to prevent a premature answer, allowing enough time to engage in monitoring
(Simpson & Riggs, 2007).

There is an ongoing debate about the importance of executive functions for
metacognition and vice versa (Destan & Roebers, 2015; Jiao et al., 2023; Marulis & Nelson,
2021). Both constructs are classified under self-regulatory processes and are essential for
school performance. Studies have shown that executive functions might be a prerequisite for
monitoring and can be predictive of successfully engaging in metacognition (Kilin &
Roebers, 2020; Roebers, 2017). However, their interplay can change with proceeding

development. More precisely, at certain stages in development metacognition and EF are
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intertwined. With advanced differentiation they develop into separate and mostly independent
trajectories (Roebers, 2017).

Lately, the importance of inhibition for metacognition was particularly highlighted. It
is assumed that children with more differentiated inhibition skills can take more time to think
and to monitor ongoing behavior (Kilin & Roebers, 2020). This is consistent with the view of
taking time to respond rather than answering prematurely. Especially young children tend to
answer impulsively and prematurely. Simpson et al. (2012) proposed the Passive-Dissipation
Model, adapted from the stop-signal paradigm from Verbruggen and Logan (2008). The
model proposes that an incorrect and premature answer is racing against a correct answer. The
authors argue that an effortful computation would provide a correct answer, whereas an
incorrect answer might result from a rash computation or stem from a misleading cue.
Connecting this model with inhibition highlights the importance of taking enough time to
avoid a premature answer. Taken together, inhibition is relevant as a prerequisite for
monitoring and enabling enough time to allow the prepotent response to fade away.

Summary of Results

The overarching aim of our studies was to gain a more profound understanding of the
processes underlying monitoring. Our intention was to expand the current understanding
through an experimental approach and to shed light on hidden processes of monitoring. We
investigated possible reasons for why young children often show inaccurate monitoring skills.
In the following, I will summarize the main findings from the studies included in this
dissertation.

The ‘Stop and Think’ Study

Our first study, ‘Stop and Think’ - builds on the idea that monitoring and executive
functions are interrelated. Previous research revealed that executive functions could be a
prerequisite for metacognition. Immature executive functions could partially modulate the low

monitoring accuracy observed in young children. We postulated that immature inhibition
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skills negatively influence monitoring. Choosing an answer prematurely and not taking the
time to ‘Stop and Think’ hampers successful engagement in monitoring processes.

The PFC and children’s inhibition skills go through a maturation process as they age.
The start of school seems an additional critical factor in supporting this development. We
investigated children in preschool and in second grade. Within an established paired associate
learning task, we implemented what we call ‘Stop and Think’before children could choose a
confidence judgment. In this modification we did not allow children to select their answer for
a fixed period of time. Using this experimental approach, we intended to support children in
their inhibitory skills to prevent a rash and often premature answer. We found that our “Stop
and Think’ modification led to better monitoring accuracy, indicating that pausing to think
might benefit a child's ability to monitor.
The ‘Pre-Monitoring’ Study

Despite the significant improvement in monitoring accuracy achieved through the
‘Stop and Think’ approach, we were interested in whether further modification to the method
could enhance the effects. We hypothesized that actively engaging in monitoring compared to
just ‘Stop and Think’might benefit a child’s monitoring accuracy. Based on ‘Stop and Think’,
we addressed the following aspects in a second study known as the ‘Pre-Monitoring’Study.
We hypothesized that actively engaging with all answer alternatives will positively influence
monitoring accuracy. More precisely, just because we enabled children to ‘Stop and Think’ in
our first study, we could not be certain about what they were actually doing during this phase.
Therefore, we experimentally implemented an additional phase where children had to actively
engage in ‘Pre-Monitoring’. This phase entailed a differentiated evaluation of confidence for
every answer alternative. We asked children to evaluate four answer alternatives to trigger
contradicting information, which they could subsequently consider when evaluating their final

recognition choice and when giving their confidence judgment on that final choice.
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Furthermore, compared to the ‘Stop and Think’Study, we implemented this phase
prior to recognition rather than afterwards. The theoretical background of metamemory
postulates that memory and metamemory are closely intertwined. Thus, memory-based
recognition might strongly influence the following monitoring. Therefore, evaluating
confidence before an answer has been selected in recognition might not interfere with
monitoring. Within this design, we intended to weaken the influence of memory traces by
enabling children to activate pre-monitoring processes before choosing their final response.
Contrary to our expectations, the results indicated that being instructed to pre-monitor
increased and not decreased overconfidence in young children.

Discussion

The aim of the present umbrella paper was to propose a joint framework of monitoring
and its underlying mechanism by including state-of-the-art theories of monitoring, memory,
and inhibition. The foundation of the proposed framework emerges from the theoretical
background of processes underlying monitoring and will be integrated with the findings from
the two studies included in this umbrella paper. Whereby the studies focused on investigating
monitoring processes in young children with experimental approaches, the theoretical
background expands these results from a neurological point of view. Together they contribute
towards a more comprehensive understanding of monitoring processes in young children in a
broader research context. After introducing my proposed framework, I will return and address
the initial questions: (a) what are the processes underlying monitoring? (b) is monitoring a
distinct process of memory or rather an additional accumulation of an underlying memory
trace? (c) to what extent can we measure pure monitoring within young children?

Towards a Joint Model of Monitoring and the Underlying Processes

Including state-of-the-art theories addressing monitoring, memory, and inhibition, I

propose a joint framework of monitoring and its underlying processes (see Figure 1). Memory

traces serve as an underlying component for the decision-making and monitoring process.
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Over time, information is accumulated whereas decision and CJ differ within their threshold.
Memory (first-order) and monitoring (second-order) are in constant interaction. The shift
from decision-making to monitoring is referred to by the term metamemory, which highlights
an intertwined relationship. In addition, inhibition modulates this shift by enabling enough
time to switch from first- to second-order functions, to allow further accumulation of
information and to engage in monitoring processes.

Figure 1

Joint Framework of Monitoring and the Underlying Processes.
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Memory traces are an underlying neurological structure and can be considered a
prerequisite for decision-making and monitoring (Clopath et al., 2012; Robins, 2017). Since
our brain can be seen as the center of cognitive processing, the significance of memory for
executing cognitive functions such as monitoring is essential (Zlotnik & Vansintjan, 2019).

Most importantly, although a memory trace influences subsequent cognitive functions,
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engaging in cognitive function can also modulate the memory trace (Dash et al., 2004).
Hence, when we discuss the role of memory trace in monitoring, it is also essential to
consider the opposite direction.

A memory trace contributes to the evaluation process of confidence; however,
monitoring evaluation might also affect memory itself (Spellman & Blomell, 2012). As
monitoring also induces a retrieval process, this reactivation represents an opportunity to
strengthen the underlying memory trace. Due to the attempt to retrieve information from
memory, the subsequent processes change and strengthen the existing memory trace and,
therefore, change memory itself. Coupling an underlying memory trace with high confidence
also affects the strength of this trace (Nadel et al., 2007). Specifically, this means that the
underlying information becomes stronger, requiring a more substantial effort to reconsider.
This begs the question: why should this answer be reconsidered after a subjectively perceived
differential evaluation?

The connection of a specific memory trace was strengthened further due to repeated
retrieval of the same stimuli during the tasks set in the first and second study (Clopath et al.,
2012). In the second study, evaluating all alternatives and rating one with the highest
judgment most likely reinforced the underlying priming of the stimulus and answer option,
strengthening the memory trace. Consequently, the subsequent evaluation is based on a
strengthened association rather than inducing uncertainty (McClelland, 2013). The previous
judgment may influence the corresponding confidence judgment and needs more effort to
reconsider a feeling of confidence. Under this point of view, the retrospective confidence
judgment represents an additional confirmation of a memory trace.

A strengthened connection might also boost familiarity with the item and increases the
time to retrieve this association (Begg et al., 1992). As young children use different cues to
guide their behavior, they might get trapped by this strengthened interconnection, increasing

the likelihood of being overconfident (Fleming et al., 2018; Talluri et al., 2018). The feeling
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of the time invested in this evaluation process might be used as a cue for boosting confidence.
Regardless of more ‘Time to Think’, as in study I, or a differentiated evaluation, as in study II,
both reinforce the subjective time invested and the effort put into evaluation of a specific
item. This point of view aligns with the findings from the studies presented in this umbrella
paper.

Overall, independent of age, children show a high tendency towards overconfidence in
both the first and second studies. Even if the first study revealed small benefits in monitoring
accuracy due to a ‘Stop and Think’ pause, the tendency towards overconfidence was evident.
The same pattern of overconfidence emerged in the second study; however, the results
indicated that overconfidence could be more easily boosted than downregulated. This
indicated that additional exposure to a ‘Pre-Monitoring’ phase boosted overconfidence. These
results contribute to the view that overconfidence is a robust phenomenon. As overconfidence
also has an evolutionary background and adaptive effects (Johnson & Fowler, 2011) this
observation should not necessarily be viewed negatively. Overconfidence can have a positive
effect not only in the short term but also in the long term by increasing the probability of
success (McKay & Dennett, 2011). Young children still have to learn fundamental skills and,
despite numerous failures or setbacks, overconfidence could be a driving force. Nevertheless,
overconfident behavior often has negative consequences. Since adults can also be
overconfident in dangerous situations, it is essential to consider both sides of the coin
(Johnson & Fowler, 2011).

Besides repeated exposure to the same stimuli, visual accentuation can boost
confidence and strengthen and stabilize the memory trace (Koriat, 1980; Nadel et al., 2007,
Robertson et al., 2004). Compared to the first study, the second study had a more active
modification phase by selecting a ‘Pre-Monitoring’ judgment for every alternative. Instead of

inducing a feeling of uncertainty due to engagement with other alternatives that might also be
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correct, this ‘Pre-Monitoring’phase evoked a feeling of confidence. This might also influence
the subsequent phases and hamper switching to pure monitoring processes.
Accumulation of Information

Results indicate that decision-making and monitoring processes accumulate
information over time. Whereas the information emerges from the same baseline, the
accumulated information differs between the decision and CJ. Accumulation of information
refers to collecting more evidence over time. The threshold represents an individual boundary
when enough information is available. Most importantly, between the decision-making and
monitoring process, the onset of the thresholds differs based on (or ‘from”) the timeline. The
latter reaches the threshold afterward because it represents a post-decision accumulation after
making a decision. The more precise the distinction between these thresholds, the more
monitoring emerges independent from a decision-making process. If their boundaries are too
closely spaced, monitoring judgment might not be qualitatively different from a decision-
making process. The onset of the distinct threshold should have a sufficient time distance
from each other to obtain a shift towards a conceptual different accumulation of information.

The ‘Stop and Think’ implemented in study I ensures a sufficient distance between
these two thresholds. In concrete terms, we have induced a delay to ensure further
accumulation of information. Study II does not contain this time window; however, the
previous pre-evaluation could also represent a time window allowing an additional
accumulation. Since no additional delay was implemented between the subsequent
recognition and monitoring phase, the distance between the thresholds tended to converge.
Consequently, the boundary is temporally too closely connected to the decision, indicating
that the post-decision phase was not a pure monitoring accumulation. Therefore, in the second
study, the CJ was more of a confirmation of the decision process, which could strengthen the

memory trace and lead to more overconfidence in young children.
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Tracking down the mechanisms underlying the ‘Stop and Think’ phase or the ‘Pre-
Monitoring’phase is challenging. Regardless of where the phase is implemented, it provides
an experimental approach for the additional accumulation of information. It represents an
accumulation that can affect subsequent recognition and monitoring decisions before
recognition. After recognition, it only affects the monitoring judgment. However, additional
time could also evoke an invalid accumulation of information and affect the subsequent tasks
(Rollwage e al., 2020). Invalid accumulation might result from strengthening a misleading
memory trace and collecting more incorrect information.

