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Abstract

Accurate metacognitive monitoring is crucial for e൵ective regulation of learning and per-
formance, yet little is known about its cognitive determinants in childhood. The present 
study investigated the role of executive functions – speci¿cally inhibition and updating of 
working memory – in children’s metacognitive monitoring accuracy. While prior research 
has established correlational links between executive functions and metacognitive skills, 
the current experimental study aimed to provide insight into the causal nature of these 
relationships by systematically manipulating executive function demands within a task 
and examining the impact on local monitoring judgment accuracy. Sixty children from 
two age groups (7 and 9 years) participated, providing cross-sectional data; children in the 
younger cohort were reassessed approximately 17 months later, contributing longitudinal 
data. Data were analysed using linear mixed e൵ect models and the results indicated that 
executive functions and metacognitive monitoring have a dependent relationship in child-

hood. Moreover, this dependency strengthened with age for inhibition and with repeated 
task exposure for both inhibition and working memory. These ¿ndings are consistent with 
a competition for resources account of the association between executive functions and 
metacognitive monitoring, suggesting that when cognitive resources are occupied resolv-

ing cognitive conÀict or maintaining items in memory, fewer resources remain for moni-
toring processes and monitoring accuracy su൵ers. Results are also interpreted within the 
cue-utilization view of metacognitive monitoring, suggesting developmental changes in 
the cues children rely on when forming monitoring judgments and a di൵erential depen-

dency of these cues on executive functions.
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Testing the dependency of metacognitive monitoring and executive 
functions in children: A cross-sectional and longitudinal study

It is well established that learners who make accurate judgments about their own under-
standing and cognition, and then sensitively adjust their behaviours or strategies based on 
this understanding experience more immediate task success (Bryce & Whitebread, 2012) 
and longer-term academic achievement (Dent & Koenka, 2016). While metacognitive mon-

itoring processes seem to develop earlier than metacognitive control processes (Metcalfe & 
Finn, 2013; Wan et al., 2025), the ability to accurately monitor oneself improves over the 
primary school years (van Loon et al., 2017) and shows meaningful individual di൵erences 
until adulthood (Maki, 1998). In the current study we investigate potential determinants of 
accurate monitoring in young learners, namely the executive functions inhibition and updat-
ing of working memory. While previous studies have provided valuable evidence for an 
association between executive functions and metacognitive skills, the current experimental 
study aims to uncover novel insights into the causal nature of the relationships by manipu-

lating the executive function demands of a task and examining the impact on metacognitive 
monitoring accuracy.

Metacognitive monitoring

Procedural metacognition describes behaviours and cognitive processes that serve to take 
control of and guide our own cognition while we complete a challenging task, and metacog-

nitive monitoring is an important component of this (Flavell, 1979). Descriptively, monitor-
ing is the process by which we self-observe our own learning, abilities, and performance 
during task processing. Successful metacognitive regulation relies on accurate monitoring 
– only if we are aware of dips in our performance or understanding can we make neces-

sary adjustments to maximise our learning (such adjustments are driven by metacognitive 
control processes). Investigations into metacognitive monitoring often prompt participants 
to provide monitoring judgments on single items or trials (local judgments) or regarding a 
set of items or trials (global judgments; Schraw, 2009). These judgments can be predictions 
(e.g., judgments of learning, whereby a person predicts their likelihood of recalling an item 
in a test situation) or postdictions (e.g., con¿dence judgments, whereby a person reports 
their con¿dence regarding a response just given). Importantly, the precise monitoring judg-

ment, and therefore the object of monitoring (Händel, Naujoks-Schober & Dresel, 2023), 
is selected based on what constitutes the most salient indicator of performance in a speci¿c 
task, and can include memory trace strength, speed, and accuracy. The advantage of col-
lecting metacognitive monitoring judgments is that these can be compared to the person’s 
objective performance to calculate a measure of monitoring accuracy. Depending on the 
nature of the primary task and the type of monitoring judgment collected, various measures 
of monitoring accuracy can be calculated. These can be broadly categorised into absolute 
accuracy measures and relative accuracy measures (Schraw, 2009). Measures of absolute 
accuracy inform us about how close a monitoring judgment is to objective performance, 
whereas measures of relative monitoring accuracy inform us about how sensitive a person 
is to trial-by-trial Àuctuations in their performance. Recognising Àuctuations in our own 
performance might be particularly important for determining changes of strategy during a 
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task; for this reason, in the current study we focused on the relative accuracy of monitoring 
judgments.

There are two dominant and complementary models regarding how monitoring judgments 
are formed. The ¿rst, proposed by Nelson and Narens (1990) as a model of metamemory, 
posits that two levels are involved when we behave metacognitively during cognitive tasks: 
The object-level is the level of the cognitive activity, and the meta-level contains our repre-

sentation of the activity and our own performance. Monitoring processes are de¿ned as the 
Àow of information from the object-level to the meta-level whereby this information updates 
our representation within the meta-level. Metacognitive control processes are de¿ned as the 
Àow of information from the meta-level to the object-level which asserts some change at 
the object-level. Nelson and Narens’ conceptualisation of monitoring assumes that we have 
direct access to aspects of our cognitive processing or memory traces; this view is still 
reÀected in more recent conceptualisations of monitoring processes (e.g., Li et al., 2021). 
The second dominant model of metacognitive monitoring, proposed and re¿ned by Koriat 
and colleagues, is called the Cue-Utilization Theory (Koriat, 1997). This takes a broader 
view of what might contribute to the accuracy of monitoring judgments and acknowledges 
additional sources of information that may be used as cues for these judgments, aside from 
information gained through direct access to cognitive processes. For instance, Koriat (2012) 
distinguishes between information-based and experience-based approaches or cues, the for-
mer of which may include pre-existing beliefs about the di൶culty of speci¿c types of items 
and the latter of which may include the experience of processing Àuency. These two models 
are not to be understood as contradictory to one another; rather, Koriat’s is consistent with 
Nelson and Narens model and adds a more nuanced perspective how monitoring judgments 
may be formed.

Executive functions

Individual di൵erences in the accuracy of monitoring judgments exist (Maki, 1998) and 
understanding the reasons for these di൵erences is of both practical and theoretical relevance. 
One potential candidate for supporting or inÀuencing our ability to monitor ourselves accu-

rately is the sophistication of our executive functions (EFs). EF is an umbrella term for a set 
of skills that allow us to react Àexibly in the face of novel or challenging situations (Ander-
son, 2002). Typically, three EF components are investigated in adults, namely inhibition, 
updating of working memory and cognitive Àexibility (Miyake et al., 2000). Inhibition is 
required to resist distraction from irrelevant information, to resolve cognitive conÀict, and 
to halt inappropriate motor responses; working memory allows us to maintain information 
for a short time in memory and simultaneously manipulate it; cognitive Àexibility is needed 
to switch between rules, tasks or perspectives (Miyake et al., 2000). While these three com-

ponent EFs are identi¿ed in adults, data from children seem to better ¿t a single-factor 
structure (Willoughby et al., 2012) or a two-factor structure, whereby inhibition and cogni-
tive Àexibility are combined (Lee et al., 2013); for this reason, in the current study only two 
EFs are investigated. EFs develop rapidly between childhood and adulthood (Davidson et 
al., 2006) and are often seen as core cognitive skills that are called for in various complex 
tasks (Miyake et al., 2000). The fact that performance in EF tasks Àuctuates daily (Wang 
et al., 2021; Blume et al., 2022) and can wane across multiple trials (Gerstadt et al., 1994) 
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leads to the characterisation of EFs as either themselves constituting a limited resource, or 
as drawing on cognitive resources that are limited. Given that EFs and metacognition have 
been associated with common brain regions and show similar developmental trajectories, 
it is not surprising that the association between metacognitive skills and EFs has long been 
considered of interest (e.g., Fernandez-Duque et al., 2000; Roebers, 2017).

