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metacognitive control in
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Eveline Jacobs*, Elien Bellon and Bert De Smedt

Faculty of Psychology and Educational Sciences, Parenting and Special Education Research Group,
University of Leuven (KU Leuven), Leuven, Belgium

Introduction: Monitoring and controlling one's performance are essential skills
for children’s cognitive development and academic success. Metacognitive
control, operationalized as post-error adjustments, is, however, often measured
in conflict tasks, but the findings of such studies may not be readily generalizable
to academic domains, such as arithmetic. Yet, investigating how children
control their performance in arithmetic is crucial in understanding the large
individual differences within this specific academic domain. This longitudinal
study investigated how children control their performance through post-error
slowing and accuracy improvement in arithmetic. We additionally examined this
development of metacognitive control in a working memory task, to further
unravel its domain-generality or the lack thereof.

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

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

KEYWORDS

metacognitive control, post-error slowing, post-error improvement in accuracy,
metacognitive monitoring, mathematical cognition, mental arithmetic, working
memory

1 Introduction

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

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

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

Studies
investigating PES and PEIA in arithmetic are surprisingly

One such an academic domain 1is arithmetic.
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scarce. The few studies that have examined this have found both
PES and PEIA to be present in children (de Mooij et al., 2022)
and adults (Desmet et al,, 2012; Van der Borght et al., 2016).
Both Desmet et al. (2012) and Van der Borght et al. (2016)
studied PES and PEIA in a verification multiplication task in
university students, and concluded that post-error adjustments
can be observed in arithmetic in adults. Van der Borght et al.
(2016) additionally highlighted the role of changing strategies
after errors as a way to improve task performance in arithmetic.
This finding suggests that, in contrast to conflict tasks, arithmetic
does allow for multiple ways to adjust behavior after committing
an error. Regarding post-error adjustments in children, to our
knowledge, only one study has been performed in the domain of
arithmetic. de Mooij et al. (2022) investigated PES in children from
5 to 13 years old in an adaptive learning environment including
both mathematical and language activities. They found PES to
be present in almost all learning activities, and found it to be
positively associated with PEIA and the children’s ability level. This
latter finding suggests that PES could play an important role in
explaining the large individual differences in mathematical ability,
and more specifically in arithmetic skills.

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

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

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

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

2 Methods

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

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

2.2 Materials and measures

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

2.2.1 Arithmetic task
2.2.1.1 General performance

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

2.2.1.2 Metacognitive control
Metacognitive  control  was

and PEIA in the

Response times

measured  trough  PES
task.

were used to

computerized  arithmetic

on a trial-by-trial basis
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quantify PES. Trial-by-trial were used to

quantify PETA.

accuracy rates

2.2.1.2.1 Post-error slowing

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

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

Z (RTPostErrorw,,w,diﬁ- - RTPastCarrectm,rect,di ,‘)
ngif

PEStmd, corr —

Z (RTPostErrormw[t,dtﬁ - RTPreErrorm"m,dtﬁi)
ndlﬁr

PESrabust, corr —

2.2.1.2.2 Post-error improvement in accuracy

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

MpostCorrect orrect diff;