However, only addressing the time aspect might imply that decision and monitoring
differ regarding the time required to finish the accumulation (Stone et al., 2022).
Distinguishing these processes only from a time perspective is not exhaustive. Even if the
accumulation of information is a necessary process underlying monitoring, inclusion of
further neuronal differences between a decision-making process and monitoring should be
considered.

Decision-Making and Monitoring Process

I have discussed a shared process underlying monitoring and decision-making, namely
memory. Consequently, I addressed that both processes use an accumulation of information
emerging from the same memory trace but, at the same time, may differ through subsequent
monitoring emerging from post-decision accumulation. Differences between decision-making
and monitoring processes will now be addressed.

The decision process can be seen as a first-order execution, whereas monitoring is a
second-order function (Yeung et al., 2012). A second-order function is a qualitatively
different process because it entails a different way of processing the same underlying
information (Fleming et al., 2018; Meyniel et al., 2015; Yeung et al., 2012). Additionally, the
goal of an evaluation differs depending on first- versus second-order functions. Monitoring

depends on the exchange between first- and second-order functions. Within this information
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flow, monitoring evaluates the first-order information and transforms the output into a feeling
of certainty. Neurological studies show that these processes are distinct, and that monitoring
activates additional and different neuronal processes than decision-making (De Martino et al.,
2013; Grimaldi et al., 2015; Insabato et al., 2010; Qiu et al., 2018).

In the studies presented in this umbrella paper, we have no imaging results and,
therefore, can only speculate how our findings would fit into a neurological context.
Nevertheless, the first and second studies share some common implications that align with the
theoretical assumption mentioned above. We have demonstrated a difference in monitoring
accuracy between the age groups, with more sophisticated monitoring skills in the older group
as compared to the preschool group (Kuhn, 2000). These findings support that monitoring
accuracy is more fine-tuned with age (Lyons & Ghetti, 2011). Maturation of the PFC might
contribute to this improvement. Indeed, deficits in second-order functions but not in first-
order functions can result from a damaged PFC (Fleming et al., 2014; Rounis et al., 2010).
These findings suggest that, although both first- and second-order functions use the same
underlying trace, monitoring is another readout of this information (for an overview, see
Fleming et al., 2018). Due to age and corresponding maturational processes, older children
might be more able to engage in pure monitoring processes than younger children. Moreover,
due to neurological readiness, older children might better differentiate between decision-
making and monitoring. Younger children might struggle to separate these processes; hence,
their CJ is closer to a decision process.

Furthermore, in both studies, children predominantly chose the highest scale point to
express their confidence. In the above-discussed section regarding the strengthening of a
memory trace, I argued that strengthening could induce overconfidence and might be the
reason why a child selects a high CJ. However, another reason could also be that children
confirm their selected answer due to a high CJ because the separation between the decision-

making and monitoring process is less evident in children than in adults.
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Inhibition

Inhibition is a crucial factor influencing the extent to which monitoring processes can
engage. Regarding the theoretical background, inhibition seems important in different
monitoring steps. First by inhibiting a prepotent response, second by maintaining inhibition
for an accumulation of information, and third by modulating the influence of an underlying
memory trace (Del Cul et al., 2009; Ratcliff & Starns, 2009; Simpson et al., 2012). The
importance of inhibition appears not only on a theoretical but also on a neurological level.
Inhibiting a prepotent response might allow the corresponding neuronal monitoring circuits to
disseminate neurological signals, inducing a feeling of uncertainty.

Inhibition is another essential key component enabling monitoring processes.
Inhibiting a prepotent response could minimize the issue that monitoring relies on the same
foundation as the decision-making process (Boldt & Yeung, 2015; Hanks & Summerfield,
2017). Instead, additional neurological correlates of monitoring would have the opportunity to
become active and induce feelings based on the spectrum of certainty. Moreover, withholding
a hasty response allows for the accumulation of more information which can be used for
confidence (Simpson et al., 2007). Furthermore, when new information through accumulation
fails to update the current state of the decision, this might negatively influence further
cognitive processes; for example, cognitive flexibility and reconsideration of previously
learned items (Fleming et al., 2018). In contrast, it is surprising that research addressing the
relationship between executive function and metacognition is only partially consistent. Some
studies point to a clear link, while others cannot show a connection. Even though the
importance of inhibition is evident, there is a need for future research to better understand the
reciprocal process between executive function and metacognition (Bryce et al., 2014; Destan
et al., 2015). Besides the acquisition method, different executive function and metacognitive

methods should be compared to integrate different aspects of each construct.
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In our first study, we hypothesized that allowing children more ‘Time to Think’ would
benefit their monitoring accuracy. This was tested by implementing a pause between
recognition and the monitoring judgment (Kélin et al., 2020). The pause should prevent a
prepotent response enabling an accumulation of information that goes beyond the decision
process by allowing a feeling of uncertainty to spread (Stone et al., 2022; Van Zandt &
Maldonado-Molina, 2004). Furthermore, we showed children an animation to aid their
engagement in the monitoring processes. With this delay, we tried to disentangle the
intertwined processes of memory and metamemory (Baranski & Petrusic, 1998; Bjork, 1994).
This approach resulted in more accurate monitoring in our experimental conditions. Since the
‘Stop and Think’ condition improved their monitoring accuracy, this could indicate that the
support of inhibitory abilities led to more successful monitoring.

The results indicate that our modification might contribute to disentangling these
processes. However, a question remains about whether the ‘Stop’, the ‘Think’, or the joint
‘Stop and Think’ condition results in the biggest improvement (Baranski & Petrusic, 1998;
Stone et al., 2022). The ‘Stop’ condition allows for the inhibition of a prepotent response and
additional accumulation of information, whereas the ‘7Think’ condition leads to a stronger
activation and engagement of monitoring. My expectation would be that the joint ‘Stop and
Think’ condition would show the biggest improvement, potentially beyond the sum of its
parts. Stopping alone does not guarantee engagement in monitoring and only thinking does
not prevent prepotent responses, especially in young children. However, further research is
needed to confirm this link.

What Are the Processes Underlying Monitoring?

Within this umbrella paper, I highlighted the role of memory, which I consider one of

the most important underlying processes. Monitoring is a probability or degree representing a

memory trace (Bang et al., 2018) and can be seen as access to memory evaluating how the
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memory trace can be trusted (Li et al., 2021). The high interrelation between memory and
monitoring underscores that they should be considered in tandem.

Furthermore, the information accumulation process should also be considered when
understanding monitoring (Kepecs et al., 2008; Merkle & Van Zandt., 2006). Even if the
accumulated information emerges from a memory trace, collecting evidence over time should
also be incorporated into a monitoring framework (Asok et al., 2019). However, given the
theoretical background of metamemory, monitoring should be able to have access to memory
but, at the same time, not become entrapped in a (mis)leading memory trace (Rounis et al.,
2010; Fleming et al., 2010) which would result in more time being required to accumulate
additional information.

Inhibition is a critical component influencing the degree to which pure monitoring can
emerge as a further process underlying monitoring (Baranski & Petrusic, 1998; Kilin et al.,
2020; Simpson et al., 2007).

The proposed framework of processes underlying monitoring is not exhaustive, and
there might be further components modulating monitoring. However, including memory and
inhibition is a first step to shed light on hidden monitoring processes (Munakata et al., 2008).

Most importantly, I want to highlight that monitoring is not memory, nor will I argue
that memory is more relevant. When looking at the theoretical background, one might
suppose that memory traces are so dominant that they will have a strong influence,
overshadowing monitoring. Nevertheless, this is different from where my line of
argumentation is leading. The overarching goal is not to completely disentangle monitoring
from memory. Monitoring will always depend on memory as it is a judgment built on
information from memory (Bjork, 1994; Koriat & Goldsmith, 1996). However, retrieving
information from memory does not imply that monitoring is not a distinct process. Moreover,
pure monitoring entails a part of memory, and sophisticated monitoring skills are distinct and

characterized by modulating the strength of the corresponding memory trace. Developing
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fine-tuned monitoring skills is a highly demanding maturation and can positively influence
performance. When these advantages are evident, monitoring can be a powerful tool for a
child’s development and beyond into adulthood.

Is Monitoring a Distinct Process of Memory or Rather an Additional Accumulation of
an Underlying Memory Trace?

Even though the decision-making and monitoring processes can be based on the same
underlying memory trace, they are conceptually different. Monitoring can evaluate additional
information beyond the decision-making process and represents a different perspective of the
same underlying information (Fleming et al., 2014; Florent et al., 2015; Meyniel et al., 2015).
However, clearly disentangling these processes is more complex than expected (Meyniel et
al., 2015; Spellman et al., 2008). Neurological studies in adults support the view that decision-
making and monitoring activate different neuronal patterns. As our studies only included
young children, and we have no neurological data supporting this view, we can only discuss
the findings from a theoretical point of view.

Nevertheless, the findings indicate that there might be a shift towards more distinct
processes throughout development. This shift mainly emerges from the maturation of specific
neuronal regions such as PFC (De Martino et al., 2013; Schneider, 2010). This point of view
might explain why young children show less accurate monitoring skills and more
overconfidence than adults. The findings suggest that separation between these two processes
might be difficult, especially at a young age, and children are more prone to select a hasty
response. The experience and exposure to engaging with higher-order cognitions in the school
context encourage this differentiation.

To What Extent Can We Measure Pure Monitoring Within Young Children?

Provocatively, the above-mentioned findings challenge whether we can measure pure
monitoring in young children. Moreover, this question seems more complex than anticipated

and demands a more profound understanding of monitoring (Spellman et al., 2008).
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Regarding the results of our studies, a CJ cannot be considered an isolated and memory-
independent retrieval process. To capture pure monitoring, the CJ should not only rely on the
same memory trace per se but on a distinct evaluation of confidence regarding the chosen
answer.

Not only is there a high interrelation between memory and metamemory but the
methodological complexity is also challenging. Our experimental approaches have tried to
investigate different methodological aspects. At the same time, our data showed how sensitive
such evaluations can be, as well as how they can provoke effects in precisely the opposite
direction than expected. It is difficult to separate how these processes are kept apart within the
successive evaluation of confidence after a recognition phase. The separation of whether a CJ
is driven by a feeling of confidence rather than by an additional confirmation of the memory
trace blurs into one another. This consideration indicates that the difficulty of clearly
separating these processes leads children to have issues in distinguishing these processes
separately. Consequently, the successive task phases cannot capture pure monitoring and may
strengthen a cascade of information, with reinforcement from long-term memory resulting in
over-optimism. Whether miscalibration emerges from monitoring or is mainly out of
inappropriate translation into probabilistic terms, remains open (Koriat, 1980).

Even if the development of theories and a more profound theoretical background is of
great importance, sufficient time should be taken for developing new tasks to measure
monitoring. Nevertheless, as supported by our experimental designs, just as it is essential to
identify what can support children in their monitoring, it is also important to know what does
not benefit them. This fundamental research is extremely relevant to better understanding the
construct of monitoring and a child's development. The more precise and defined our findings
are, the more precise we can design appropriate interventions and research projects to support
children in their everyday life. In the literature, a few interventions to improve monitoring

have already been suggested and could provide important insights; for example, through
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feedback (Lipko et al., 2012; O'Leary & Sloutsky, 2017; Oudman et al., 2022; van Loon &
Roebers, 2021). The proposed framework of processes underlying monitoring might enrich
such intervention studies by drawing attention to these processes and their corresponding
challenges.

