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INTRODUCTION

Children often develop naïve theories about the world 
that are in conflict with scientific theories. Overcoming 
a misconception can be a long and protracted process 
(Carey, 2000). On the one hand, it has been shown that 
children without a (strong) prior belief can learn sci-
entific concepts, such as how objects balance on a bal-
ance toy, through free play (Bonawitz, van Schijndel, 
et al., 2012; Karmiloff-Smith & Inhelder, 1974) and revise 
their beliefs when presented with strong counterevidence 
(Kimura & Gopnik,  2019). Once children have formed 
a prior belief, they may revise it only if they cannot “ex-
plain away” the conflicting evidence (Bonawitz, Fischer, 
et  al.,  2012). Learners then often choose strategies to 

account for the conflicting evidence, such as ignoring 
the evidence, rejecting it, or reinterpreting the evidence 
to maintain their misconception (Chi,  2013; Chinn & 
Brewer,  1993). In addition, learners often have diffi-
culty even recognizing contradictory evidence (Limón & 
Carretero, 1997), especially when inconsistent informa-
tion is presented more implicitly (Markman, 1979). Thus, 
learners may not necessarily recognize a conflict or even 
change their beliefs when they are confronted with con-
flicting evidence.

Recognizing a conflict is important for belief revision. 
For example, Limón and Carretero  (1997) presented 
ninth to twelfth graders with conflicting information 
about the origin of life on Earth. They found that younger 
students had more difficulty identifying conflicts than 
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older students. Furthermore, children who failed to 
identify a conflict almost never revised their incorrect 
beliefs. The authors concluded that identifying a conflict 
is important for belief revision. To identify a conflict, 
students need metacognitive monitoring skills, which in-
volve monitoring one's understanding and self-reflecting 
on one's current state of learning (Schraw et al., 2006). 
Through metacognitive monitoring, learners become 
aware of discrepancies between their current and de-
sired state of knowledge or understanding (Nelson & 
Narens, 1990). Metacognitive monitoring thus promotes 
conflict detection and deeper processing of the conflict-
ing information.

Metacognitive monitoring has both implicit and 
explicit components. Implicit metacognitive precur-
sors emerge as early as infancy (see, e.g., Goupil & 
Kouider,  2019 for a review). They include procedural 
metacognitive processes, such as feelings of uncertainty 
or difficulty in generating a response (e.g., Koriat & 
Levy-Sadot,  1999). These implicit metacognitive pro-
cesses can be assessed with indirect and nonverbal mea-
sures, though it is certainly possible that participants are 
aware of the lack of fluency or difficulty to come up with 
a response. Implicit measures of monitoring processes 
include behavioral measures, such as response times, or 
physiological measures, such as changes in pupil size. 
First, longer response times have been associated with 
lower subjective confidence in an answer (Koriat & 
Ackerman, 2010). In addition, children's response times 
are slower when they give an incorrect answer (Roebers 
et al., 2019), and they slow down after an error has oc-
curred (post-error slowing; Dubravac et al., 2020). These 
findings suggest that response times are implicit mea-
sures of children's monitoring of errors or conflicts. 
Because of their behavioral basis, response time mea-
sures are well suited to reliably assess monitoring abil-
ities, even in young children (Roebers,  2017). Second, 
incorrectly predicted outcomes have been shown to 
elicit a pupil dilation response (see, e.g., Brod et al., 2018; 
Theobald et al., 2022). The pupil dilation response indi-
cates an increase in physiological arousal (Preuschoff 
et  al.,  2011) and it can be considered a physiological 
measure of surprise (Colantonio et al.,  2023; Theobald 
& Brod, 2021). The magnitude of the pupil dilation re-
sponse has been shown to correlate positively with post-
error slowing and post-error improvements in accuracy 
(Murphy et  al.,  2016). These findings suggest that the 
magnitude of the pupil dilation response can be used as 
a physiological measure of better conflict monitoring. In 
summary, longer response times and greater pupil dila-
tion in response to a conflict or error are implicit mea-
sures of children's conflict monitoring.

Metacognitive monitoring can also be assessed 
using explicit, verbal measures. For example, verbal 
assessment requires explicit self-reports of confidence 
or uncertainty in an answer or judgments about one's 
own abilities or performance (Schraw, 2009). However, 

accurate explicit metacognitive monitoring is far from 
trivial and remains difficult for children (Schneider & 
Löffler, 2016). Although children's monitoring skills im-
prove remarkably between the ages of 5 and 7, accurate 
explicit monitoring is often error-prone and continues 
to develop throughout the elementary school years (see 
Roebers, 2017; Schneider & Löffler, 2016 for a review). 
For example, children's self-reports of current or fu-
ture performance are typically overly optimistic (Lipko 
et  al.,  2009). In particular, monitoring of incorrect an-
swers remains a challenge, even for 10-year-olds (Finn & 
Metcalfe,  2014). Thus, elementary school children may 
have difficulty in explicitly stating whether they have en-
countered an error or conflict.