Metacognition and executive functions

Prior studies have provided evidence of positive associations between metacognitive skills 
and EFs in children (Bryce et al., 2015; Kälin & Roebers, 2020, 2022; Marulis & Nelson, 
2021; Roebers et al., 2012; Dutemple et al., 2024; Theobald & Brod, 2025; Samara et al., 
2023; E൵eney et al., 2013; Bellon et al., 2019; Jiao et al., 2023). Some studies have also 
reported a lack of positive associations (Filippi et al., 2020; Destan & Roebers, 2015; Tsalas 
et al., 2017; Spiess et al., 2016). In adults, more attention has been directed towards the rela-

tionship between monitoring and working memory (WM). For instance, adults with better 
WM monitor themselves more accurately in a separate task (Perrotin et al., 2007; Gri൶n et 
al., 2008; Boduroglu et al., 2014; Golke et al., 2022), and better monitoring accuracy about 
WM performance has been observed in younger than older adults (Touron et al., 2010) and in 
those with higher than lower WM capacity (Komori, 2016). Forsberg and colleagues (2021) 
extended these ¿ndings to include both children and adults – in their study, individuals with 
higher WM capacity more accurately judged their own WM performance. Across children 
and adults, these ¿ndings mostly emerge from correlational studies and data on metacogni-
tion and EFs are often collected with separate tasks that introduce additional, task-speci¿c 
cognitive demands. Consequently, while these studies have provided a valuable evidence 
base suggesting a positive association between EFs and metacognition, they provide only 
limited insights into the nature of the relationship between metacognitive monitoring and 
EFs. The key question is, do metacognitive monitoring and EFs have a dependent relation-

ship, or are they related for coincidental reasons? The answer to this question will have 
important consequences for how to promote these crucial cognitive skills and processes, 
with the aim of maximising gains in children’s self-regulation and self-regulated learning.

To address issues of dependence or causality, intervention or experimental designs are 
required. Some such studies hint at a dependent relationship. For instance, children in an 
experimental group who were forced to “stop and think” before providing their monitoring 
judgments produced more accurate monitoring judgments (Wacker & Roebers, 2022). In 
the same study, the usual association between inhibition skills and monitoring accuracy 
was observed, but notably this association was no longer present in the experimental group. 
These results are consistent with the idea that poor inhibition skills and the resulting impul-
sive responding negatively impact the accuracy of monitoring judgments. Individuals with 
better inhibition skills take the time to reÀect more on their judgments and therefore provide 
more accurate judgments. In the opposite direction, recent meta-analytic results indicated 
that metacognition interventions lead to improvements in EF outcomes (Eberhart et al., 
2025b), although it must be acknowledged that some of the interventions included in this 
analysis also targeted aspects of executive functioning.

In order to more directly test the proposition that one EF, the updating of WM, and meta-

cognitive monitoring rely on the same limited cognitive resources, Bryce and colleagues 
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(2023) manipulated the WM demands within experiments and examined the impact of these 
manipulations on University students’ relative monitoring accuracy. In two out of three 
experiments, relative monitoring accuracy su൵ered when WM demands increased, but not 
when other task di൶culty demands increased (i.e., visual similarity, semantic complexity, 
and visual degradation). These results were interpreted as consistent with a competition for 
resources account of the relationship between WM and metacognitive monitoring. That 
is, since monitoring and WM rely on the same limited cognitive resources, when these 
resources are being used to maintain more items in WM, fewer resources are available for 
monitoring processes, and monitoring accuracy is reduced. Individuals with higher WM 
capacity monitor more e൵ectively because maintaining items uses fewer resources for them. 
Similarly, within an individual, higher WM demands leave fewer resources for monitoring, 
leading to poorer monitoring performance. Findings consistent with Bryce et al. (2023) 
were also reported by Conte et al. (2023) in an experiment in which adult participants indi-
cated their con¿dence in an n-back task. One prior study with children provided ¿ndings 
that are also consistent with the competition for resources account: Freeman and colleagues 
(2017) reported that 10-year-olds’ monitoring accuracy su൵ered when the working memory 
demands of the task increased. In the current study we build on and extend this line of 
enquiry by investigating two EFs (inhibition and WM), two age groups of children (7- and 
9-year-olds), and incorporating both a cross-sectional and longitudinal design.

The current study

In the current study we aimed to address the research question, what is the nature of the 
relationships between two EFs (inhibition and the updating of WM) and metacognitive 
monitoring and how stable are these relationships across childhood? Speci¿cally, we test 
a competition for resources account of the relationship in children in a similar manner as 
done in the study by Bryce et al. (2023). In our study, child participants took part in two 
metacognitive EF experiments, one inhibition and one WM experiment, in which they pro-

vided monitoring judgments about their performance on each trial. Children were sampled 
from the ¿rst and third year of primary school in Germany (contributing cross-sectional 
data), and the children in the younger group were invited to participate again in the study 
approximately 17 months later (thus contributing longitudinal data). Based on prior ¿nd-

ings, our ¿rst hypothesis (H1) was that monitoring accuracy will improve across develop-

ment. Namely, monitoring judgments will be more accurate in the older than younger age 
group (cross-sectional analysis) and at the second testing time than the ¿rst (longitudinal 
analysis). Our second hypothesis (H2) was that EFs and monitoring are causally related in 
childhood when assessed experimentally. To test this, we manipulated the respective EF 
demands within each experiment and examined the impact of this manipulation on moni-
toring judgment accuracy. The core idea is, that if EFs and monitoring processes have a 
dependent relationship in children, monitoring accuracy should su൵er when EF demands 
increase. Lastly, we tested the hypothesis that the relationship between EFs and monitoring 
will change across development (H3). We expected age-related changes in the relationships 
primarily because both metacognition and EFs develop rapidly in middle childhood. How-

ever, given the lack of related empirical evidence our H3 did not further specify the direc-

tion of change. Indeed, three result patterns were considered conceivable: The e൵ect of EF 
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demands on monitoring accuracy could become stronger or weaken with age (these would 
be consistent with H3) or they could remain the same (which would be contrary to H3).

Methods

Preregistration, stimuli and data

This study was preregistered. The preregistration document, stimuli and data are shared via 
the dedicated Open Science Framework page https://osf.io/v39nm/.

Participants

A power analysis was conducted to estimate the sample sizes required to observe signi¿cant 
interaction e൵ects in the cross-sectional analysis. For this, the G*Power program (Faul et 
al., 2007) was used; in particular, the statistical test ‘ANOVA: Repeated measures, within-
between interaction’ (as recommended by A. Buchner in personal communication). Since 
this study represents a novel application of these experiments to children, e൵ect sizes can 
only be estimated. In the adult version of the Metacognitive Odd One Out task (Bryce et 
al., 2023), a medium-to-large e൵ect size of Sequence Length was observed (paired-samples 
t-test, Cohen’s d = 0.72). As such, an a-priori power analysis was conducted based on a 
medium e൵ect size of Cohen’s f = 0.25, a signi¿cance level of 0.05 and a power of 0.9. 
According to these parameters, a minimum sample size of 23 in each age group was cal-
culated to be su൶cient. The fully within-subjects longitudinal design would have power to 
detect an even smaller e൵ect. To account for likely participant attrition in the longitudinal 
design, we over-sampled the 6–7 year old group. It should be noted that in the end the data 
were analysed with linear mixed e൵ects models (LMMs), meaning there is a discrepancy 
between our power analysis and the conducted analyses. We nevertheless took this decision 
due to the well-established advantages of LMMs, in particular that single trials are analysed 
instead of aggregated data, thereby increasing the amount of information used in the analy-

sis. This approach generally provides greater statistical power and more precise estimates 
compared to analyses based on aggregated measures, especially in within-subject designs. 
Given this discrepancy and other limitations of power analyses, we treat the calculation 
made when planning the study as a transparent a priori estimate rather than de¿nitive evi-
dence of adequate power.