To conclude, capturing pure monitoring will always be a challenge due to a high
interrelation with memory. It may be that, with age, capturing pure monitoring becomes
increasingly accessible. However, even then, it will never be completely separable from
memory.

Prospects

Monitoring skills are fine-tuned with age. The increasing maturation of neurological
correlates for monitoring, starting with school, is an additional driving force (Schneider,
2010). The school context further stimulates development and subsequently supports the child
to engage with second-order cognitive function. In our studies, we included children from
preschool and second grade. Expanding the age range by including older children and adults
would enable further tracking from the developmental perspective (Miller, 2013). Moreover,
identifying an age group that would benefit from a pre-monitoring phase would support the
assumption that a shift towards pure monitoring processes becomes easier with age.

As most studies have investigated neurological methods in adults only (del Cul et al
2009; De Martino et al., 2013; Lebreton et al., 2015), applying these methods to younger age
groups would be essential. Investigating monitoring tasks with additional neurological
methods would allow us to get a better understanding of brain regions activated by specific
task sequences. We can then track to what extent a child’s neuronal responses differ between
separate task sequences. Furthermore, comparing children with inaccurate monitoring skills
with those with more sophisticated skills would allow us to identify different neurological
patterns. One would anticipate additional activated monitoring areas within older age groups

compared to the decision-making process.
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Furthermore, it would be interesting to adapt our experimental approaches to
investigate what kind of support would benefit monitoring accuracy in children. An open
question remains about whether and how improvements in monitoring accuracy could be
achieved. Theoretically, it might be possible that a delay encourages further processing at the
base-level task rather than a more significant deployment of monitoring processes. The delay
would, therefore, refer more to the memory than the monitoring process. Structuring the delay
to guide the focus more strongly to monitoring could address this concern; for example,
through a red audio instruction. From the methodological point of view, another major issue
could be caused by children undergoing numerous and repetitive trials (Nadel & Moscovitch,
2001; Robertson et al., 2004). Children might progressively lose interest and completely stop
engaging with the later iteration of the task. Hence, as the task progresses, the ‘Stop and
Think’ phase might no longer have the desired effect. Introducing a more active ‘Stop and
Think’ phase might be the first step to overcoming this issue.

Additionally, instead of a between-subject study design, I would suggest to include the
‘Stop and Think’ as a within factor. More precisely, presenting items with and without the
‘Stop and Think’ in a randomized order. Using this experimental approach, we could,
therefore, evaluate whether a specific effect is only evident when items are combined with a
‘Stop and Think’. If monitoring accuracy with items accompanied by a ‘Stop and Think’ is
more accurate than with items without, we can assume that ‘Stop and Think’ does indeed have
a direct positive effect.

In order to further address the concept evaluated in the second study, it would also be
compelling to implement the ‘Pre-Monitoring phase after recognition. Children would
choose an answer in recognition and, before they can select a mostly overconfident judgment
in the CJ phase, they would undergo a preliminary monitoring phase. Within this timeline, a

delay would have been integrated that is more in line with study one — but potentially more



PROCESSES UNDERLYING MONITORING IN YOUNG CHILDREN 36

active. Instead of only stopping in this phase we can also control that they actively engage in
thinking.

Evaluating answer alternatives after the decision would increase the probability that
the memory trace from the decision-making process is strengthened and would be contrary to
our original idea. However, as the results indicate that, regardless of the time point, the
underlying memory trace interferes with monitoring this should not affect monitoring
accuracy. Instead, especially because memory traces seem to be an underlying and dominant
process of monitoring, it would be more relevant to activate monitoring rather than trying to
reduce the memory trace.

The more important aspect seems to be in supporting children in distinguishing these
processes and achieving the transition to higher cognitive functions. Within this point of view,
enabling children to differentiate between alternatives after recognition but before rating a CJ
might let them reconsider their prior selected answer and prepare them to slowly shift towards
monitoring processes.

Furthermore, including implicit measures could expand our understanding of
monitoring (Ackerman & Koriat, 2011). This could involve not only evaluating how long
children take for monitoring judgment but also tracking of their eye movements. Tracking eye
movements are a direct indicator of cognitive processing by the brain (Gottlieb et al., 2013).
Leckey et al. (2020) investigated gaze switching between answer alternatives and found
response latencies as a cue for confidence. Gaze switching was longer when items were
difficult, indicating longer reaction times for evaluating more demanding tasks. Information
seeking is linked to subjective confidence (Desender et al., 2018). A future study including
eye tracking might open new insights into the underlying processes. Evaluating how long
children looked at the answer options, how they compared different alternatives, or if they

looked at the alternatives within the monitoring process, could be an enriching method
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helping to understand information processes and monitoring (De Martino et al., 2013;
Gottlieb et al., 2013).

At this point, it is important to emphasize that our primary intention was not to force
children to become progressively better at monitoring. Instead, we intended to gain a better
understanding of the processes underlying monitoring, in order to obtain a more
comprehensive picture of a child’s development. Each child shows an individual development
trajectory. It is not the child who has to change but rather the environment must accept
individual trajectories. However, a more profound understanding of monitoring can be used to
understand a child’s development beyond the expected norm. Consequently, future research
should address results not only on a group but also on an individual level. For example, in our
second study, some children did benefit from a ‘Pre-Monitoring’ judgment. However, these
children were in the minority; hence, their results were overshadowed by other subgroups.
The use of latent profile analysis could shed light on the same data from a different
perspective. For example, the EF and MC relationship could be more comprehensively
investigated individually, including different measures of EF and MC to obtain a broader
representation of the constructs. Individual profiles in executive functions could be compared
to monitoring outcomes. Within these individual EF profiles, there might be differences in
monitoring.

Conclusion

The present dissertation contributes to a more profound understanding of monitoring
in young children. Whereas the studies used in this dissertation shed light on the processes
underlying monitoring using an experimental approach, the umbrella paper expands these
results from a different point of view. Specifically, the integration of the underlying
neurological perspective, and the significance of memory and inhibition, contribute to a
differentiated framework of monitoring (Munakata et al., 2008). Monitoring refers to a

subjective estimation of the likelihood that a chosen answer might be correct (Fleming, 2017).
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Even if monitoring and memory seem to overlap more often than expected, they can still be
separated on a neurological level (Grimaldi et al. 2015). Monitoring will always depend on
memory as it depends on information from a memory trace. However, while monitoring
requires memory, sophisticated monitoring skills are characterized by modulating the strength

of the corresponding memory trace.
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Abstract

When children evaluate their certainty, monitoring is often inaccurate. Even though young
children struggle to estimate their confidence, existing research shows that monitoring skills
are developing earlier than expected. Using a paired associates learning task with inte-
grated monitoring, we implemented a time window to—"Stop and Think"—before children
generated their answers and evaluated their confidence in the chosen response. Results
show that kindergarten and second grade children in the—"Stop and Think"—condition
have higher monitoring accuracy than the control group. Implementing a time window thus
seems to support children in their evaluation of different certainty levels. Relating individual
differences in independently measured inhibitory control skills revealed a correlation
between monitoring and inhibition for kindergarteners.

Introduction

Metacognition research consistently reveals that young children show inaccurate monitoring
skills. That is, they are overly optimistic when evaluating their performance. Accurate moni-
toring is important for a wide range of cognitive domains, including academic achievement
[1]. Although often overoptimistic, young children have been found to be able to accurately
monitor their performance (for example, in everyday life asking back when ambiguous infor-
mation is provided or in play situations hesitating when executing an ambiguous demand [2-
4]. The current approach tests the possibility that children’s inaccurate monitoring is—at least
in part—due to young children not taking enough time to engage in monitoring processes
actively. We will explore this question in two ways. For one, we will experimentally induce a
time window during which children are asked to monitor and compare different responses
regarding their likelihood of being the correct answer. For another, we will independently
quantify participants’ inhibitory control skills and relate them to their monitoring ability.

Monitoring is a fundamental part of metacognition [5, 6], describing an individual’s capa-
bility to reflect and supervise cognitive processes [4]. There are several methods to measure
different monitoring aspects. Monitoring processes can be measured before a memory test
and are called prospective judgments. These include, for example, judgments of learning or
feelings of knowing [7]. The present study focused on retrospective monitoring processes,
measured after a memory test, and described as confidence judgments. Children, adolescents,
and adults experience and report their confidence on different levels, ranging from very
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unsure to very sure. Thereby, kindergarten and primary school children have more difficulties
estimating their performance accurately than older individuals [3, 8-10]. That is, they report
being really sure, often independent of their response’s accuracy. This overconfidence is partly
due to imprecise monitoring skills [11-14]. Even for incorrect answers, young children often
give high confidence judgments, suggesting their ability to reflect on certainty is far from fully
developed at this age. During the primary school years, monitoring becomes more sophisti-
cated and differentiated and shows an increasing congruency with actual performance [15,
16].

The theoretical background of the present approach is a broader conceptualization of
higher-order cognitive self-regulation, entailing metacognition and executive functions [17,
18]. Self-regulatory skills are increasingly recognized to embrace executive functions (EF) and
monitoring [19-23]. Executive functions are top-down regulating processes and include
updating, shifting, and inhibition aspects [24]. Especially inhibitory control skills are needed
for many everyday tasks, including learning and monitoring [25]. In younger children, inhibi-
tory control and metacognition are assumed to be connected interactively. For example, recent
results reported by Kilin and Roebers [21] uncovered an association between monitoring and
executive functions. The authors showed that better inhibition was related to longer latencies
when giving confidence judgments in a paired associates learning and recognition paradigm.
This suggests that children with better inhibitory skills took more time to report their confi-
dence in the selected answer. Most interestingly, these longer latencies resulted in more accu-
rate monitoring judgments. In other words, children’s monitoring accuracy was better when
they took longer to generate a monitoring judgment—according to the concept of "more time
to think".

With increasing age and experience, monitoring and EF are thought to differentiate and fol-
low distinct developmental trajectories [18]. Based on their findings, Roebers et al. [22] postu-
lated that well-developed EF are necessary to develop metacognitive skills. Deficits in
monitoring processes could result from immature executive functions because a certain level
of EF skills is needed to perform metacognition successfully. Therefore, the association might
be stronger in younger than older children. This assumption is corroborated by findings show-
ing that in 5- compared to 7-years-olds, monitoring is more closely related to inhibitory con-
trol skills [19]. Most recent longitudinal research addressing the interrelation of those
constructs revealed that EF at an early age predicts self-regulated learning one year later but
not vice versa [26]. The present study included kindergarten children and second graders to
confirm previous findings: we aimed to further explore that inhibition may indeed be more
critical for younger compared to older children’s monitoring accuracy, with the assumption
that school attendance and academic tasks gradually train children’s monitoring skills [4].

From a neuropsychological perspective, inhibition might serve as a monitoring prerequi-
site. To engage in monitoring, the responsible neural networks need time to loop signals from
the anterior cingulate cortex (ACC) to frontal structures [27]. Prefrontal structures, especially
the ACC, are considered a neurological correlate for monitoring and cognitive processing
[28]. Therefore, neurological monitoring signals need time for transmission [29]. Conse-
quently, immature inhibitory skills may not provide enough time for these signals to be
strengthened and passed on to related neural structures [30]. Only if an individual takes
enough time to process information, monitoring aspects can come into effect [17, 31, 32]. In
other words, if individuals can inhibit their prepotent responses, hesitate and ask themselves:
Am [ really sure about my answer?, this should benefit their monitoring accuracy [33].