Z (”PostErrarm,-re,;;,di i

”PastErrarwml,di ; ”PastCarrecttOml,di i

PEIA o = naig
i

2.2.1.3 Metacognitive monitoring

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

2.2.2 Working memory task
2.2.2.1 General performance

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

2.2.2.2 Metacognitive control

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

2.2.2.2.1 Post-error slowing

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

2.2.2.2.2 Post-error improvement in accuracy

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

2.2.3 Control variables

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

2.3 Procedure

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

2.4 Analyses

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

3 Results

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

3.1 Preliminary analyses

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

Of the remaining participants in the computerized arithmetic
task, the mean accuracy rate was 0.83 (SD = 0.38) in 2nd grade
and 0.91 (SD = 0.28) in 3rd grade. A paired sample t-tests revealed
significant improvement in overall accuracy from 2nd to 3rd grade
on the arithmetic task [t(150) = —10.62, p < 0.001, Cohen’s d =
—0.97]. The mean RT was 9,243.11 ms (SD = 13,469.68) in 2nd
grade and 5,161 ms (SD = 6,287.48) in 3rd grade. A paired sample
t-test revealed a significant decrease in RT from 2nd to 3rd grade
[t(120) = 10.70, p < 0.001, Cohen’s d = 0.97]. The mean calibration
of confidence score of the participants in the arithmetic task was
1.74 (SD = 0.18) in 2nd grade and 1.86 (SD = 0.13) in 3rd grade.
In the 2-back task, participants had a mean accuracy rate of 0.71
(SD = 0.45) in 2nd grade and 0.75 (SD = 0.43) in 3rd grade, and a
mean RT of 1,151.77 (SD = 490.57) in 2nd grade and 1,162.07 (SD
= 585.12) in 3rd grade. A paired sample ¢-test revealed a significant
improvement in accuracy from 2nd to 3rd grade on the 2-back task
[ta1s) = —4.51, p < 0.001, Cohen’s d = —0.41].

Using ANOVA, we tested whether the chosen difficulty
categories in which we divided the multiplication problems differed
in RT and accuracy. The proposed difficulty categories based on the
problem size and interference effect did indeed differ significantly
in average RT, both in 2nd grade, F(57933) = 461.67, p < 0.001,
n? = 0.10, and in 3rd grade, Fp6077) = 312.94, p < 0.001,
n® = 0.09. Post-hoc tests using Bonferroni correction indicated
significant differences between all categories in both grades, with
the slowest RTs in the hardest category and the fastest RTs in the
easiest category. The results of these post-hoc tests can be found
in Appendix A. The proposed difficulty categories also differed
significantly in accuracy rate, both in 2nd grade, F(; 7933) = 284.88,
p < 0.001, n* = 0.07 and in 3rd grade, Fo077) = 75.95, p <
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TABLE 1 Mean/median RT's (in ms) for post-error and post-correct trials of the arithmetic task.

Post-error trials Post-correct trials

2nd grade (n = 124) M =7,423.08 SD = 5,697.17 M =7,580.49 SD = 4,669.87
Mdn = 6,903.16 SD =5,335.83 Mdn =5,660.01 SD = 3,544.61
3rd grade (1 = 95) M = 4,674.01 SD = 3,226.72 M = 4,580.35 SD =2,282.21
Mdn = 4,407.92 SD = 3,121.80 Mdn = 3,557.81 SD = 1,801.91
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FIGURE 1

Mean accuracy rates and median response times after errors and corrects trials for 2nd and 3rd grade in the arithmetic task.

Post-Error Trials

0.001, n*> = 0.02. Similar to the RTs, post-hoc tests using Bonferroni
correction, of which the results can be found in Appendix A,
revealed significant differences between all categories in both
grades, with the lowest accuracy rate in the hardest category and the
highest accuracy rate in the easiest category. These results indicate
both the effectiveness of our categorization and the necessity of
accounting for these differences when quantifying PES and PEIA.

3.2 Metacognitive control in arithmetic

3.2.1 Post-error slowing

The mean and median RTs for post-error and post-correct
trials at both time points are shown in Table I and Figure I.
To test whether there was PES in the arithmetic task (Research
question 1), one-sample ¢-tests were performed for the different
PES quantifications. When using the traditional quantification with
the mean, there was no significant PES present, not in 2nd grade
[t(123) = —0.38, p = 0.70, Cohen’s d = —0.03], nor in 3rd grade
[t(94) =0.38, p =0.70, Cohen’s d = 0.04]. Thus, the children did not
significantly respond slower on post-error trials compared to post-
correct trials. The Bayes factor indicated moderate evidence in favor
of the null hypothesis at both time points (0.10 < BFjy < 0.33). The
corrected traditional quantification using the median, however, did
reveal significant PES. This was the case in 2nd grade [£(;23) = 3.12,
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p = 0.002, Cohen’s d = 0.28], as well as in 3rd grade [t(94) = 3.49,
p < 0.001, Cohen’s d = 0.36]. Thus, using this metric, the children
did significantly respond slower on post-error trials compared to
post-correct trials. The Bayes factors indicated moderate to strong
evidence for this effect in 2nd grade (BF;p = 9.83), and very strong
evidence in 3rd grade (BF;p = 30.21).