In total, 36 ¿rst graders and 26 third graders from di൵erent parts of Germany took part 
in a testing session. Two ¿rst graders chose to end testing session early, so their data are not 
included. Of the 34 ¿rst graders that remained (56% girls; Mage = 7.28 years; SDage = 0.34), 
two did not complete one of our two tasks (the Metacognitive Odd One Out) so their data 
is missing from those analyses. All 26 third graders (42% girls; Mage = 9.01 years; SDage = 

0.30) provided complete data. All ¿rst graders were reinvited to participate approximately 
17 months later when they were in 3rd grade and 27 children (64% girls; Mage = 8.55 years; 
SDage = 0.35) participated in this follow-up assessment. Time 2 data from the Metacognitive 
Odd One Out task was not used from the two participants who had not completed the task 
in the ¿rst testing session. Most of the children were from highly educated families as par-
ents indicated that 81% had a university degree. 93% of children had German as their sole 

https://osf.io/v39nm/
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native language, 5% were multilingual with German as one of their languages, and 2% had a 
language other than German as their native language; all children attended German schools 
and language presented no barriers during testing. Children were recruited through social 
media, Àyers send to sports clubs or family centres, and an email database of families who 
showed an interest in taking part in research studies. Children’s parents provided consent 
and children gave verbal assent. This study was reviewed and approved by the Ethics Com-

mittee of the Faculty of Science at the University of Tübingen. Children received a 10€ gift 
card to thank them for their participation.

Measures

Metacognitive Odd One Out

The Odd One Out (adapted from Alloway, 2007) is a working memory task which has been 
used with children as young as 6 to 7 years old (de Abreu et al., 2014; Henry et al., 2014) and 
was adapted here to assess children’s metacognitive monitoring. In this computerized task, 
children were shown three boxes on the computer screen with each box containing a shape 
(see Fig. 1a): two boxes always had the same shape, and one box had a di൵erent shape (odd 
one). Children were asked to click with the computer mouse in the box with the odd shape 
and to remember the location of the box. After a series of several odd shapes, children had 
to recall the order in which the odd shapes were presented by clicking in empty boxes on 
the screen. Then, children provided a con¿dence judgment on a continuous visual analogue 
scale (VAS) labelled with smileys regarding how con¿dent they were that they recalled the 
location of the odd shapes correctly (this task has been previously reported in Eberhart et al. 
2025a). Con¿dence regarding memory recall is the appropriate monitoring judgment in this 
task, as proportion correct recall is the primary indicator of performance.

Fig. 1  Illustration of the Metacognitive Odd One Out (a; working memory) and the Metacognitive Animal 
Stroop (b; inhibition) Tasks. Note: a. The correct responses would be to click on the central box (screen 
1), the left box (screen 2) and then the right box (screen 3), and then again repeat this sequence in the 
empty boxes in screen 4. b. The animals displayed in the congruent trial are a seal and a gira൵e (correct 
response: gira൵e), and in the incongruent trial are a pig and a budgerigar (correct response: pig) 
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Both the Metacognitive Odd One Out task and the Metacognitive Animal Stroop task 
(see below) were designed and generated using PsychoPy 3, version: 2021.2.0 (Peirce et al., 
2019) and hosted online via www.pavlovia.org (Bridges et al., 2020); children completed 
the tasks on their home PCs under the guidance of a research assistant who led the data 
collection session via online video conference. To ensure scalability across various screen 
sizes, item sizes are de¿ned using height units. This method allows stimuli to automatically 
adjust based on the browser window’s dimensions. For example, a height unit value of 0.4 
means the stimulus will take up 40% of the total window height. For each screen in which 
an odd shape was to be identi¿ed two out of a possible 12 geometric shapes were randomly 
selected, as was which of the three boxes contained the odd shape. Throughout the task, 
when the child clicked on a box with their mouse it turned grey for 500 ms. To provide their 
con¿dence judgment they could click anywhere on the VAS (with the slider granularity set 
to 0) and a red circle appeared on the scale. To progress through the experiment, children 
always clicked on a green rectangle on the lower part of the screen.

The task was then introduced in three steps. First, the research assistant explained that 
children had to identify the odd shape and to memorize the location in which the odd shape 
was presented. Children practiced the identi¿cation of the odd shapes and recall of the 
locations in three practice trials with a sequence length of one, two, and three respectively. 
The task was programmed such that in the identi¿cation phase, the screen only moved 
on if the children clicked on the odd shapes. When children made mistakes in recalling 
the locations in more than one practice trial, research assistants could add another practice 
trial. Second, children were introduced to the con¿dence judgments and the VAS, labelled 
with two smileys, following an approach developed by Roebers et al. (2012). The research 
assistant explained that the children should click on the VAS towards the happy smiley to 
express that they were very con¿dent about their answer and to click towards the puzzled 
smiley to express that they were not so con¿dent. Then, children were asked to answer three 
questions where it was expected that children would vary on their con¿dence level and then 
indicate their con¿dence on the scale (“how old are you?”, “how much hair do you have on 
your head?”, “how old am I [the research assistant]?”). If necessary, instructions about the 
use of the VAS to provide a con¿dence judgment was repeated. Third, children completed 
three practice trials including the identi¿cation of the odd shapes, the recall of locations and 
the con¿dence judgments. The experimental trials consisted of 24 trials with a break incor-
porated after 12 trials. For motivational purposes, four trials with a sequence length of two 
were included. The other 20 trials had a sequence length of four (easy) and ¿ve (di൶cult) 
for the younger age group, and ¿ve (easy) and six (di൶cult) for the older age group; trials 
of each sequence length were presented in random order. For the participants participating 
in the longitudinal study, sequence lengths of ¿ve (easy) and six (di൶cult) were used at the 
second testing time. Sequence length was determined based on a piloting where a propor-
tional recall accuracy of 0.7 was aimed for.

Metacognitive Animal Stroop

The Animal Stroop task is an inhibition task which was developed for use with children of 
this age range as well as adults (Bryce et al., 2011). In this task children were presented two 
pictures of animals on a screen next to each other with one of the animals presented larger 
on the screen than the other. Children were instructed to click as fast as possible on the 

http://www.pavlovia.org
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animal that would be larger in real life. This task includes congruent trials where the animal 
that would be larger in real life is also presented larger on the screen, and incongruent trials 
where the animal that would be larger in real life is presented smaller on the screen. The 
stimulus presentation size is irrelevant to task success and needs to be inhibited. A simple 
version of this task (without monitoring judgments) is shared online (Bryce, 2022). In the 
metacognitive version of the task, also used in Eberhart et al. (2025a), children were asked 
after each trial to indicate how fast their response was (estimated Reaction Time = eRT) on 
a continuous VAS labelled with a bicycle and motorcycle (see Fig. 1b). Although eRTs are 
less common in educational and developmental research, they have been used extensively 
in cognitive psychology as measures of introspective access to response latency (e.g., Cor-
allo et al., 2008). Prior work shows that eRTs are sensitive to experimental manipulations 
a൵ecting objective reaction times (e.g., Bratzke & Bryce, 2022; Bratzke & Bryce, 2023), 
while also reÀecting the use of non-temporal cues (e.g., Bryce & Bratzke, 2014), similar to 
other metacognitive monitoring judgments. We considered eRTs particularly appropriate 
because reaction time is the primary indicator of performance in the Animal Stroop task 
and therefore a salient target of monitoring, and they have been successfully used previ-
ously in this age range (Eberhart et al. 2025a). Furthermore, research on the development 
of time perception suggests that children can make reasonably accurate explicit temporal 
judgments, with temporal sensitivity approaching adult levels by approximately 8–9 years 
of age (Droit-Volet, 2016).

Similar to the Odd One Out task, this task was programmed in PsychoPy (Peirce et al., 
2019) and hosted on Pavlovia (Bridges et al., 2020). A total of 36 animal images were used 
in this task, consisting of 12 small-sized, 12 medium-sized, and 12 large-sized animals 
based on their real-life dimensions. In each trial, two animals of di൵erent real-life sizes were 
randomly chosen from the set of images and displayed on the screen, each enclosed within 
a black frame. One animal image was presented smaller on the screen (15% of the height of 
the computer screen) and the other animal image was presented larger on the screen (40% 
of the height of the computer screen).