However, for these processes, one must develop and experience a feeling of uncertainty.
The engagement with uncertainty (carefully evaluating the own levels of certainty) may trigger
metacognitive processing and can result in better performance (due to a more differentiated
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and conscious evaluation) [17]. Indirect evidence supporting the view that time may play a
crucial role for monitoring accuracy stems from research on the delayed JOL-effect. Delayed
compared to immediate judgments-of-learning are typically more accurate, both in adults and
in children [34, 35]. In cognitive tasks, for example, in a memory test, experimentally inducing
a delayed response by providing additional time before responding has repeatedly been found
to be an efficient means to increase the accuracy of children’s responses [25, 36-38]. Simpson
et al. [39] showed that if a child must wait a set time to generate an answer, this answer was
more likely to be correct than answering immediately. Poor task performance can result from
a prepotent response. With additional time, reflective processing may result in better
performance.

None of these studies have yet applied this concept to monitoring. We will build on these
findings and explore the extent to which a "Stop and Think" instruction may positively affect
children’s monitoring accuracy. Additionally, research focusing on the accuracy of a confi-
dence judgment based on the prior answer showed that information processing does not end
after the decision is made [40]. On the contrary, the accumulation of further information pro-
cessing evolves during the interval between an answer and the corresponding confidence judg-
ment. This accumulation may also profit from more time which is in line with our
assumption. Inhibiting the prepotent response and allowing neurological signals to strengthen
[41, 42] may also allow the accumulation of additional information, which may be guided by
monitoring processes.

To our knowledge, no study tried to explore the influence of increased time to monitoring
on children’s monitoring accuracy. In an experimental setting, we implemented a delay during
which the child should "Stop and Think". In the present study children solved a paired associ-
ate learning task. After studying several item pairs, subjects had to choose one out of four
answer alternatives that matched the corresponding stimulus picture (recognition phase). The
“Stop and Think” delay was inserted after the recognition and before the subsequent monitor-
ing. Afterwards, children had to select a confidence judgment by rating how sure they were
that they chose the correct item pair. We hypothesized that being "forced" to take more time to
monitor and prevent fast and thus undifferentiated monitoring judgments would positively
affect children’s monitoring skills temporarily. More time until monitoring judgments are
given may allow the individual to pause and reflect on the ongoing cognitive and metacogni-
tive processes, ideally leading to better monitoring. We expected small benefits from additional
time against the background of the above-mentioned findings [19, 43]. To evaluate the impact
of additional time on different aspects of monitoring accuracy, we analyzed a relative (moni-
toring discrimination, i.e., the difference in confidence between correct and incorrect
responses [44]) and an absolute score (i.e., overconfidence, the deviation of certainty from per-
formance). We did not expect any effect on recognition as the delay was only inserted after
participants had chosen an alternative.

From an individual differences perspective and in parallel to the theoretical background
outlined above on the relation between inhibition and monitoring, inhibition might be a can-
didate factor contributing to high confidence in children, irrespective of performance [19].
One might expect that better inhibition allows the child to hesitate instead of jumping on an
answer and reporting high confidence, and to reflect on the likelihood of different alternatives
to be correct and thus to monitor more accurately. However, more research is needed to
understand the relation between monitoring and inhibition. Despite intensive research on
metacognition and its development, relatively little attention has been paid to individual differ-
ences within homogenous age groups.

The preschool and kindergarten age represents a critical time window for executive func-
tion development [45, 46]. In cognitive tasks requiring inhibitory control, findings show that
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younger compared to older children benefit more from a delay [36, 47]. These results indicate
that younger children need more support in inhibiting their impulsive behavior. Because of
developmental maturation and still relatively immature inhibition functions [19, 48], we
hypothesize that kindergarten children would benefit more from a "Stop and Think!" instruc-
tion compared to second graders.

To address the role of individual differences for monitoring beyond our experimental
manipulation, we also assessed inhibitory control skills independently from metacognition.
This allows us to explore the relationship between inhibition and monitoring accuracy in the
control condition in which no "Stop and Think!" instruction and no delayed monitoring judg-
ments were induced. We expected that individual differences in inhibition would be weakly
but positively related to monitoring accuracy in younger but not necessarily in older (school)
children in the control condition. In addition, we examined the relationship between inhibi-
tion and monitoring accuracy in the experimental group (only children with the "Stop and
Think" instruction). Thus, we investigated whether there are individual differences regarding
the extent to which a delay can contribute to improving monitoring accuracy. For example,
children with poor inhibition might benefit more from a delay than children with already
sophisticated inhibitory control skills.

Methods
Participants

Data stems from N = 393 children from rural and urban areas in a mid-European country. For
the analysis, we recruited a sample of N = 202 (44.6% female) kindergartners between 4-6
years of age (M = 73.6 months, SD = 7.4 months) and N = 191 second graders (45.5% female)
between 7-9 years of age (M = 94.2 months, SD = 7.1 months). Participants represent a sample
of middle-class families mostly of Caucasian descent. The Ethics Committee of the Faculty of
Human Sciences at the University of Bern approved ethical consent for the study (Approval
No: 2002-100005). The parents or legal guardians of all participating children signed an
informed consent. Further, all children were asked verbally to participate prior to the testing.
They were further explained that they could terminate the task at any time. No child ever did.
Data is entirely anonymous. Due to technical problems, we excluded N = 2 participants. Addi-
tionally, during one test session, N = 20 children had to quarantine due to COVID-19. These
children were also excluded from the analyses reported below because they did not solve the
paired associate learning task. Due to the current restrictions, there was no opportunity to
retest them. We had to exclude N = 4 participants with an accuracy of 0% or 100% in the rec-
ognition block for the paired association task as they did not generate complete monitoring
data. Restrictions due to COVID -19 and because several children had to be in quarantine, we
could not examine inhibition data of all children. Therefore, the Heart and Flower task analysis
is limited to an N = 330.

Procedure and measures

Children performed two different computer-based tasks, running on tablets (Samsung Galaxy
S6). During the study, trained investigators were present. Test sessions took place in a group
setting in children’s schools, with each participant listening to the pre-recorded instructions
through headphones. Children solved a paired associates learning task with integrated moni-
toring (30 to 40 min.). In this task, children were to log in their answers by touching prede-
fined areas on the screen with their index fingers. The children solved a paired association
learning task encased in a cover story of two children to assess the monitoring aspect. Follow-
ing a familiarization phase, the task was composed of 3 phases. In the first, the learning phase,
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participants learned different numbers of item pairs (kindergarteners: 16 items, second grad-
ers: 22 items). Each item pair was presented for 4s. After the learning phase, participants solved
a filler task for about 1 minute, followed by a recognition phase. Participants were shown one
constituent from an item pair and had to choose one out of four possible answers as being the
matching item. There was no time limit for choosing the matching item. After choosing an
answer in the recognition phase, participants were immediately asked to provide a confidence
judgment (CJ) for their selection in the final monitoring phase. Participants had to indicate
their certainty on a 7-point Likert scale (adapted from [27]).

Children were randomly assigned to either the control group (CG; they solved the task as
described above) or the experimental group (EG). Participants in the EG had to wait a set time
before choosing a CJ. Research suggests that the diffusion of neurological signals to the pre-
frontal cortex needs about 200-250 ms [20, 30]. Other studies found that implementing a
delay of 4 seconds leads to a performance improvement [36]. Therefore, we chose an interval
representing a reasonable pause allowing enough time for diffusion and time for reflection.
For this purpose, we implemented a fixed delay of 8s before participants could choose a CJ.
Throughout this 8s delay, an animation was implemented, during which the pictures became
gradually transparent and smaller. At the same time, one out of the two protagonists appeared
with a big speech bubble containing the thermometer. This sequence represented the protago-
nists showing that they are taking time to think about their answers and their certainty follow-
ing a pattern:—"Stop and Think"—All other procedures did not differ from the control group.

We generated 12 item pairs with medium difficulty (index with .57) for the kindergarteners
and 15 items (index with .60) for the second graders. Item pairs for kindergarteners with a
very high (index below .32, N = 2) and very low (index above .77, N = 2) difficulty and for sec-
ond graders correspondingly (index below .32, N = 5; index above .77, N = 2), served as anchor
items and were not used for the analysis. To address relative aspects of monitoring, we calcu-
lated a discrimination score to quantify the ability to discriminate between CJ for correct and
CJ for incorrect answers [49, 50]. Additionally, we used the bias index for absolute aspects of
monitoring [50]. The bias index maps to a continuous range between underestimation (-1),
accurate estimation (0), and overestimation (+1).

In another session (15 min.), with a minimum delay of one week, each child solved the Hearts
and Flowers task capturing inhibition and cognitive flexibility [51, 52]. For this task, two external
response buttons were connected to the computer and placed on the right and left sides of the
screen. In the congruent condition (heart block; N = 24 trials), a heart appeared on the right or
the left side of the screen. Children had to press the button on the same side where the heart
appeared. In the subsequent incongruent condition (flower block; N = 36 trials), children were to
press the button on the opposite side of where the flower appeared. In the final mixed block, con-
gruent (heart) and incongruent (flower) trials were combined and appeared in pseudorandomized
order (N = 60 trials). The presentation of the stimuli was during 2500 ms, followed by an inter-
stimulus interval of 500 ms. Dependent Variables. We calculated the Rate Correct Score (RCS) for
every block [53], reflecting the amount of correctly solved items per second. For the Hearts and
Flowers task, we excluded (N = 34) participants because overall accuracy was lower than .50
(below change level). Reaction times under 200 ms were excluded as they typically represent
reflexes or second corrective responses to the previous trial. Our primary interest lay in the RCS
of the flower block, which is considered to represent mainly inhibition [51].

Statistical analysis

Our study follows a 2 (control vs. experimental group) x 2 (kindergarteners vs. second graders)
between-subject design. We used Scipy, Numpy, Pandas, and StatsModel, running on Python
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for data analysis, and Seaborn and Matplotlib for data visualization. Our dependent variables
were examined by between-subject analysis of variances (ANOV As) concerning monitoring.
With partial eta squared (n,”), we estimated the effect sizes. To explore the relationship
between inhibition and monitoring accuracy, we evaluated correlations analysis and reported
their corresponding coefficients (r).

Results
Preliminary analysis

We conducted a between-subject ANOVA to rule out that an improvement in monitoring
accuracy may be driven by primary differences in performance accuracy between the CG and
EG. A significant main effect of age (F(1,392) = 5.08, p = .025, 1, = .013) revealed higher per-
formance accuracy scores for second graders (M = .57, SD = .18) -corresponding to 13 out of
22 correctly solved items—than for kindergartners (M = .53, SD = .19)—corresponding to cor-
rectly solving 9 out of 16 items. Thus, there was a well-balanced database including an about
equal number of correct and incorrect answers and their confidence judgment for the moni-
toring analyses reported below. The main effect of the condition (F(1,392) = 3.08, p = .08, np2
=.008) and the interaction (F(1,392) = .121, p = .728, nP2 =.00) did not reach significance.
Therefore, we can assume that an improvement in monitoring accuracy observed in the EG is
not an artifact of better performance accuracy.

As a preliminary analysis to evaluate the performance in the inhibition measure, we calcu-
lated a between-subject ANOVA. The main effect of age (F(1,325) = 91.03, p < .001,1,” =
.219) was significant, with higher correctly solved items per second for second graders (M =
45, 8D = .12) than kindergarteners (M = .33, SD = .11). The main effect of the condition (F
(1,325) = 3.34, p = .068,m,” = .01) and the interaction (F(1,325) = .68, p = 41,1, = .002) did
not reach significance. These results indicate that performance in inhibitory control skills was
comparable across the CG and EG.