Using paired t-tests, we investigated whether the magnitude
of PES changed from 2nd to 3rd grade. The analyses revealed no
significant difference between the two time points, for neither of
the traditional quantifications of PES [tg4 = -0.11, p = 0.91,
Cohen’s d = -0.01 for the corrected traditional method using the
mean; f(gg) = 1.22, p = 0.22, Cohen’s d = 0.13 for the corrected
traditional method using the median]. The Bayes factor indicated
moderate evidence for the null hypothesis (0.10 < BF;y < 0.33) for
both quantifications.

3.2.2 Post-error improvement in accuracy

Accuracy rates of post-error and post-correct trials at both
time points are shown in Table 2 and Figure 1. To investigate the
presence of PEIA in the arithmetic task (Research question 1), one-
sample t-tests were performed. The analysis revealed significant
PEIA in arithmetic, both in 2nd grade, t(53) = 3.12, p = 0.002,
Cohen’s d = 0.28, and in 3rd grade, t(9a) = 3.32, p < 0.001, Cohen’s
d = 0.34. The children were, thus, significantly more accurate on
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TABLE 2 Accuracy rates (in %) for post-error and post-correct trials of the
arithmetic task.

Post-correct trials

Post-error trials

M M SD
2nd grade (n = 124) 86.67 14.78 83.39 12.75
3rd grade (n = 95) ‘ 94.65 ‘ 11.34 ‘ 91.01 ‘ 6.58

trials following an error compared to trials following a correct
response. The Bayes factor indicated moderate to strong evidence
in 2nd grade (BFjp = 9.64) and strong evidence in 3rd grade (BF;g
= 18.33). A paired t-test revealed that the magnitude of PEIA did
not significantly change from 2nd to 3rd grade, t(94) = 0.08, p =
0.94, Cohen’s d = 0.01. The Bayes factor (BF;p = 0.11) indicated
moderate evidence for the null hypothesis.

3.2.3 Correlations

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

Regarding the association between metacognitive control and
overall task performance (Research question 2), both the corrected
traditional quantifications of PES were found to be positively
correlated with the number of accurate answers on the arithmetic
task in 2nd grade [r(;p;) = 0.22, p = 0.02 for the traditional
quantification using the mean; r(2;y = 0.21, p = 0.02 for the
traditional quantification using the median]. The Bayes factor,
however, indicated only anecdotal evidence for these associations
(1 < BFjp < 3). The traditional quantification of PES using the
median was also found to be positively correlated with the RT on
correct trials in 3rd grade, 792y = 0.21, p = 0.04, but the Bayes factor
indicated no evidence either way (BF;o = 1). No other significant
correlations between PES or PEIA and overall task performance
were found.

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

3.3.1 Post-error slowing

The mean and median RTs for post-error and post-correct
trials at both time points are shown in Table 3 and Figure 2. One-
sample ¢-tests revealed significant PES in the 2-back task for both
traditional quantifications. This was the case in 2nd grade [t(;,3) =
10.14, p < 0.001, Cohen’s d = 0.91 for the traditional quantification
with the mean; #(153) = 9.70, p < 0.001, Cohen’s d = 0.87 for the
traditional quantification with the median] and also in 3rd grade
[ta20) = 8.92, p < 0.001, Cohen’s d = 0.81 for the traditional
quantification with the mean; #(159) = 9.80, p < 0.001, Cohen’s d =
0.89 for the traditional quantification with the median]. The Bayes
factor indicated decisive evidence for both quantifications in both
grades (BFjo > 100).

Paired t-tests revealed that the magnitude of PES did not change
significantly from 2nd to 3rd grade for neither of the quantifications
[ta1s) = —0.35, p = 0.73, Cohen’s d = —0.03 for the traditional
quantification with the mean; #(;,g) = 0.44, p = 0.66, Cohen’s d =
0.04 for the traditional quantification with the median]. The bayes
factor indicated moderate evidence in favor of the null hypothesis
for both quantifications of PES (0.1 < BFjy < 0.33).