To familiarise the child with the various demands of this task, three practice blocks were 
administered. First, children identi¿ed which animal would be larger in real life in one con-

gruent (gira൵e and butterÀy) and one incongruent (bear and ladybird) trial. Next, the VAS 
to provide the monitoring judgment was explained to the children. They were informed that 
all their responses would be fast, but if they thought they were very fast, they should click 
towards the motorcycle and if they thought they were not so fast they should click towards 
the bicycle. They then practiced estimating their reaction time with the help of three maze 
puzzles. These were presented on the screen and children moved through the maze using 
their computer mouse and clicked on an animal at the end. The three mazes had a di൵erent 
number of blockages, meaning that the time needed to complete them (and therefore, the 
child’s reaction time) varied. After completing each maze, the child indicated their reaction 
time on the VAS and the research assistant could repeat the instructions about the VAS if 
necessary. Lastly, the child completed four Animal Stroop trials with the monitoring judg-

ment included. After successfully completing the practice blocks, the child completed 48 
experimental trials, with a break incorporated every 12 trials. Half the trials were congruent 
(representing low inhibition demands), and half were incongruent (representing high inhibi-
tion demands), presented in random order.
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Procedure

Children completed both tasks within one online data collection session led by an experi-
menter who was present via video call. Children used their own home PCs (tablets and cell 
phones were not permitted) and were required to use a computer mouse during the session. 
Before the online testing session, informed consent and demographic data were gathered 
through an online survey conducted via the SoSciSurvey platform (Leiner, 2019). At the 
start of the video call, after verbally assenting to taking part in the session, the child shared 
their screen with the experimenter. The child practiced using the computer mouse by click-

ing on images of familiar cartoon characters which disappeared when clicked. Within the 
session, the two tasks were administered in a counterbalanced order. With the experiment-
er’s assistance, the child completed the example and practice trials described above. Once 
the experimental trials commenced, the experimenter turned o൵ their camera and micro-

phone to minimize potential distractions. The entire testing session took no longer than 1h.

Data analysis

Data exclusion

A child’s whole dataset for a task was only excluded if they did not complete that task 
during the testing session (already reported in the Participants section). Some trials in the 
Metacognitive Animal Stroop task had extremely long reaction times, for example if the 
child accidentally clicked outside of the window in which the experiment was running. 
Since these long reaction times do not reÀect the child’s cognitive processing time, it was 
decided these should not contribute to the calculation of children’s monitoring accuracy. To 
this end, single trials with extremely long reaction times (calculated individually for each 
participant dataset: those that were more than two standard deviations above the participant 
mean reaction time) were excluded before data analyses (cross-sectional data: 4.1% of all 
trials; longitudinal data: 5.0% of all trials). It should be noted that this exclusion criterion 
was not pre-registered but was nevertheless deemed conservative and justi¿ed. No single 
trials were excluded from the Metacognitive Odd One Out task.

Planned analysis

Data were analysed in R (R Core Team, 2019) using the packages tidyverse (Wickham et 
al., 2019), lmerTest (Kuznetsova, Brockho൵, & Christensen, 2017), sjPlot (Lüdecke, 2024) 
and plots produced using ggplot2 (Wickham, 2016). First, children’s overall performance 
on each task as well as the e൵ect of WM Load (in the Odd One Out task) or Congruency 
(in the Animal Stroop task) on their performance were analysed to establish whether the 
experimental manipulations functioned as expected. Hypothesis 1, that monitoring accuracy 
will improve across development, was addressed here – for each task, each participant’s 
relative monitoring accuracy was calculated as the Pearson correlation between their Per-
formance and Monitoring Judgment and these values were tested for di൵erences between 
groups (cross-sectional data) or timepoints (longitudinal data).
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To address the remaining hypotheses (H2 and H3), single trials were analysed in four 
linear mixed e൵ects models (LMMs) – one for each task (Odd One Out and Animal Stroop) 
and each dataset (cross-sectional and longitudinal). In the following, the term EF demands 
will be used as a factor name. In the Odd One Out task this factor refers to the WM Load and 
has two levels: short and long sequence length; in the Animal Stroop task this factor reÀects 
Congruency and has two levels: congruent and incongruent. Likewise, the term Perfor-
mance will be used as a variable name. In the Odd One Out task this refers to the proportion 
of the sequence correctly recalled (Recall Accuracy); in the Animal Stroop task this refers 
to the reaction time. Finally, the term Monitoring Judgment will be used in place of CJ (in 
the Odd One Out) and eRT (in the Animal Stroop). In each of the four models Monitoring 
Judgment was the dependent variable, Performance, EF Demands, and Age Group (for the 
cross-sectional analyses) or Testing Time (for the longitudinal analyses) were entered as 
¿xed e൵ects. To aid interpretation, the Performance ¿xed e൵ect was centred before being 
entered into the LMMs. For models analysing cross-sectional data, a random intercept for 
Participant was included to account for individual di൵erences in baseline Monitoring Judg-

ments, acknowledging that repeated trials within the same participant are not independent. 
For models analysing longitudinal data, the hierarchical structure of the data was modelled 
by including random intercepts for participants and for the interaction between participants 
and testing times.

Relative monitoring accuracy is de¿ned as the relationship between monitoring judg-

ments and performance; as such a signi¿cant e൵ect of Performance within a LMM indicates 
monitoring accuracy (and is the equivalent of a signi¿cant correlation in typical resolution 
measures). An interaction of another factor with Performance, e.g., a Performance × EF 
Demands interaction, indicates that the extent to which Performance contributes to moni-
toring judgments is a൵ected by this factor (e.g., EF Demands). In other words, monitoring 
accuracy is a൵ected by EF Demands. First, the best ¿tting LMM was established for each 
model following the model selection procedure described by Barr and colleagues (2013). 
The full models include all predictors, their two-way interactions and their three-way inter-
actions as ¿xed e൵ects. In an iterative fashion, the impact of removing one term is tested 
using likelihood ratio tests and the best ¿tting LMMs are presented in tables. Additionally 
for each of the four models, two con¿rmatory analyses were conducted. To test whether 
EFs and monitoring are related in childhood when assessed experimentally (H2), a model 
containing the ¿xed e൵ects of Performance, EF Demands and Age Group / Testing Time 
(M1) was compared with a model containing these e൵ects as well as the Performance × EF 
Demands interaction (M2). To test whether the relationship between EFs and monitoring 
changes across development (H3), a model containing the ¿xed e൵ects of Performance, 
EF Demands and Age Group / Testing Time as well as the theoretically important Perfor-
mance × EF Demands and Performance × Age Group / Testing Time two-way interactions 
(M1) was compared with a model containing these e൵ects as well as the Performance × EF 
Demands × Age Group / Testing Time three-way interaction (M2).
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Results

The Results section is structured ¿rst by dataset (cross-sectional data, then longitudinal data) 
and then by task (Odd One Out, then Animal Stroop). Within this structure, the descriptive 
statistics and manipulation check for each task is presented ¿rst, and H1 (developmental 
changes in monitoring accuracy) will be addressed within these sections. Hypotheses 2 and 
3 will be addressed in the proceeding sections where each LMM is presented. It is important 
to note that four sets of analyses are conducted to address each hypothesis (one for each EF 
and for each dataset), and the overall conclusions will be summarised in the Discussion.