Monitoring

To address relative monitoring accuracy, we evaluated the discrimination score. This score
taps children’s ability to metacognitively discriminate in their confidence judgments between
correctly and incorrectly recognized item pairs by giving substantially higher CJ for correct
than for incorrect recognition. Results of the between-subject ANOVA revealed a significant
main effect of age (F(1,389) = 14.43, p < .001, np2 =.036), with higher discrimination scores
for second graders (M = 1.50 SD = 2.53) compared to kindergarteners (M = .48, SD = 2.65). In
addition, a significant main effect of condition was identified (F(1,389) = 4.23, p = .04, an =
.011), due to participants in the EG (M = 1.2, SD = 2.6) achieving better discrimination
between correct and incorrect items compared to CG (M = .6, SD = 2.6), that is, achieving
more accurate monitoring (see Fig 1). The interaction did not reach significance (F(1,389) =
.04, p = .842,m,> =.00), thus the effect of the delay was similar in the two age groups.

As the literature offers ample evidence for young children‘s performance overestimation,
we were also interested in an absolute score of monitoring, the bias index. This score can
range from underestimation (negative values), perfect estimation (values around zero) to over-
estimation (positive values). The ANOVA with age and experimental condition as between-
subject factor revealed a significant main effect of age (F(1,389) = 13.71, p < .001,m,” = .034).
Kindergartners (M = .29, SD = .26) show a stronger overconfidence compared to second grad-
ers (M = .19, SD = .255). A main effect of condition (F(1,389) = 5.39, p =.021, nP2 =.014) was
also found, with participants in the EG (M = .21, SD = .26) showing less overconfidence com-
pared to the CG (M = .28, SD = .26) (see Fig 2). Contrary to our hypothesis, this effect was
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variable discrimination score, separated for Age (Kindergartners vs. Second Graders), and Condition (Control Group
(CG) vs. Experimental Group (EG)). Whiskers represent 1.5 * interquartile range.
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about equally strong in both age groups as the interaction did not reach significance (F(1,389) =

382 p=.537,m,” =.001).

Individual differences in inhibition

We will report the correlations separately for the two conditions. In the control group, we will
explore whether individual differences in inhibition are related to monitoring accuracy (dis-
crimination and bias index) independently from our—"Stop and Think"-manipulation. The
reported results are therefore only based on participants in the CG. For this analysis, we related
individual differences of the Rate Correct Score within the flower block of the Hearts and
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Fig 2. Distribution of the bias index separated for condition and age. Note. Boxplot for the dependent variable bias
index, separated for Age (Kindergartners vs. Second Graders), and Condition (Control Group (CG) vs. Experimental

Group (EG)). Whiskers represent 1.5 * interquartile range.
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Flowers task to monitoring skills (discriminations score and bias index). For kindergarteners,
correlational analysis revealed a significant positive correlation between the discrimination
score and the inhibition RCS (r = .225, p = .034, n = 88). Higher values in the discrimination
score (representing more accurate monitoring) were related to better performance in the inhi-
bition RCS (more correctly solved items per second within the flower block). This correlation
only represents a small effect. Regarding the bias index and the inhibition RCS, no significant
correlation was observed (r = -.144, p = .178, n = 88). Regarding second graders, no significant
correlations were observed, neither for the discrimination score (r = .20, p = .104, n = 67) nor
for the bias index (r = -.061, p = .626, n = 67).

In the experimental condition, by correlating inhibition with our monitoring measures, we
will address whether inserting the delay between recognition and monitoring has a differential
effect on participants depending on their inhibitory control skills. Correlational analysis
addressing the discrimination score revealed no significant correlation for kindergarteners (r
=.169, p =.108, n = 91) and second graders (r = .133, p = .233, n = 82). Additionally, no signifi-
cant correlation was found for the bias index for the kindergarteners (r = -.119, p = .261,

n =91) as well as for second graders (r = -.075, p = .502, n = 82).

Discussion

The present study sheds light on young children’s difficulties to accurately monitor memory
performance by realizing an experimental approach and addressing individual differences in
monitoring to inhibition. For one, we induced a delay between recognition and reporting con-
fidence, and for another, we related performance in inhibition (measured with the Heart and
Flower task) to our monitoring measures.

Monitoring

In line with previous research, our results confirmed that second graders and kindergarteners
already show indications of emerging monitoring skills [10, 11, 54]. In absolute terms, children
were able to discriminate substantially between correct and incorrect responses, but their eval-
uation of incorrect item pairs was still highly overoptimistic [12]. This pattern of results under-
lines the still undifferentiated monitoring skills in young children [10, 55, 56].

For the relative (discrimination score) and the absolute (bias index) measure of monitoring
accuracy, findings pointed into the same direction. Second graders showed a more sophisti-
cated discrimination between CJ for correct and CJ for incorrect items and less overconfidence
than kindergartners. Thus, of the age differences reported above concerning discrimination
and overconfidence fit nicely into the existing literature [56-59].

As to our experimental manipulation, our results suggested that waiting and reflecting on
certainty and uncertainty for the selected answer (participants in the "Stop and Think" condi-
tion) did indeed lead to better monitoring discrimination. Moreover, children who were
forced to wait and reflect also showed less overconfidence. Implementing a time window thus
seemed to support children in their evaluation of confidence and led to more accurate moni-
toring. Our findings indicate that a brief pause where the child can "Stop and Think" can
improve not only performance (as was shown in previous studies: [38, 39, 60]), but also moni-
toring accuracy. Especially children with difficulties inhibiting a prepotent response may bene-
fit from more time [25]. Further, giving time to enhance monitoring accuracy is also in line
with recent findings [40] indicating that information processing is not terminated when a
decision is made. More information seems to accumulate between a memory decision and the
corresponding monitoring judgment, supporting the idea that additional time may lead to
more accurate evaluations due to the accumulation of information supervised by monitoring
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processes. Even though our experimentally induced manipulation cannot be seen as a congru-
ent and identical method compared to research focusing on a delay, results appear to indicate
that the underlying processes are related to each other. In addition to the advantages over
"more time to think" known from previous research, the present study discovered an impact
on two conceptually different monitoring measures. It is of particular interest that the benefits
were not limited to just one aspect of monitoring; instead, our findings might hint at the possi-
bility that monitoring processes overall were affected. This is promising for future research.
Nevertheless, the present study revealed only small effects on the "Stop and Think" manipu-
lation. Perhaps, implementing an extended time window is insufficient to reduce this overopti-
mistic behavior entirely. Therefore, the possible negative side effects resulting from
overconfidence [61], such as ending a learning phase too early or not investing enough time in
tasks with increased demands, cannot be completely overcome with such an approach [62, 63].
By giving children more time to consider their answers and their confidence, we could only
enable one aspect: providing time for transmission and allowing the individual to be prepared
at least on a neurological level. This delay may not be sufficient to fully profit from this neuro-
logical readiness; an individual must experience the benefits of monitoring in an environment
in which advantages can emerge (for example, asking back when unsure to avoid errors).
Contrary to our assumption, kindergarteners did not disproportionally benefit more from
our manipulation. It may be possible that second graders’ inhibition skills are at this time not
as far developed as monitoring processes may require. Research based on neurological studies
indicates that inhibitory control skills’ maturation continues until adulthood [64], and the abil-
ity to inhibit a prepotent response evolves until adolescence [65]. Therefore, it seems reason-
able that second graders equally benefited from our induced support [66]. The spectrum of an
individual benefiting from such a "Stop and Think" may be much broader than expected.
When it came to our individual differences approach and our attempt to better understand
the role of inhibition for monitoring, our results revealed a significant positive correlation
between inhibition and the monitoring discrimination score only for kindergarteners. This
relation may indicate that better inhibition skills can indeed be associated with more accurate
monitoring skills, especially at an earlier age. However, these findings were not confirmed con-
sidering the bias index. Therefore, the relation between inhibition and monitoring accuracy
seems still not fully understood. Although other research [21] suggests that accurate monitor-
ing may result from better EF, our results do not reflect the strong interrelation we had
expected. The results only displayed a significant correlation for kindergarteners, but the cor-
relations from both age groups were very close in their r values. The insignificant correlation
within the second graders may be due to a reduction in the statistical power because of the
somewhat smaller sample size in the older age group. Therefore, this insignificant correlation
should be interpreted with caution [67]. Results from the present study question strong
assumptions that accurate monitoring can be supported through a certain level of inhibition
skills. Our findings indicate that inhibition is a necessary but not a sufficient prerequisite for
accurate monitoring in children. In her review, Roebers [18] noted that methodical differences
are likely to contribute to the typically weak connection between monitoring and inhibitory
skills. Capturing in detail and with different methods subcomponents of both constructs may
enable to compare different subcomponents. For example, Kilin et al. [21] found a relation
between inhibition and implicit, but not explicit measures of monitoring. The association
between metacognition and EF could thus vary as a function of inhibition and monitoring
measures. In fact, a meta-analysis showed that comparing different tasks for measuring inhibi-
tion is specific to a given age range [68]. The utilization of a specific measure must be adapted
to a precise age range of interest because, over time, the behavioral manifestation of inhibitory
skills changes. This finding highlights the complexity of choosing the right measure for the
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correct age range when relating monitoring and inhibition to each other. Recent results sug-
gest that metacognitive skills are far more present in young children (3 to 4 years old) than pre-
viously expected and that EF and metacognition are related to each other, underscoring the
importance of pursuing research in this direction [26, 43]. Correlational analysis within the
experimental group revealed no significant relation between inhibition and monitoring accu-
racy. These findings suggest that our manipulation does not affect participants differently
depending on their inhibitory control abilities.

Implication

Even though the results yielded only small effects, they shed light on yet not fully understood
monitoring processes. Given the theoretical background [18, 69] and the effects of the present
study, the evidence supports the idea that additional time for monitoring may indeed result in
more accurate monitoring. Also, from a neurological perspective, we would expect that neural
signals generated from the ACC transferred to frontal regions need time for transmission [27].
In other words, the metacognitive neurological signal then has time to strengthen and influ-
ence monitoring processes. Accurate monitoring is highly relevant for everyday life situations.
Not only young children but even adults benefit from more sophisticated monitoring skills.
Observing, reviewing, and evaluating the ongoing cognitive processes are essential in the
school setting, higher education, and following career [70, 71]. To the best of our knowledge,
the present study is the first that tried to increase the time window for children’s monitoring,
facilitating a transmission for metacognition within an experimental design.

Limitation

No study is perfect and this one is no exception. Naturally, we cannot be sure that children
actively engaged in monitoring during the delay. It is possible that despite our—"Stop and
Think"—instruction, the processing of metacognitive signals was not increased. Perhaps for
some children, the process of profoundly thinking about their answers can only be achieved if
they, for example, have an intrinsic willingness. For future research, an implemented reminder
during the animation may trigger cognitive activation for monitoring [72]. Additionally, com-
paring a delay without any instructions and, therefore, simply allowing more time to reflect in
an unguided way would lead to a differentiated understanding of the hidden processes. Based
on our and previous findings, the willingness together with additional time to reflect are essen-
tial [36, 38].

Conclusion

The present results indicate that giving young children more time to—"Stop and Think"—can
improve monitoring accuracy and reduce overconfidence. Additionally, the outcomes suggest
that this time window during which children take time to process and generate their answers
and evaluate their confidence in the chosen answer can be strengthened with external support.
With a more profound understanding of the underlying processes and how they can be sup-
ported, we may help facilitate learning activities for students and support teachers in the school
setting.