3.3.2 Post-error improvement in accuracy

Accuracy rates of post-error and post-correct trials at both
time points are shown in Table 4 and Figure 2. One-sample ¢-tests
revealed no significant PEIA in the 2-back task, for neither of the
quantifications of PEIA. To the contrary, for both quantifications,
there was a significant decrease in accuracy. This was the case in
2nd grade as well as in 3rd grade [#(1,3) = —7.03, p < 0.001, Cohen’s
d = —0.63 for PEIA two trials after the error in 2nd grade; ¢(;23) =
—10.30, p < 0.001, Cohen’s d = —0.92 for PEIA three trials after the
error in 2nd grade; £(;29) = —9.06, p < 0.001, Cohen’s d = —0.82
for PEIA two trials after the error in 3rd grade; t(150) = —13.49, p
< 0.001, Cohen’s d = —1.23 for PEIA three trials after the error
in 3rd grade]. The Bayes factor indicated decisive evidence for all
these effects (BF1yp > 100).

Paired t-tests revealed a significant difference in the magnitude
of PEIA 2 trials after an error between 2nd and 3rd grade [£(;;3)
= 2.48, p = 0.02, Cohen’s d = 0.23]. However, the Bayes factor
indicated only anecdotal evidence for this effect (BFjo = 1.91).
In contrast, no significant difference was found in the magnitude
of PEIA 3 trials after an error between 2nd and 3rd grade [£(;;3)
= 1.11, p = 0.27, Cohen’s d = 0.10]. The Bayes factor indicated
moderate evidence for the null hypothesis (BF9 = 0.19).

3.3.3 Correlations

Pearson correlation coeflicients, controlled for performance
on the Raven’s Standard Progressive Matrices, were run to assess
associations between PES, PEIA, and overall task performance, as
well as with PES and PEIA in the arithmetic task. A full correlation
matrix can be found in Appendix C. The traditional quantification
of PES with the mean was found to be negatively correlated
with PEIA 2 trials after an error in 2nd grade [r(5;) = —0.19,
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TABLE 3 Mean/median RT's (in ms) for post-error and post-correct trials on the 2-back task.

Post-error trials Post-correct trials

2nd grade (n = 124) M =1,294.72 SD = 302.784 M =1,098.43 SD = 231.55
Mdn = 1,256.05 SD = 332.45 Mdn =1,032.98 SD =239.71
3rd grade (n = 121) M =1,304.24 SD = 330.77 M =1,098.16 SD = 245.88
Mdn =1,216.73 SD = 296.66 Mdn =1,011.42 SD =225.22
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FIGURE 2
Mean accuracy rates and median response times after errors and correct trials for 2nd and 3rd grade in the working memory task.

TABLE 4 Accuracy rates (in %) for post-error and post-correct trials on the 2-back task.

2 trials post-error

M

2 trials post-correct

2nd grade (n = 124) 61.67

SD M SD

14.48 73.91 8.90

3rd grade (n = 121) 61.50

3 trials post-error

14.44

77.94 8.75

3 trials post-correct

M M SD
2nd grade (n = 124) 60.74 11.68 73.62 7.58
3rd grade (n = 121) 62.21 9.52 77.13 7.34

p = 0.03]. However, the Bayes factor indicated only anecdotal
evidence (BF;p = 1.02). No other significant correlations between
the quantifications of PES and the two quantifications of PEIA were
found, not in 2nd grade nor in 3rd grade.

Regarding the association between metacognitive control and
overall task performance, no significant correlations between PES
or PEIA and performance on the 2-back task were found in 2nd
grade. Surprisingly, in 3rd grade, the two traditional quantifications
of PES and PEIA 2 trials after an error were negatively correlated
with performance on the 2-back task [r(;5) = —0.20, p = 0.03 for
the traditional quantification of PES using the mean; r(;;3) = —0.19,
p = 0.04 for the traditional quantification of PES using the median;
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r118) = —0.30, p < 0.001 for PEIA 2 trials after an error]. While the
Bayes factor indicated anecdotal evidence for the null hypothesis
for the correlations with PES (0.33 < BFj¢ < 1), it did reveal strong
evidence for the correlation with PEIA (BFyg = 24.37).