Cross-sectional analyses

Descriptive statistics

Descriptive statistics for the cross-sectional data can be found in Table 1. In the Odd One 
Out task, all participants identi¿ed the odd shape with very high accuracy (ranging from 
97% to 100%). Despite e൵orts to match the di൶culty via pilot testing, the younger group 
performed signi¿cantly better than the older group in terms of proportional recall accuracy; 
this di൵erence was also reÀected in monitoring judgments with younger children giving 
higher CJs than older children. Younger children also took signi¿cantly longer to provide 
their CJs than older children. Interestingly, the groups were able to monitor their perfor-
mance equally well (contrary to H1), with a moderate to high mean monitoring accuracy 
which was signi¿cantly di൵erent from zero for both groups (younger: t(31) = 13.47, p < 

.001; older: t(25) = 15.66, p < .001). This indicates children are sensitive to trial-by-trial 

Table 1  Descriptive statistics for each task for the cross-sectional data
Variables from the OOO Younger Older Group Δ

N Mean (SD) N Mean (SD) t

Prop. odd shapes identi¿ed 32 0.99 (0.01) 26 0.99 (0.01) -0.66, p=.512
Recall accuracy 32 0.74 (0.14) 26 0.66 (0.13) 2.20, p=.032
Con¿dence judgment (CJ) 32 0.74 (0.14) 26 0.64 (0.18) 2.43, p=.018
Time to give CJ (sec) 32 5.12 (2.05) 26 3.50 (0.90) 4.04, p<.001
Monitoring accuracy (r) 32 0.55 (0.23) 26 0.50 (0.16) 0.94, p=.352

Younger Older Group Δ
Variables from the AS N Mean (SD) N Mean (SD) t

Accuracy 34 0.96 (0.07) 26 0.94 (0.04) 0.90, p=.370
Reaction time (sec) 34 2.34 (0.71) 26 1.45 (0.26) 6.77, p<.001
Estimated reaction time (eRT) 34 0.18 (0.15) 26 0.18 (0.13) -0.08, p=.934
Time to give eRT (sec) 34 4.54 (1.47) 26 3.28 (0.87) 4.14, p<.001
Monitoring accuracy (r) 34 0.29 (0.27) 26 0.34 (0.24) -0.76, p=.453
OOO Odd One Out task (metacognitive working memory task), AS Animal Stroop task (metacognitive 
inhibition task)
The proportion of odd shapes identi¿ed, the recall accuracy, the CJ and the eRT variables could range from 
0 to 1; the monitoring accuracy variables could range from − 1 to 1
Two children from the younger group did not complete the Odd One Out task. The test for group di൵erences 
reported in the last column is an independent samples t-test
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variations in their WM performance. Further, one-way ANOVAs with the within-subjects 
factor WM Load were conducted for each age group on Recall Accuracy and CJ. These 
indicated that both groups recalled a lower proportion of locations in the high than the low 
WM Load condition (younger: F(1, 31) = 29.17, p < .001, ηp

2 = 0.48; older: F(1, 25) = 28.04, 
p < .001, ηp

2 = 0.53) and that this was reÀected in their CJs (younger: F(1, 31) = 38.52, p < 

.001, ηp
2 = 0.55; older: F(1, 25) = 50.01, p < .001, ηp

2 = 0.67).
In the Animal Stroop task, the high mean accuracy indicates participants could process 

the task to a high standard. While older participants responded to the animal stimuli and 
gave their eRTs more quickly than younger participants, their mean eRTs were strikingly 
similar. Likewise, mean monitoring accuracy was very similar across groups (contrary to 
H1) and signi¿cantly di൵erent from zero (younger: t(33) = 6.31, p < .001; older: t(25) = 7.44, 
p < .001) indicating children are sensitive to trial-by-trial variations in their reaction times. 
As an additional manipulation check, one-way ANOVAs with the within-subjects factor 
Congruency were conducted for each age group on reaction time and eRT. These indicated 
that both groups were slower to respond to incongruent than congruent trials (younger: 
F(1, 33) = 23.66, p < .001, ηp

2 = 0.42; older: F(1, 25) = 35.48, p < .001, ηp
2 = 0.59) and that 

this was reÀected in their eRTs (younger: F(1, 33) = 13.72, p = .001, ηp
2 = 0.29; older: F(1, 

25) = 14.06, p = .001, ηp
2 = 0.36).

Working memory: Monitoring judgment accuracy

The best ¿tting LMM for the cross-sectional data from the Odd One Out task is presented in 
Table 2 and the data pattern can be viewed in Fig. 2a. As in all upcoming LMMs, the depen-

dent variable was the monitoring judgment (in this case, the CJ) and a signi¿cant contribu-

tion of Performance (in this case, Recall accuracy) reÀects relative monitoring accuracy. 
Overall, the model explained a reasonable proportion of variance in CJs, with the ¿xed 
e൵ects explaining 24% of variance (Marginal R2) and the random e൵ects (or, di൵erences 
between individuals) explaining an additional 25% of variance (Conditional R2 = 0.49). The 
best ¿tting model indicates that children’s recall accuracy signi¿cantly positively predicted 
their CJs (i.e., they demonstrated signi¿cant monitoring accuracy), and that WM Load sig-

ni¿cantly negatively predicted their CJs (i.e., they gave lower CJs in the high than the low 
WM Load condition). Additionally, con¿rmatory analyses were conducted to address H2 
and H3. First, a likelihood ratio test indicated that including the Recall Accuracy × WM 
Load interaction term did not signi¿cantly improve the model, χ2(1) = 3.09, p = .079, indi-
cating that WM Load (i.e., the EF demands of the task) did not a൵ect monitoring accuracy 
(contrary to H2). Second, a likelihood ratio test indicated that including the three-way inter-

Table 2  Estimates for ¿xed e൵ects in the best ¿tting LMM for the cross-sectional data on the Odd One Out 
task

Predictor Estimate 95% CI p

(Intercept) 0.75 0.70–0.79 < 0.001
Recall accuracy 0.41 0.37–0.46 < 0.001
WM Load -0.11 -0.13 – -0.08 < 0.001
LMM Linear Mixed-E൵ects model, CI Con¿dence interval 
Con¿dence judgment is the dependent variable, p-values are based on the Wald statistic
Recall accuracy was centred. WM load was dummy coded with Low WM load as reference level



1 3

   49   Page 14 of 26 D. Bryce, J. Eberhart

action (Group × Recall Accuracy × WM Load) did not signi¿cantly improve the model, 
χ2(1) = 0.05, p = .820, reÀecting that the nature of the relationship between WM load (or, 
EF demands) and monitoring accuracy was not di൵erent for the two age groups (contrary 
to H3).

Inhibition: Monitoring judgment accuracy

The best ¿tting LMM for the cross-sectional data from the Animal Stroop task is presented 
in Table 3. Overall, it should be noted that only a very small proportion of the variance in 
eRTs was accounted for by the ¿xed e൵ects in this model (9.4%), with 43% of variance 
being attributed to the random e൵ects. Additionally, two con¿rmatory analyses were con-

Table 3  Estimates for ¿xed e൵ects in the best ¿tting LMM for the cross-sectional data on the Animal Stroop 
task

Predictor Estimate 95% CI p

(Intercept) 0.18 0.14–0.22 < 0.001
Reaction time 0.04 0.03–0.05 < 0.001
Congruency 0.03 0.02–0.04 < 0.001
Reaction time × Group 0.07 0.05–0.09 < 0.001
Reaction time × Congruency -0.01 -0.02–0.00 0.205
Reaction time × Congruency × Group Older -0.05 -0.08 – -0.02 0.002
LMM Linear Mixed-E൵ects model, CI Con¿dence interval
Estimated reaction time is the dependent variable, p-values are based on the Wald statistic
Recall accuracy was centred. Congruency and Group were dummy coded with Congruent and Younger 
group as reference levels

Fig. 2  Results from the Cross-Sectional Analyses of the Odd One Out task (a) and the Animal Stroop 
Task (b). Note. In both plots, Monitoring Judgment is plotted against Performance. For illustration single 
trials were vincentized based on Performance (single trial data was analysed). That is, the ¿rst vincentile 
in each panel represents 33% of trials with the lowest performance for each participant by EF Demand 
condition; the second contains the next 33% of trials with lowest performance, and so on. Error bars 
represent +1 within-subject SE
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ducted to address the hypotheses. First, a likelihood ratio test indicated that including the 
Reaction Time ×.