Supporting information
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Abstract

When young children evaluate their confidence, their monitoring is often overoptimistic,
that is, inaccurate. The present study investigated a potential underlying mechanism for
kindergarteners’ and second graders’ overconfidence within a paired associates learning
paradigm. We implemented a pre-monitoring phase motivating children to differentially
evaluate their confidence for each alternative before children could choose an answer in the
subsequent recognition phase. For one, we intended to weaken the influence of one single
and prepotently selected memory trace. For another, we motivated and enabled children to
evaluate all four answer alternatives concerning their certainty before evaluating their final
recognition choice by giving a confidence judgment. We compared monitoring discrimi-
nation and monitoring bias with a control condition whose task sequence did not include
a pre-monitoring judgment. Contrary to our expectations, the pattern of results indicated
that being instructed to pre-monitor did increase and not decrease overconfidence in young
children. The present results will be discussed against the background of memory-metam-
emory interaction, confirmation bias, and methodological issues.

Keywords Cognitive development - Metacognition - Monitoring - Overconfidence -
Children

Introduction

One of the most critical milestones in a child’s development is reaching the ability to
monitor and regulate cognitive functions. So-called metacognitive processes allow
to monitor behavior and enable adaptive information processing under varying task
demands (Conn et al., 2018; Wang et al., 1993). In metacognitive research, one dis-
tinguishes between declarative (i.e., knowledge about learning strategies and one’s
memory; Flavell, 1971) and procedural metacognition (monitoring and control pro-
cesses; Schneider & Loffler, 2016). Thereby both, accurate monitoring (i.e., ongoing
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surveillance of subjective task performance and comparison with objective perfor-
mance) and efficient control processes (i.e., processes involved in the regulation of one’s
one cognitive performance: re-study selections, allocation of study time) are essential
for school achievement (Dunlosky & Metcalfe, 2008; de Bruin & van Gog, 2012; van
Loon et al., 2014), and lifelong learning (Bakracevic Vukman & Licardo, 2010). First
signs of emerging metacognition are already observable at preschool age (Coughlin
et al., 2015; Geurten & Bastin, 2019; Lipowski et al., 2013; Lyons & Ghetti, 2013).
Further and significant improvements are then consistently found, especially during the
school years (Lyons & Zelazo 2011; Schneider & Loffler, 2016). Thus, a critical age
window for metacognitive development occurs at a young age building the basis for a
protracted development into adolescence.

Although early signs of emerging metacognitive skills have repeatedly been docu-
mented, monitoring processes of kindergarten and young primary school children still need
to get fine-tuned and more differentiated, and thus, their monitoring accuracy is consist-
ently lower compared to adults (Schneider, 2014). Specifically, young children seem to
have difficulties reliably and metacognitively differentiating between correct and incorrect
performance in their monitoring judgments (Destan & Roebers, 2015; Finn & Metcalfe,
2014; Lipko et al., 2009), with a strong tendency to a positive bias, also called “overconfi-
dence”. Some authors have argued that one reason for their overoptimistic monitoring may
be that young children do not take enough time to monitor alternative answers and their
final responses but rather jump too quickly on a positive (very certain) monitoring judg-
ment (Bryce et al., 2015; Roebers, 2017). This overconfidence, also labelled as miscalibra-
tion, severely and negatively impacts subsequent control decisions and hampers efficient
adjustments within learning processes (e.g., be uncertain and then go back and double-
check; Dunlosky & Rawson, 2012; Hacker et al., 2008; van Loon et al., 2022). The ques-
tion thus arises whether young children are generally incapable of monitoring accurately or
whether, under certain circumstances, they can be supported to monitor more accurately.
This is the focus of the present approach.

Because overconfidence is a well-known phenomenon in metacognitive research includ-
ing kindergarten and young primary school children, some studies have tried to improve
and support monitoring processes in young children by applying different experimental
designs, for example, inducing feedback (Lipko et al., 2012; O’Leary & Sloutsky, 2017;
Oudman et al., 2022; van Loon & Roebers, 2021). However, the evidence as to whether
overconfidence can be corrected is very inconsistent (Bol et al., 2005; Nietfeld et al., 2005;
Saenz et al., 2019). Even more importantly, the underlying processes contributing to chil-
dren’s inaccurate monitoring are yet to be understood.

The theoretical background of our experimental manipulation is the interplay of mem-
ory retrieval, memory monitoring, and strategic decisions about memory performance as
outlined by Bjork (1994) and Koriat and Goldsmith (1996). Within these frameworks,
memory and metamemory are no longer considered separated, independent constructs,
but rather to be closely intertwined. Monitoring and control processes uniformly rely on
retrieving information from long-term memory (Bjork, 1994; Koriat, 2015). According to
the model of strategic regulation of memory accuracy (Koriat & Goldsmith, 1996), infor-
mation from long-term memory is retrieved and, at the same time, monitoring processes
are triggered to choose the best candidate answer (the answer with the highest/most posi-
tive monitoring judgment). These fast and early retrieval processes from long-term memory
coupled with early monitoring processes are likely to regulate or influence later monitor-
ing processes, an interaction that has been neglected when addressing children’s develop-
ing monitoring skills. By asking children to report on their confidence before selecting a
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memory answer, we sought to step into this memory-monitoring interplay to gain insights
into their very early monitoring processes.

Against the background of such strategic regulation processes based on ongoing, early
monitoring processes that are intertwined with memory retrieval, children’s tendency to
quickly jump on an answer seems fatal, or at least, be contributing to overconfidence. That
is, when quickly selecting an answer, more detailed differentiation of different degrees of
confidence and thorough comparisons among the answer alternatives (or, in the case of free
recall, a further search for an answer with a higher likelihood to be correct) rarely occurs
(Barnes et al., 1999). Indirect evidence for the assumption that children’s overconfidence
stems — at least in part — from their reluctance to engage in (pre)monitoring processes stems
from studies in which children were highly motivated to answer correctly (e.g., receiving
gold coins for every correct answer). With such a paradigm, young children were found to
be quite capable of monitoring accurately (Roebers & Fernandez, 2002; Koriat & Acker-
man, 2010). These results suggest that efficient monitoring abilities are already present at a
young age but not yet automatically used.

Furthermore, the first and possibly impulsive answer is not always the most suitable.
Resisting a prepotent response (Simpson et al., 2012) and considering additional informa-
tion to evaluate the most suitable answer may be terminated prematurely (Nelson, 1990).
In doing so, children might be neglecting contradicting evidence, which then contributes
to a confirmation bias, increasing confidence (Koriat et al., 1980). Investing time and
effort in comparing the different degrees of confidence of the different answer alterna-
tives might not seem relevant to young children. In other words, overconfidence might be
reduced by enabling and powerfully motivating children to address and consider contra-
dictory information. For this reason, our design prompted children to actively consider
information against and in favor for the chosen answer, as well as for the three other alter-
natives (Koriat et al., 1980). In other words, we prompted monitoring processes at time
point during the task sequence in which no definitive answer had yet been selected.

The present study

The present study implemented a pre-monitoring phase that motivated children to evaluate
their confidence not only in one but in all answer alternatives before choosing an answer
(recognition). Participants solved a paired associate learning task with a pre-monitoring
(only the experimental condition), a recognition, and a post-monitoring phase. Before
choosing an alternative in the recognition phase, participants in the experimental condi-
tion had to give a monitoring judgment for every answer alternative. After choosing one
alternative in the recognition phase, participants then rated their confidence in the chosen
alternative, as is done in classical studies using confidence judgments (Destan et al., 2014;
Dunlosky & Metcalfe, 2008). We included kindergarten and second graders because some
metacognitive monitoring abilities are already developed at kindergarten age (Coughlin
et al., 2015), and the transition to school age represents an important time window for fur-
ther fine-tuning of monitoring abilities (Schneider, 2014).

We hypothesized that participating in the experimental condition (including pre-moni-
toring judgments) would improve monitoring accuracy compared to the control condition
(no pre-monitoring judgments). More precisely, we expected the pre-monitoring phase to
encourage a comprehensive evaluation of all four alternatives (Koriat & Goldsmith, 1996;
Navajas et al., 2016). This in turn, should lead to more accurate monitoring in the following
recognition phase. This was expected, because at the time of the pre-monitoring judgments,
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no answer had yet been selected possibly reducing the memory retrieval-monitoring cou-
pling. For another, participants had to judge each alternative actively to determine the best
candidate answer. Thus, participants had to invest time in searching for contradicting infor-
mation rather than immediately choosing one answer and ignoring the alternatives.

Method
Participants

The sample for the present study consisted of N = 330 children from urban and rural
regions in the vicinity of a university town [further information withheld for blinded
review]. The study included preschool children and second grade students. We excluded
participants with less than 25% correct recognition (preschool children N = 18, second
grade students N = 7). Recognition scores under 25% correct may be based on chance level
as there were four alternatives. This exclusion led to a total sample of N = 305, with N =
143 kindergartners (49.7% female) between 5-6 years of age (M = 5.9, SD = .47), and N =
162 second grade students (53.1% female) between 7-8 years of age (M = 7.8, SD = .36).
The Ethics Committee of the Faculty of Human Sciences of the University had approved
the study (Approval No: 2002-100005). Only children who had written parental consent
were allowed to participate in the study. Additionally, participation was voluntary for the
children, and they were informed that they could terminate the tasks at any time without
giving any explanation. No child ever did. Data were treated entirely anonymously.

Measures and Procedures

Participants solved a computer-based task running on tablets (Samsung Galaxy S7) using
the app software lonic. All instructions during the task were given via headphones. The
task had been extensively piloted regarding understandability and usability for children
from both age groups. During the testing phase, children were closely supervised to assist
in case of technical problems. Children solved a paired associate learning task to capture
monitoring processes (about 30 minutes). The task was accompanied by a cover story about
two children who are taking pictures of animals (e.g., bird) that are engaged in actions
toward different objects (e.g., bread). Participants were instructed to memorize the associ-
ated pairs to help the protagonists find the associated pictures that belong together later on.

Participants were randomly assigned to one of two conditions (control vs. experimen-
tal condition). Being part of the control condition entailed the following structure. After
a familiarization phase, preschool children had to study 20, and second grade students 26
item pairs, respectively. Each pair was presented for four seconds. After a one-minute filler
task to ensure standardized delay and to prevent memory strategies, the stimulus picture
(the animal) was presented with four alternatives (recognition phase; four different objects,
i.e., feed, environment). A monitoring phase followed this recognition phase (Fig. 1). Now,
children had to evaluate their confidence by reporting their degree of confidence on a clas-
sical 7- Likert scale which was illustrated with a thermometer (Koriat & Shitzer-Reichert,
2002) ranging from blue (very unsure) to red (very sure). Confidence judgments were con-
verted into values from 1 to 7. Prior to the testing phase children were introduced to the
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Learning % M

Recognition

Time

Confidence Judgment

Fig. 1 Schematic Illustration of the Task Procedure

thermometer and had to solve different examples correctly and give appropriate confidence
judgments before proceeding to start the testing phase.

The procedure of the experimental condition followed the same sequence except for an
implemented “pre-monitoring phase” between learning and recognition. After the filler
task, participants saw the stimulus picture and the four alternatives. Underneath every
alternative, a 7-Likert scale appeared (Fig. 2). The Likert scale was visualized with seven
stars of increasing size (ranging from a small star on the left to a large star on the right).
For every alternative, participants were told to choose a star. An interactive animation
introduced the stars. The smallest star was introduced as follows: "If you think the pictures
do not belong together, you can choose a small star." The stars in the middle section were
visualized on a continuum from a small to a large star. For these stars, the instruction:
"If you think it could be the right picture, you can choose stars in the middle" was given.
In the end, it was explained that choosing all seven stars including the largest star would
represent a maximum of confidence introduced with the following explanation: "If you are
convinced that these images belong together, you can choose all the stars up to the largest
star". A practice trial accompanied every introduction. Using the abovementioned ques-
tions, children were asked which star they would choose. When they chose the correct star,
they proceeded to the next question until they answered every practice question with the
intended star. If participants chose an inappropriate star, they were corrected by the experi-
menter. When the exercise was solved 100 percent correctly, the practice trials were ter-
minated, and the program progressed to the actual task. These pre-monitoring judgments
(stars) were converted into values from 1 to 7.