Moving on to the associations between metacognitive control
in the working memory domain and metacognitive control in
the arithmetic domain (Research question 4), PES in the 2-back
task was not significantly correlated with PES in the arithmetic
task, not in 2nd grade nor in 3rd grade, except for the traditional
quantifications with the median in 2nd grade [r(;18) = 0.20, p =
0.03]. However, the Bayes factor indicated only anecdotal evidence
for this association (BFjp = 1.30). The Bayes factor indicated
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moderate evidence in favor of the null hypothesis for most of the
other correlations, both in 2nd and in 3rd grade (0.10 < BF;y <
0.33). For the correlation between the traditional quantifications
with the mean in 3rd grade, the Bayes factor indicated only
anecdotal evidence in favor of the null hypothesis (0.33 < BF)y
< 1). Similarly, neither of the two quantifications of PEIA in
the 2-back task were significantly correlated with PEIA in the
computerized arithmetic task, not in 2nd grade nor in 3rd grade.
The Bayes factor indicated moderate evidence in favor of the null
hypothesis for these correlations in both grades (0.1 < BF;y < 0.33),
except for the correlation with PEIA 3 trials after an error in the 2-
back task in 3rd grade, for which the Bayes factor indicated only
anecdotal evidence in favor of the null hypothesis (BF;o = 0.64).

4 Discussion

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

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

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

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

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

frontiersin.org


https://doi.org/10.3389/fdpys.2024.1424754
https://www.frontiersin.org/journals/developmental-psychology
https://www.frontiersin.org

Jacobs et al.

arithmetic domain is that children do slow down with the goal to
control and improve their performance, but slowing down may not
be the most effective way to do so. As mentioned previously, Van
der Borght et al. (2016) found that switching strategies, rather than
slowing down, is a more effective control mechanism in arithmetic
in adults and does not necessarily occur in combination with PES.

We did not observe any developmental differences in the
magnitude of the post-error adjustments between 2nd and 3rd
grade, neither in arithmetic nor in working memory. While the
1-year follow-up period of the current study might be too short
to capture any significant changes, as metacognitive regulation
and post-error adjustments specifically are presumed to have a
longer developmental trajectory (e.g., Dubravac et al., 2022), these
findings are surprising. This is because previous research—albeit
not all of them in the domain of arithmetic or working memory
nor operationalized as post-error adjustments—have depicted the
period of 7 until 9 years old as vital in the development of
metacognitive control (de Mooij et al., 20225 Krebs and Roebers,
2010; Roebers et al., 2014; Roebers and Spiess, 2017; Selmeczy et al.,
20215 Steiner et al., 2020). However, apart from Roebers and Spiess
(2017) and Steiner et al. (2020), these studies all encompassed cross-
sectional investigations rather than longitudinal ones, which could
explain the difference in results with the current study. Moreover,
while van Loon et al. (2024) did observe age-related differences in
metacognitive control between the ages of 8 until 10 in one out
of three tasks, these differences were not apparent in the other
two. Steiner et al. (2020) also found age-related developmental
differences to differ across tasks, suggesting that developmental
differences could be task- and domain-specific.

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

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

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

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

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

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

In summary, the current study provides some evidence for the
presence of metacognitive control, as indicated by measures of PES
and PEIA, among 7-8-year-old children who were longitudinally
followed up until 8-9 years old, both in arithmetic and working
memory tasks. Nevertheless, notable distinctions emerged between
the two domains, challenging previous evidence for domain-
generality of post-error adjustments. Modest associations between
metacognitive control and overall task performance in arithmetic
were found at 7-8 years old, suggesting a potential adaptive role
of post-error adjustments in the learning phase of arithmetic. It
is, however, yet to be empirically investigated what the precise
underlying mechanisms of the observed post-error adjustments
are. Further research is necessary to advance our understanding of
metacognitive control in arithmetic.
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