 Congruency (i.e., the EF demands of the task) interaction signi¿cantly improved the 
model, χ2(1) = 9.47 p = .002. The associated negative estimate indicates that reaction time 
contributes less to estimated reaction time in incongruent than congruent trials, in other 
words monitoring accuracy su൵ers in incongruent trials or when EF demands increase (con-

sistent with H2). The other planned model comparison indicated that including the three-
way interaction (Reaction Time × Congruency × Group) signi¿cantly improved the model, 
χ2(1) = 10.31, p = .001, reÀecting that the nature of the relationship between Congruency 
(or, EF demands) and monitoring accuracy changed across the age groups (consistent with 
H3). A further examination of the estimates in Table 3 shows that the e൵ect of congruency 
on monitoring accuracy is greater in the older than in the younger group1. This is reÀected 
in the two red lines having di൵erent gradients, and the two black lines being rather parallel 
in Fig. 2b.

Longitudinal analyses

Descriptive statistics

Descriptive statistics for the longitudinal data can be found in Table 4. As in the cross-
sectional data, children whose data entered the longitudinal analyses had no problems iden-

tifying the odd shapes in the Odd One Out task (identi¿cation rates ranged from 97% to 
100%). Although recall accuracy was well matched in this dataset, we still see that when 
they are younger, children give more positive con¿dence judgments and take a little longer 
to provide their monitoring judgments than when they are older. Monitoring accuracy was 
again moderate to high and signi¿cantly di൵erent from zero (Time 1: t(24) = 11.63, p < .001; 
Time 2: t(24) = 15.52, p < .001) and there was no di൵erence in monitoring accuracy from 
time 1 to time 2 (contrary to H1). At both time points the WM Load a൵ected children’s recall 
accuracy (Time 1: F(1, 24) = 36.65, p < .001, ηp

2 = 0.60; Time 2: F(1, 24) = 16.32, p < .001, 
ηp

2 = 0.40) as well as their CJs (Time 1: F(1, 24) = 31.73, p < .001, ηp
2 = 0.57; Time 2: F(1, 

24) = 14.49, p = .001, ηp
2 = 0.38).

Also in the longitudinal dataset, mean monitoring accuracy in the Animal Stroop task 
was signi¿cantly di൵erent from zero at both time points (Time 1: t(26) = 5.34, p < .001; Time 
2: t(26) = 8.64, p < .001) and not statistically di൵erent at time 1 and time 2 (contrary to H1). 
One-way ANOVAs with the within-subjects factor Congruency for each testing time indi-
cated that both groups were slower to respond to incongruent than congruent trials (Time 1: 
F(1, 26) = 18.06, p < .001, ηp

2 = 0.41; Time 2: F(1, 26) = 6.10, p = .020, ηp
2 = 0.19) and that 

this was reÀected in their eRTs (Time 1: F(1, 26) = 8.93, p = .006, ηp
2 = 0.26; Time 2: F(1, 

26) = 14.69, p = .001, ηp
2 = 0.36).

1  To check whether the e൵ects were driven by age-related di൵erences in speed of processing, additional 
analyses were conducted where each child’s mean reaction time in congruent trials was included as a covari-
ate (¿xed e൵ect) in the LMMs. The pattern of results was not altered.
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Working memory: Monitoring judgment accuracy

The best ¿tting LMM for the longitudinal data on the Odd One Out task is presented in 
Table 5 and the data pattern can be seen in Fig. 3a. For this model, Marginal R2

= 0.32 and 
Conditional R2

= 0.45. Please note, because WM load and Time were dummy coded with 
Low WM load and T1 as reference levels, the model estimates e൵ects as deviations from 
this baseline condition. Consequently, only interaction terms comparing other WM load × 
Time combinations to the reference level appear in the ¿xed-e൵ects table; the e൵ect of recall 
accuracy at Low WM load and T1 is captured by the main e൵ect of recall accuracy. As in 
previous analyses, con¿rmatory tests were conducted to address hypotheses two and three. 

Table 5  Estimates for ¿xed e൵ects in the best ¿tting LMM for the longitudinal data on the Odd One Out task
Predictor Estimate 95% CI p

(Intercept) 0.78 0.72–0.83 < 0.001
Recall accuracy 0.46 0.36–0.56 < 0.001
WM Load -0.08 -0.11 – -0.04 < 0.001
Time -0.12 -0.18 – -0.06 < 0.001
Recall accuracy × WM LoadLow × TimeT1 -0.03 -0.17–0.11 0.660
Recall accuracy × WM LoadHigh × TimeT1 0.03 -0.11–0.16 0.700
Recall accuracy × WM LoadLow × TimeT2 0.15 0.01–0.29 0.033
LMM Linear Mixed-E൵ects model, CI Con¿dence interval
Con¿dence judgment is the dependent variable, p-values are based on the Wald statistic
Recall accuracy was centred. WM load and Time were dummy coded with Low WM load and T1 as 
reference levels

Table 4  Descriptive statistics for each task for the longitudinal data
Variables from OOO Time 1 Time 2 Time Δ

N Mean (SD) N Mean (SD) t

Prop. odd shapes identi¿ed 25 0.99 (0.01) 25 0.99 (0.01) -1.74, p=.094
Recall accuracy 25 0.76 (0.12) 25 0.72 (0.14) 1.33, p=.195
Con¿dence judgment (CJ) 25 0.75 (0.14) 25 0.61 (0.16) 4.11, p<.001
Time to give CJ (sec) 25 5.25 (2.27) 25 4.34 (1.28) 2.38, p=.025
Monitoring accuracy (r) 25 0.56 (0.24) 25 0.55 (0.18) 0.16, p=.874

Time 1 Time 2 Time Δ
Variables from AS N Mean (SD) N Mean (SD) t

Accuracy 27 0.97 (0.03) 27 0.95 (0.05) 1.66, p=.110
Reaction time (sec) 27 2.42 (0.74) 27 1.72 (0.44) 5.45, p<.001
Estimated reaction time (eRT) 27 0.18 (0.15) 27 0.23 (0.11) -1.47, p=.154
Time to give eRT (sec) 27 4.64 (1.60) 27 3.85 (1.09) 2.69, p=.012
Monitoring accuracy (r) 27 0.30 (0.29) 27 0.40 (0.24) -1.54, p=.137
OOO Odd One Out task (metacognitive working memory task), AS Animal Stroop task (metacognitive 
inhibition task)
The proportion of odd shapes identi¿ed, the recall accuracy, the CJ and the eRT variables could range 
from 0 to 1; the monitoring accuracy variables could range from − 1 to 1
Two children did not complete the Odd One Out task at Time 1. The test for group di൵erences reported in 
the last column is a paired-samples t-test
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Regarding H2, a likelihood ratio test indicated that including the Recall Accuracy × WM 
Load interaction term did not signi¿cantly improve the model, χ2(1) = 0.86, p = .353, indi-
cating that collapsed across testing times WM Load (i.e., the EF demands of the task) did 
not impact the extent to which recall accuracy contributed to the monitoring judgment (in 
other words, WM Load did not a൵ect monitoring accuracy; partially contrary to H2). How-

ever, the nature of the relationship between WM load and monitoring accuracy appeared 
to change across testing times (consistent with H3), since the comparison of models with 
and without the three-way interaction (Time × Recall Accuracy × WM Load) indicated the 
three-way interaction improved the model, χ2(1) = 4.37, p = .037. When we examine Table 5 

it becomes clear that at Time 1, monitoring accuracy was una൵ected by WM load, whereas 
at Time 2 monitoring accuracy su൵ered when WM load increased. To further illustrate this, 
the mean correlation coe൶cients for each condition were: 

−഑T1, LowWM=.46, 
−഑T1, HighWM=.53, −഑T2, LowWM=.64, 

−഑T2, HighWM=.48. This result indicates that when encountering the meta-

cognitive Odd One Out task a second time, participants showed a similar data pattern as 
adults did in Bryce et al. (2023) – their monitoring accuracy su൵ered when WM load (or, 
EF demands) increased.