To evaluate monitoring accuracy, we included two different measures. For quantifying
relative monitoring accuracy, a discrimination score was calculated for each child, indicat-
ing how reliably children can metacognitively differentiate between correct and incorrect
recognition with their confidence judgment (difference score; Dunlosky & Thiede, 2013;
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Fig.2 Pre-Monitoring Phase for Experimental Condition

Fleming & Lau, 2014; Schraw, 2009). Thereby, higher confidence judgments for correct
than for incorrect responses indicate more accurate monitoring. Further, we included a
measure of absolute monitoring accuracy, a bias index, reflecting under- to overconfidence
(Schraw, 2009). Values for absolute monitoring accuracy can vary between +1 (overesti-
mation) and —1 (underestimation). The closer the value is to zero, the more accurately the
confidence rating matches performance.

Statistical Analysis

Data was analyzed with Python using Scipy, Numpy, Pandas, and StatsModel as packages.
We used Seaborn and Matplotlib for data visualization. Our hypotheses regarding differ-
ent monitoring aspects were analyzed by running between-subject analyses of variances
(ANOVAs). As an estimation for effect sizes, we used partial eta squared (npz).

Results
Performance

Mean performance for kindergarteners was 9 out of 20 correctly solved items (mean pro-
portion correct: 45%, SD = .14), and 14 out of 26 correctly solved items for second graders
(mean proportion correct: 53%, SD = .15). This represents an approximately equal number
of correctly and incorrectly solved items across both age groups and thus provides a bal-
anced database for evaluating monitoring processes.

Because monitoring measures are intertwined with performance, we wanted to rule out
that differences in monitoring between the two conditions (control vs experimental condi-
tion) may be due to differences in performance. Therefore, we first analyzed performance
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by means of a between-subject ANOVA. As expected, there was a significant main effect
of age (F (1, 301) =26.8, p < .001, np2 = .08), with higher performance for second graders
(M = .53, SD = .15) than for kindergarteners (M = .45, SD = .14). Furthermore, there was
no significant main effect of condition (¥ (1, 301) = 1.07, p = .30, np2 =.01) and no inter-
action (F (1, 301) = .757, p = .39, np2 =.00).

Monitoring

To capture metacognitive discrimination (relative monitoring accuracy), we computed a
difference score by subtracting confidence for correctly from incorrectly solved items. In
young children higher values then indicate better discrimination between correctly and
incorrectly solved items. The ANOVA with age and condition as between-subject factors
revealed a significant main effect of age (F (1, 301) = 34.50, p < .001, np2 = .10). Sec-
ond graders (M = .83, SD = 1.9) outperformed kindergartners (M = -.40, SD = 1.8) in
terms of metacognitive discrimination. The main effect of condition (F (1, 301) = 2.64, p
=.105, np2 = .01) and the interaction (F (1, 301) = 1.40, p = .24, np2 = .01) did not reach
significance.

Thus, contrary to our assumption, when comparing relative monitoring accuracy
between the control and experimental condition, this difference was not significant. The
descriptive data even suggested that participants in the control condition reached a better
discrimination score. Although non-significant, it appears with respect to relative monitor-
ing accuracy that engaging in pre-monitoring (providing star ratings) before choosing an
answer may even negatively influence monitoring accuracy in children.

Turning to the bias index, this score indicates an absolute monitoring accuracy measure
and ranges from underestimation to overestimation. The ANOVA with age and condition
as between-subject factors revealed a main effect of age (F (1, 301) = 39.77, p < .001,
np2 = .12). In line with our assumption, older children (M = .27, SD = .19) show less
overconfidence than younger children (M = .42, SD = .20). Again, contrary to our expecta-
tions, results revealed a significant main effect of condition (F (1, 301) = 14.74, p < .001,
np2 = .05), with less overconfidence in the control condition (M = .30, SD = .21) than
in the experimental condition (M = .38, SD = .19). In other words, participating in the
experimental condition and evaluating the four alternatives before selecting the best candi-
date answer by giving pre-monitoring judgments seemed to increase rather than decrease
overconfidence in young children, independent of age as the non-significant interaction
revealed (F (1,301) =24, p = .12,n,> = .01).

Post Hoc Analysis: Searching for Reasons for Unexpected Results

As the results so far did not confirm our assumptions regarding the effects of our imple-
mented pre-monitoring judgments, we ran some post hoc analysis to shed light on the
implemented pre-monitoring judgments. Firstly, we looked at the distribution of pre-mon-
itoring judgments within an item (differentiation within alternatives, see below). In doing
so, we analyzed whether participants discriminated between the four alternatives (give
different numbers of stars within one item indicative of active monitoring). Secondly, we
evaluated the relation of the pre-monitoring judgments with subsequent recognition. More
precisely, we analyzed which alternative obtained the highest pre-monitoring judgment,
and then addressed whether this alternative was selected in the recognition phase (relation
pre-monitoring judgment and answer in recognition, see below). Thirdly, we compared the
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pre-monitoring judgment with the monitoring judgment given after recognition (consist-
ency between pre-monitoring judgment and confidence judgment, see below).

Differentiation within Alternatives Results revealed that only N = 7 children did not dif-
ferentiate between the alternatives by giving every alternative the same pre-monitoring
judgment. Because all other participants had variability in their scoring pattern (scoring
different pre-monitoring judgments within four alternatives), we are tempted to believe
that the vast majority of children followed our instructions and seriously monitored dif-
ferentially; that is, rated lower, or higher levels based on their evaluations for the four
alternatives.

Relation Pre-Monitoring Judgment and Answer in Recognition Descriptive statis-
tics of both age groups revealed that out of 100% (N = 3049) registered pre-monitoring
judgments, 88.3% (N = 2692) of the alternatives having received the highest level were
also selected in the recognition phase. Only 11.7% (N = 357) of the alternatives that had
received the highest pre-monitoring judgments were not selected in the recognition phase.
These results suggest that there is a very strong relation between pre-monitoring and rec-
ognition (see Table 1). This pattern of result remained the same when we analyzed the two
age groups separately.

Additionally, for kindergarteners and second graders, pre-monitoring judgments were
generally high (see Table 1). Overall, participants favored one alternative and gave it the
highest pre-monitoring judgments to express the outcome of their pre-monitoring. This
trend confirms young children’s tendency to choose rather high confidence judgments (in
any case, even in the face of contradicting information).

Consistency between Pre-Monitoring Judgment and Confidence Judgment To evalu-
ate the consistency of the two different monitoring measures, we looked at the correspond-
ence between pre-monitoring and confidence judgment, as a function of the correctness of
recognition. By comparing the levels of both monitoring measures, we evaluated if par-
ticipants tended to rate higher, lower or the same level of confidence on both monitoring
measures but on the two different scales. Because the pattern of results revealed no differ-
ence between kindergarteners and second graders, we report them collectively. A descrip-
tive overview of all judgments of both age groups can be found in Table 2.

High consistency would mean that reporting a very low pre-monitoring judgment leads
to a high likelihood of choosing a very low confidence judgment in the retrospective confi-
dence judgment (see marked diagonal in Table 2). The diagonal of agreements adds up to
68.1% of all monitoring judgments. We further split the judgment range into two groups

Table 1 Pre-Monitoring

Pre-Monitoring Jud t
Judgments (Kindergarteners and fo-offoring ‘udgmen®s

Second Graders) as a Function of 1 2 3 4 5 6 7
Match in the Recognition Task
in Percent Recognition Match 00 12 14 31 58 6.8 81.7

Recognitionno Match 0.0 62 48 5.0 104 95 642

Recognition match = answer rated with the highest pre-monitoring
judgment was also selected in recognition. Recognition no match =
answer rated with highest pre-monitoring judgment was not selected
in recognition

@ Springer



Motivating children to (pre)monitor: positive effects on...

Table 2 Pre-Monitoring

and Confidence Judgments
(Kindergarteners and Second 1 2 3 4 5 6 7
Graders)

Pre-Monitoring Judgments

Confidence Judgments 1 00 01 01 03 01 0.0 21
2 00 0.1 0.1 02 0.1 0.0 0.7
3 00 00 01 05 03 03 09
4 00 0.1 04 06 08 08 44
5 00 02 02 05 13 13 39
6 00 01 02 05 09 22 59
7

00 06 04 07 23 23 639

This table displays values in percent under the assumption that the
answer with the highest star was also selected in recognition

(1- 6 and 7). Regarding the judgments’ range from 1 to 6, results suggest that only 4.2% of
these monitoring judgments showed consistency. However, for the highest rating (very sure
in the pre-monitoring judgment and very sure in the confidence judgment), results showed
a total agreement of 63.9%, thus very high consistency across judgments. This distribution
clearly shows that most retrospective confidence judgments are built on a very high pre-
monitoring judgment and a very high confidence rating that matches the pre-monitoring
judgment. Thus, most participants reported very high confidence in both monitoring meas-
ures (Fig. 3). To address whether the high confidence was primarily observed concerning
correct answers (then, high confidence seems justified), we ran the same analyses for cor-
rect and incorrect recognition, respectively. Interestingly, the pattern of results turned out
to be equivalent.

As reported above, most confidence judgments (68.1%) were in agreement with the pre-
monitoring judgment. The remaining 31.9% were either rated higher or lower in the sub-
sequent confidence judgment. Out of these remaining 31.9% a total of 9.3% of judgments
mirrored higher confidence compared to the previous pre-monitoring judgment indicating
a tendency towards a strengthening of the subjective confidence. But, 22.6% of judgments
were found to mirror lower confidence compared to the previous pre-monitoring judgment,
indicating a decrease in overconfidence as we had initially expected. Furthermore, we con-
ducted a Pearson Chi-Squared test. There was a significant relationship between the ratings
of pre-monitoring and confidence judgments, X*(30) = 550.20, p < .001, N = 2692. The
relationship indicates a moderate effect (CC = .412, p < .001).

Discussion

Overconfidence is a well-known challenge in metacognitive research in children. Although
some studies have already attempted to improve children’s monitoring, results were incon-
sistent, and underlying reasons for children’s overconfidence still need to be explored. We
implemented a pre-monitoring phase enabling children to monitor possible answers before
making a final decision in the recognition phase. With this experimental approach, we
intended to motivate a differentiated evaluation of each alternative thereby preventing that
just one, hastily selected answer, builds up a dominating memory trace. We hypothesized
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Fig.3 Association between Pre-Monitoring and Confidence Judgements. Note. 3D Plot displays pre-moni-
toring judgments on the left (y-axis) and confidence judgments on the right (x-axis) for kindergarteners and
second graders. The number of judgments is mapped on the z-axis

that participating in the pre-monitoring phase would enable a deeper and more differenti-
ated monitoring, considering all four alternatives (in the sense of the regulation of memory
accuracy of Koriat & Goldsmith, 1996), which might positively influence young children’s
monitoring accuracy.

In line with previous research, our results revealed that kindergarteners and second
graders were able to metacognitively discriminate between correct and incorrect answers
(Lyons & Ghetti, 2011). As expected, both age groups showed a high tendency towards
overconfidence (Destan et al., 2014; Finn & Metcalfe, 2014; van Loon et al., 2017). Fur-
thermore, our results align with studies showing that the ability to monitor adequately
increases with age (Schneider & Loffler, 2016).