Inhibition: Monitoring judgment accuracy

For the Animal Stroop task, the results of the longitudinal data analyses largely mirrored 
the cross-sectional results. The best ¿tting LMM for the longitudinal data on the Animal 
Stroop task is presented in Table 6 and the data are depicted in Fig. 3b. It is again notable 
that only a small proportion of the variance in eRTs was accounted for by the model, with 
Marginal R2 = 0.09 and Conditional R2 = 0.44. Regarding H2, the likelihood ratio test indi-
cated that including the Reaction Time × Congruency interaction signi¿cantly improved the 

Fig. 3  Results from the Longitudinal Analyses of the Odd One Out task (a) and the Animal Stroop Task 
(b). Note. In both plots, Monitoring Judgment is plotted against Performance. For illustration single tri-
als were vincentized based on Performance (single trial data was analysed). That is, the ¿rst vincentile 
in each panel represents 33% of trials with the lowest performance for each participant by EF Demand 
condition; the second contains the next 33% of trials with lowest performance, and so on. Error bars 
represent +1 within-subject SE
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model, χ2(1) = 9.34 p = .002 and a negative estimate indicated that monitoring accuracy is 
worse in incongruent than congruent trials (i.e., when EF demands increase, consistent with 
H2). Regarding H3, the three-way interaction (Reaction Time × Congruency × Time) also 
signi¿cantly improved the model, χ2(1) = 11.09, p < .001. As in the cross-sectional data, the 
e൵ect of congruency on monitoring accuracy is more pronounced at Time 2 than Time 1 
(consistent with H3)2.

Discussion

The primary aim of the present study was to uncover whether metacognitive monitoring and 
EFs have a dependent relationship in childhood, and whether the nature of the relationship 
changes with age. To this end, we conducted an experimental study designed to test how two 
EFs – inhibition and the updating of WM – are related to the accuracy of children’s monitor-
ing judgments. The implementation of a mixed cross-sectional and longitudinal design pro-

vided a multifaceted view on the issue. Our ¿ndings indicate that metacognitive monitoring 
and EFs do indeed have a dependent relationship in children, and that this dependency gets 
stronger with age (inhibition) and with repeated exposure to the task (WM and inhibition). 
In the following, key results addressing each of the hypotheses will be summarised.

Based on prior developmental ¿ndings, we hypothesised (H1) that the accuracy of moni-
toring judgments would improve with age (cross-sectional analysis) and time (longitudinal 
analysis). Contrary to this, while children’s monitoring judgment accuracies were signi¿-

cantly di൵erent from zero in all analyses, they did not signi¿cantly change with age or time. 
One possible explanation is that our sample covered a relatively narrow age range, limit-
ing the developmental variability available to detect age-related improvements. In addition, 
much of the existing evidence for developmental improvements in monitoring accuracy 
comes from studies using school-related learning materials, such as spelling or concept-
learning tasks (e.g., van Loon et al., 2017). In contrast, our study used more abstract cogni-
tive tasks, which may rely on somewhat di൵erent processes and may show weaker or slower 
developmental changes in monitoring accuracy. It is therefore possible that developmental 

2  To check whether the e൵ects were driven by age-related di൵erences in speed of processing, additional 
analyses were conducted where each child’s mean reaction time in congruent trials was included as a covari-
ate (¿xed e൵ect) in the LMMs. The pattern of results was not altered.

Table 6  Estimates for ¿xed e൵ects in the best ¿tting LMM for the longitudinal data on the Animal Stroop task
Predictor Estimate 95% CI p

(Intercept) 0.16 0.12–0.20 < 0.001
Time 0.09 0.02–0.15 0.009
Reaction time 0.04 0.03–0.05 < 0.001
Congruency 0.02 0.01–0.03 0.003
Reaction time × Time 0.05 0.03–0.07 < 0.001
Reaction time × Congruency -0.01 -0.02–0.00 0.262
Reaction time × Congruency × TimeT2 -0.04 -0.06 – -0.02 0.001
LMM Linear Mixed-E൵ects model, CI Con¿dence interval 
Estimated reaction time is the dependent variable, p-values are based on the Wald statistic
Recall accuracy was centred. Congruency and Time were dummy coded with Congruent and T1 as 
reference levels
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improvements in monitoring are more readily observed in educational contexts that children 
encounter frequently and for which they receive regular external feedback. Furthermore, 
the longitudinal interval may have been too short to capture subtle developmental changes. 
Thus, rather than indicating an absence of development in monitoring, our ¿ndings may 
suggest that such changes are task-dependent and/or emerge over longer developmental 
periods. Descriptively, there was some evidence that children were better at monitoring their 
performance in the WM task than in the inhibition task. This ¿nding was also reÀected in the 
results of Eberhart et al. (2025a) and is possibly due to having more practice reÀecting on 
the strength of their memory traces than on estimating response times. Indeed, this ¿nding is 
consistent with mounting evidence suggesting that monitoring judgments and their accuracy 
are very task- and context-dependent (e.g., Mengelkamp & Bannert, 2010; McDonough et 
al., 2021; Kelemen et al., 2000; Dentakos et al., 2019). The descriptive statistics addition-

ally provided important evidence that children understood all aspects of the tasks and can 
monitor their performance in classic EF tasks, that our manipulations of EF demand func-

tioned as expected, and that there were no ceiling or Àoor e൵ects in performance in either 
of the primary tasks. The latter is especially important when assessing relative monitoring 
accuracy, since variance in performance is necessary when evaluating how sensitive people 
are to changes in their performance. These features of the dataset speak to the validity of 
the tasks employed and their appropriateness for testing the second and third hypotheses.

Our second hypothesis was that EFs and monitoring are causally related in childhood, 
and the third hypothesis was that the relationship between EFs and monitoring changes 
across development (although we were not more speci¿c about the direction of change). 
The analyses conducted to test H2 and H3 paint an interesting picture regarding how EFs 
and metacognitive monitoring might be related across childhood. Since the result patterns 
di൵ered across the two EFs, we will consider them separately. The cross-sectional data 
indicated that on ¿rst encountering the metacognitive Odd One Out task, WM load did not 
a൵ect the accuracy of children’s monitoring judgments in either the younger or the older 
age group. This contrasts with the results of Bryce et al. (2023; speci¿cally Experiment 1) 
whereby adults’ monitoring accuracy su൵ered when WM load increased and could hint that 
children generate their monitoring judgments in a qualitatively di൵erent way than adults. 
However, it is important to highlight that the longitudinal data provided more nuanced 
insights. Namely, when children processed the task for a second time 17 months later, they 
made more accurate monitoring judgments in lower than higher WM load trials (i.e., a pat-
tern consistent with the adult ¿ndings). Taken together, this data pattern suggests that not 
only age but also exposure to the task (albeit very limited exposure) a൵ects the nature of the 
relationship between monitoring and WM. Our best explanation for this calls on the cue-uti-
lization view of monitoring judgments and reÀects the changing cues that children may use 
when forming monitoring judgments. Speci¿cally, it seems that on ¿rst encountering this 
working memory task, children did not spontaneously compose their monitoring judgments 
in the same way as adults did, because their monitoring judgments did not su൵er when their 
cognitive resources were ‘used up’ by higher WM demands. Children may base their moni-
toring judgments more on theory-based cues (i.e., their prior knowledge and beliefs about 
a task) than on experience-based cues (i.e., the immediate feelings that arise during task 
processing). We propose that increased WM demands primarily hinder the direct access to 
experiences during cognitive processing. However, with repeated experience with a task, 
children may begin generating their monitoring judgments similarly to adults as their judg-
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ment accuracy is a൵ected by the WM demands. This interpretation would be consistent with 
Koriat (1997) who found a move from theory-based to experience-based cues with practice.

In contrast to the nuanced ¿ndings regarding WM, the data patterns regarding the asso-

ciation between inhibition and monitoring were consistent across cross-sectional and lon-

gitudinal datasets. In addressing H2 with regards to inhibition, based on our data we can 
conclude that inhibition and monitoring have a dependent relationship in children because 
children monitored their performance more accurately when inhibition demands were lower 
(congruent compared to incongruent trials). With regards to H3, the data suggest that the 
nature of the relationship changes across development, because the e൵ect of inhibition 
demands on monitoring accuracy was stronger in the older than the younger group of chil-
dren (cross-sectional data) and when the same children were older and encountering the 
task for a second time (longitudinal data). The reason for the association becoming stronger 
with age may also reÀect the changing nature of children’s monitoring judgments, similar to 
the explanation elaborated in the previous paragraph. These data are consistent with other 
experimental ¿ndings that took a di൵erent approach to testing this relationship, namely 
using a “stop and think” instruction (Wacker & Roebers, 2022).

Overall, the current ¿ndings demonstrate that competition for resources is likely one rea-

son that EFs and monitoring judgment accuracy are associated in children (with the impor-
tant caveat for WM, that this may only hold when children base their judgments on more 
experience-based cues or the strength of their memory trace). This may partially explain 
di൵erences in monitoring accuracy on the one hand between individuals, and on the other 
hand within individuals across di൵erent contexts. That is, individuals with more sophisti-
cated EFs are likely to make more accurate monitoring judgments than those with weaker 
EFs because more cognitive resources remain available for metacognitive monitoring pro-

cesses. Also, within individuals we could expect monitoring judgments to be less accurate 
in novel or challenging contexts that require Àexible responding (i.e., those that are highly 
demanding of EFs) compared to contexts when our cognitive processing can unfold more 
routinely or automatically. Importantly, due to its experimental design, these ¿ndings sup-

port a speci¿c direction of causation, namely that changes in executive function demands 
a൵ect monitoring processes.

Nevertheless, these ¿ndings do not exclude the possibility that a reverse direction of 
causation is also at play. That is, it is conceivable that individuals who more e൵ectively 
monitor themselves and make more accurate monitoring judgments can more accurately 
recognise the need to engage and upregulate their EFs. This possibility could be tested in 
an experimental design in which monitoring is somehow prevented and the impact on EF 
performance is examined. Alternatively, training or intervention studies in which accurate 
monitoring is promoted and the impact on EF performance is evaluated could shed light on 
this possibility.

Further, the current ¿ndings do not exclude the possibility that EFs and monitoring pro-

cesses are additionally associated for other reasons. Importantly, the current study focuses 
on only one operationalisation of metacognitive monitoring – the relative monitoring accu-

racy of local monitoring judgments. Whether increasing EF demands would similarly limit 
participants’ engagement with monitoring behaviours or strategies remains an unanswered 
question. Further, prompted monitoring judgments (as collected here) may not reÀect the 
way in which spontaneous monitoring judgments occur (Halamish & Undorf, 2020). Indeed, 
recent empirical ¿ndings from adults suggest that the occurrence of spontaneous monitoring 
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judgments is more closely related to the quality of monitoring strategies than the accuracy 
of prompted monitoring judgments (Händel et al., 2025). An interesting future direction of 
research could be to investigate how di൵erent aspects of metacognitive monitoring are sup-

ported by or dependent on EFs.
Given the di൵erent pattern of results across the two tasks with regards to how monitor-

ing accuracy was a൵ected by the manipulation of EF demands, it is important to consider 
whether this reÀects a meaningful di൵erence in the nature of the relationships between mon-

itoring and each EF. One interpretation that could be drawn, is that both inhibition and WM 
compete for resources with monitoring, but inhibition does so more consistently and earlier 
in childhood than WM. However, we would caution against such an interpretation, because 
there are many other di൵erences between the two tasks that should be considered. Most 
strikingly, the fact that children provided di൵erent types of monitoring judgments in the two 
tasks (con¿dence judgments and estimated reaction times) makes it di൶cult to draw strong 
conclusions about whether di൵erent result patterns are due to the EFs examined or the judg-

ment type. Indeed, this was not one of our aims in designing this study, and it is a challeng-

ing issue to solve. It is important in any metacognitive task that the monitoring judgment 
provided reÀects the performance measure of interest; in the case of WM and inhibition 
these tend to be di൵erent. To be able to compare across EFs, targeted studies are needed.

Limitations

As well as the above-mentioned confound of EF component and judgment type, there are 
some other limitations in the current study that should be acknowledged. First, despite 
selecting the sequence lengths based on pilot data, in the cross-sectional data we did have a 
performance di൵erence in the metacognitive Odd One Out task, whereby the younger group 
recalled a higher proportion of the locations than the older group. A solution for future stud-

ies would be to make the task adaptive and ensure that a recall accuracy of approximately 
70% is achieved for each individual. Secondly, one nice design feature of the experiments 
in Bryce and colleagues (2023) that was not implemented here is the inclusion of an addi-
tional ‘task di൶culty’ manipulation. In the adult study, these additional manipulations had 
no impact on monitoring judgment accuracy, and as such it was con¿rmed that speci¿-

cally increasing the WM demands a൵ected monitoring processes. In the current study it was 
decided not to include such an additional manipulation, as this would have increased the task 
durations and made the data collection sessions unacceptably long for our child participants.

Our sample is also limited in certain aspects. That is, the current study only covers a 
small period of development and we can not comment on the nature of the relationships 
between EFs and monitoring before the age of 7 and between the ages of 9 years and adult-
hood. It would certainly be feasible to extend this type of investigation to older children 
and adolescents. Unfortunately, extending it to younger children could prove challenging, 
as di൵erent methods are more appropriate for assessing EF and metacognition in younger 
children. Lastly, the representativeness of our sample could be called into question. Despite 
our e൵orts to recruit via community groups and social media, the majority of children who 
took part had highly educated parents. Perhaps the requirements regarding computer equip-

ment and a quiet testing environment inadvertently excluded a wider range of families from 
participating. To ensure a generalisable and representative developmental science, alterna-

tive methods of recruitment and data collection should be explored.
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Practical implications

Although the current study was conducted to address very speci¿c questions about the 
nature of the relationship between two sets of cognitive skills – EF and metacognition – 
some practical implications can also be drawn from these ¿ndings. First, since individual 
di൵erences in executive functioning seem to contribute to the accuracy of monitoring pro-

cesses, if teachers and instructors reduce the EF demands of tasks in which monitoring 
accuracy is particularly important, they should expect to see general metacognitive bene¿ts. 
Second, since we know that our capacity to perform well on EF tasks Àuctuates within 
individuals across time points, we could recommend that learners themselves reduce the 
demands on their EFs (e.g., via cognitive o൷oading or restricting the inÀuence of irrelevant 
information) when they are low in cognitive resources or when monitoring accuracy is par-
ticularly important (e.g., while studying for a test). Lastly, the ¿ndings speci¿c to WM and 
monitoring suggest that practice making monitoring judgments in the same task combined 
with individualized feedback may support children to use experience-based cues in their 
judgments which are sometimes considered more valid (Koriat et al., 2013), which may in 
turn best support children’s developing monitoring skills.

Conclusions

The question of whether EFs and metacognition are related has long received attention 
(Fernandez-Duque et al., 2000) and has fairly consistently been answered in the a൶rma-

tive by empirical evidence over the last 20 years (for a review: Roebers, 2017). The current 
study built on correlational ¿ndings and extended these with an experimental approach, 
aiming to understand the nature of the relationship between metacognitive monitoring and 
EFs in children, speci¿cally testing if the relationship is dependent in nature. As such, the 
current study provided valuable novel insights into why two EFs – inhibition and the updat-
ing of WM – are associated with the accuracy of monitoring judgments. The results indicate 
that EFs and metacognitive monitoring do indeed have a dependent relationship in children, 
and the analysis of data collected both cross-sectionally and longitudinally provided a dif-
ferentiated view on how the relationship changes in childhood. Inhibition and monitoring 
processes seem to compete for resources, since monitoring accuracy su൵ered when inhibi-
tion demands increased and this e൵ect increased with age and time. In contrast, repeated 
exposure to the task seems to be required for WM to compete for resources with monitoring 
processes in children. These ¿ndings provide evidence for one pathway by which EFs and 
metacognitive monitoring are associated, which can inspire future studies to test additional 
hypotheses. Further, the ¿nding that EFs and monitoring are not only coincidentally related, 
but appear to have a causal relationship in children, could inform the design of interventions 
to promote these crucial cognitive skills that underly children’s ability to regulate them-

selves and their learning.
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