To address the effect of the experimental condition, we investigated two measures of
monitoring accuracy. The findings pointed in the same direction for the relative (discrimi-
nation score) and the absolute (bias index) measure of monitoring accuracy. Contrary
to our expectations, participating in the experimental condition decreased rather than
increased monitoring accuracy in both age groups. More precisely, pre-monitoring was
not helpful for children when asked to discriminate between correct and incorrect answers.
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Pre-monitoring seemed even to increase overconfidence in both age groups. Given the
inconsistent findings in studies addressing interventions to improve monitoring, the present
results might not be entirely surprising (O’Leary & Sloutsky, 2017; Oudman et al., 2022).
Nevertheless, our study confirms that when trying to improve monitoring accuracy in chil-
dren, researchers are facing severe methodological and theoretical challenges (Azevedo,
2020; Schraw & Moshman, 1995).

We did some post hoc tests to evaluate what children really did during the pre-monitor-
ing phase and whether there was consistency across the different phases of our task. Analy-
sis revealed that overall, participants seriously discriminated between every answer alter-
native. Providing different pre-monitoring judgments for each alternative, we can assume
that participants did not make fast and superficial decisions and simply moved on to the
next item prematurely without at least considering the other alternatives (Simpson et al.,
2007). Even if this pre-monitoring phase seemed to trigger a differentiated comparison as
we had anticipated, the consequence differed from what we expected as it increased rather
than decreased overconfidence. Children might — already at this stage — have trapped in the
confirmation bias (Nickerson, 1998; Peters, 2022).

Results indicated that the alternative rated with the highest pre-monitoring judgment
was, in most cases, also chosen in recognition. This connection suggests that choosing a
high pre-monitoring judgment may indicate high certainty already and therefore serves as
a cue for again selecting this alternative as the final answer. The high consistency between
the pre-monitoring, recognition choice, and the confidence judgment supports this interpre-
tation. Moreover, participants also chose the same scale level to express their confidence.

Reasons for Overconfidence
Memory and Monitoring

The attempt to separate monitoring processes from memory seems more difficult than expected
(Bjork, 1994; Koriat & Goldsmith, 1996; Roebers & Schneider, 2005). This finding raises the
question of to what extent it is possible to consider and investigate monitoring and memory as
separate processes (Koriat, 2007). The dynamic association between memory and metamemory
seems to be underestimated and even more critical than assumed (Busey et al., 2000; Bjork,
1994; Vernon & Usher, 2003). Pre-monitoring judgments may already be related to memory
processes (Dinsmore & Parkinson, 2013; Ferreira et al., 2019; Vernon & Usher, 2003). These
considerations raise the question of whether a confidence judgment can be considered an iso-
lated and memory-independent process. Are confidence judgments really a representation of
confidence or rather a feeling of ease of accessibility from memory? This assumption might be
supported by research addressing the delayed JOL effect. Immediate JOLs are less accurate than
delayed JOLs by showing less agreement with subsequent performance (Nelson & Dunlosky,
1991). That is, delayed judgments of learning are more likely to match subsequent recognition
than immediate judgments of learning. The pronounced agreement between delayed judgments
and recognition might be due to the retrieval of similar memory traces.

Cues and Heuristics
Deciding under uncertainty may trigger some rules or heuristics to choose an alternative

that seems to be the best (Tversky & Kahneman, 1973). It has already been shown that
even young children use cues as a source of information to guide their memory decisions
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(Geurten & Willems, 2016; Koriat, 1997; Koriat et al., 2009; Roebers et al., 2019). Using
invalid cues, for example, such as how easily accessible the learned item pairs can be
retrieved (Dunslosky & Nelson, 1992; Koriat, 2007; Koriat & Levy-Sadot, 2001; Maz-
zoni & Nelson, 1995) might have influenced monitoring accuracy. The more accessible
such information can be retrieved, the higher the feeling of confidence (Bastin et al., 2019;
Benjamin, 2005; Metcalfe & Finn, 2008; Unkelbach & Stahl, 2009) and might, therefore,
also guide monitoring processes (Hertzog et al., 2003; Kelley & Lindsay, 1993). Further-
more, the evaluation of pre-monitoring can act as an indirect mediator between cue and
target. Due to the selection of a high pre-monitoring judgment, the connection between cue
and target is further reinforced (Atiya et al., 2019). Thus, this implicit reinforcement can
be associated with higher confidence (Pyc & Rawson, 2010; Whittlesea & LeBoe, 2003).
Repeated exposure to the same item throughout the task may have strengthened the influ-
ence of these cues. However, invalid cue utilization might then be a reason for the observed
overconfidence in young children.

Evidence Accumulation and Selective Attention

Navajas et al. (2016) suggested that even if a decision has been made, there is still further
accumulation of information that can work in favor for or against one’s answer. Several stud-
ies have shown that a hasty answer often suffers from inaccuracy (Simpson et al., 2007).
With additional time to perform a differentiated analysis, including monitoring, further
information is considered before choosing the best candidate answer (Atiya et al., 2019;
Wacker & Roebers, 2022). Current research addressed evidence accumulation under uncer-
tainty with a perceptual discrimination paradigm in toddlers (Leckey et al., 2020). Including
eye movement measures, such as gaze switching, shed light on the implicit processing of
evidence accumulation. Results revealed that toddlers accumulate more information through
gaze switching when uncertain. Therefore, depending on item difficulty, a pre-monitoring
phase might lead to more gaze switching between difficult items and slower evidence accu-
mulation resulting in lower confidence. Therefore, a differentiated evaluation of all four
alternatives and a subsequent monitoring phase, as in our study design, should provide a
valuable opportunity (Murphy et al., 2015). However, results indicated that instead of accu-
mulating further information, children might feel more confident through a misleading accu-
mulation of invalid information (Talluri et al., 2018; Rollwage et al., 2020). In addition, the
time invested (i.e., to exclude other alternatives with lower certainty) could strengthen the
feeling of accomplishing a differentiated process. Consequently, the preferred answer with
the highest certainty rating would gain a subjective feeling of confidence.

Furthermore, selective activation of attention to a particular alternative influences sub-
sequent cognitive activation (Nadel et al., 2012). The selective attention may have con-
tributed to boosting overconfidence. Moreover, after choosing an alternative, the selected
answer was highlighted with a yellow frame. This visual accentuation might have addition-
ally increased selective attention to that one particular alternative.

A Closer Look at the Scale Level of Both Monitoring Measures

We can distinguish three different patterns of association between the pre-monitoring
and the corresponding confidence judgments. In the first pattern, children enhanced their
confidence judgment compared to the prior pre-monitoring judgment indicating a ten-
dency towards increasing overconfidence through pre-monitoring. In the second pattern,
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participants chose the same confidence level for the pre-monitoring and the subsequent
confidence judgment - this association was most frequent. However, as our results
revealed, for both monitoring measures, most answers were already scored on the high-
est scale level. Therefore, the first pattern of association (tendency towards enhancing
confidence through the task) may be underrepresented because of that obvious ceiling
effect. Because children mainly chose already the highest score in their pre-monitoring
judgment, their confidence judgment could not be rated higher — even if children would
have wanted to. Contrarily, the possibility of downregulating their confidence would
have been possible, as shown in the third pattern of association. Such a downregula-
tion becomes visible when a confidence judgment is lower than the prior pre-monitoring
judgment. This downregulation indicates that a differentiated evaluation of answer alter-
natives might trigger doubts or lead children to give their confidence second thoughts. As
a result, children might reduce their over-optimistic estimation and rate a more fine-tuned
and accurate monitoring judgment. Results from the latter pattern, that is, a downregula-
tion of confidence, are still promising. In line with our assumptions, in around one-fifth
of the item judgments there was a downregulation of confidence. In other words, in 20%
of the items, a differentiated evaluation might indeed have led to more accurate monitor-
ing in our participants. Besides the strong pattern of overconfidence, this smaller propor-
tion of downregulating confidence seems promising. Of course, it raises the question of
to what extent we can support children to increase the proportion of downregulation.

From a theoretical point of view, the attempt to downregulate confidence might be only
relevant for incorrect answers because being sure concerning a correct answer is reason-
able and well justified. However, results revealed that regardless of correctness, most con-
fidence judgments indicated the same overoptimistic confidence rating. Thus, it is not that
children should no longer be confident in correct answers per se, but children might benefit
in general from a more fine-tuned monitoring.

Implications

Based on the present results, the question arises as to what extent we can measure pure
monitoring. These findings may, therefore, also influence research on different monitor-
ing measures. The high accordance of pre-monitoring judgment and recognition under-
scores the assumption that monitoring judgments such as JOL and FOK are predictive of
later retrieval (Hart, 1965). However, this prediction may be influenced by the strength of
the memory traces (Koriat, 2007). The best candidate answer may be selected based on
retrieval processes and indirectly triggers searching information confirming this alternative
(Koriat & Goldsmith, 1996; Vernon & Usher, 2003). Having previously engaged in a dif-
ferentiated evaluation for choosing the best candidate answer may foster a subjective feel-
ing of high confidence in the decision, which is then — in most cases — maintained. Over-
all, children most often choose the highest point on the scales to express their confidence.
The tendency of favoring high confidence levels in both of our scales (pre-monitoring and
confidence judgments) confirms that overconfidence is a robust phenomenon. Including
a broader age range in future research would be interesting. The present study revealed
indications that participants sometimes downregulated their confidence judgments after the
pre-monitoring phase. Including different age groups could — in this context - shed light on
whether there are further subgroups or a possible age range where participants may sys-
tematically benefit from pre-monitoring.

@ Springer



S. Wacker, C. M. Roebers

Limitations

The selection of our stimulus pictures with animals and the corresponding food or envi-
ronment of the animal might have induced a particularly stronger bias towards high confi-
dence compared to other paired-associate learning tasks. Children at this age are often in
contact with animals (i.e., books, etc.). Consequently, the familiarity of the pictures might
have reinforced a strong feeling of familiarity at this age. The influence of this cue, includ-
ing "ease of processing" might have reinforced the confirmation bias. As even young chil-
dren use mnemonic cues to evaluate their confidence (Geurten et al., 2018; Koriat, 2007;
Roebers et al., 2019), these may have further increased confidence. Therefore, using less
familiar stimuli, may reduce familiarity and the concomitant confirmation bias (Destan &
Roebers, 2015; Roderer & Roebers, 2010).

Furthermore, even if we evaluated our items and their corresponding item difficulty,
there might be some noise within the alternatives. For example, some alternatives might
associate more or less strongly with the stimulus picture, but this should be unsystematic
across children. Of course, some items were easier or more difficult, also depending on the
answer alternatives, but such variability in item difficulty is important to have in a task.
Moreover, continuously changing confidence is also part of daily life experiences. How-
ever, the present approach contained a larger number of items than other studies including
these age groups, and in our pilot study, we carefully evaluated different answer alterna-
tives. Together, we have reason to believe that the task appropriately mapped both age-
related differences and individual differences, within age-groups.

We used the same scales as in the retrospective confidence judgments for the pre-mon-
itoring phase. However, they might trigger different processes because one phase is com-
pleted before and the other after recognition. Nevertheless, it is important to note that our
focus was laid on the retrospective confidence judgments, thereby investigating whether a
pre-monitoring phase can positively affect monitoring compared to the control condition.
Only within our post hoc analysis we compared the two measures, however, not with the
point of view that both arise on the base of the same cue but rather to investigate on which
scale level participants expressed their confidence.

Conclusion

In sum, the present study offers new insights into the association between memory and
metamemory, showing that the relationship seems far more complex than previously
expected. Therefore, the question arises of how we can capture monitoring processes more
independent from prepotent memory traces. Results indicated that the influence of prepo-
tent memory traces might have additionally increased overconfidence in young children.
The association between memory and metamemory seems underestimated and more criti-
cal than assumed. More research is needed to understand the underlying mechanisms of
overconfidence in young children.
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