How could children's conflict monitoring be facil-
itated? One way to facilitate conflict monitoring is to 
make the conflict more salient to learners (Limón, 2001). 
One instructional tool to make conflicts more salient is 
to have learners make predictions before the correct an-
swer is revealed. By generating predictions, learners can 
be surprised when their predictions turn out to be wrong 
(see e.g., Brod et al., 2018; Theobald et al., 2022). For ex-
ample, incorrect predictions about the outcome of an ex-
periment have been shown to elicit a pupillary surprise 
response (Theobald & Brod, 2021). Surprise is thought 
to lead to an interruption of ongoing cognitive processes 
(Reisenzein et al., 2019) and to direct the learner's atten-
tion to the unexpected outcome (Fazio & Marsh, 2009). 
Therefore, making predictions before seeing the correct 
answer is an effective way to induce surprise about unex-
pected outcomes, which makes the conflict more salient 
to the learner.

Even if incorrect predictions make conflicts more 
salient, a critical question is whether children re-
vise their misconceptions after observing a conflict. 
Results from previous studies with adults have shown 
that learners improve their performance immediately 
after making an error, known as post-error improve-
ments in accuracy (Danielmeier & Ullsperger, 2011). In 
the context of belief revision, learners' post-conflict im-
provements in accuracy might manifest as an increased 
likelihood of switching to the correct concept after 
being confronted with their misconception. Children 
begin to engage in monitoring-based control around 
the age of 6 (Lipowski et  al.,  2017). That is, children 
use monitoring judgments to control their learning 
processes (Destan et al., 2014). Thus, in principle, ele-
mentary school children should be able to revise their 
misconceptions after monitoring a conflict. However, 
children's metacognitive monitoring is often inaccu-
rate, especially when it comes to monitoring of errors 
or conflicts (Finn & Metcalfe, 2014; Lipko et al., 2009). 
Accordingly, as long as children fail to monitor errors 
or conflicts accurately, their monitoring-based con-
trol will also remain error-prone (Bayard et al., 2021; 
Roebers & Spiess,  2017). In other words, accurate 
conflict monitoring is important for the application 
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of monitoring-based control, as operationalized in 
this study by post-conflict improvements in accuracy. 
Therefore, children may need additional metacogni-
tive support to monitor the conflict in the first place 
in order to subsequently revise their misconceptions.

An additional instructional tool to promote accu-
rate conflict monitoring and subsequent revision of 
misconceptions is the provision of reflection prompts. 
Reflection prompts are brief questions or cues that en-
gage learners in self-monitoring of conflicting infor-
mation or their understanding (Lin, 2001). Reflection 
prompts could directly promote the revision of mis-
conceptions by helping learners make sense of new 
information and supporting knowledge integration 
(Davis & Linn, 2000). In addition, reflection prompts 
may indirectly support the revision of misconceptions 
through improved conflict monitoring. For example, a 
recent study found that adults were more successful in 
correcting their misconceptions about forces and mo-
tion when they were prompted to think about the im-
plications of their responses (Bascandziev, 2020, 2024). 
Reflection prompts may have encouraged deeper rea-
soning and made learners more aware of inconsisten-
cies. This type of metacognitive reflection has been 
shown to predict better conceptual understanding 
of counterintuitive scientific concepts (Shtulman & 
Young, 2023). In other words, reflection prompts that 
encourage learners to reflect on what they already 
know may promote conflict monitoring, thereby facil-
itating the revision of misconceptions.

Previous research has found positive effects of 
reflection prompts on science learning. For exam-
ple, Davis and Linn  (2000) tested whether reflection 
prompts improved eighth-grade students' understand-
ing of thermodynamics. The reflection prompts asked 
students to think about and report what evidence or 
claims they did not understand well. These reflection 
prompts helped students to develop a coherent and 
robust conceptual understanding of difficult phys-
ics principles. Similar positive effects of reflection 
prompts have been reported for other concepts as 
well such as the concept of force and motion (White & 
Frederiksen, 1998; Zepeda et al., 2015), or the chemical 
equilibrium (Chiu et al., 2002). However, these studies 
focused more on the role of reflection prompts in sci-
entific knowledge acquisition or problem solving than 
on the effects of reflection prompts on conflict moni-
toring or revision of misconceptions. Studies that have 
examined whether encouraging reflection facilitates 
the revision of misconceptions have typically used in-
structional modules that included both prediction and 
reflection prompts (Gunstone & Mitchell, 1998; Rickey 
& Stacy,  2000; Tien et  al., 2007). Although these in-
structional modules promoted the revision of mis-
conceptions, the effects of generating predictions and 
prompting reflection are inseparable. In addition, the 
above studies tested older secondary school students. 

Thus, it is unclear whether reflection prompts facilitate 
conflict monitoring and the revision of misconceptions 
in younger elementary school children.

It also remains unclear how reflection prompts 
might promote the processes that lead to the revision 
of misconceptions. Specifically, there is a need to study 
how belief revision progresses continuously over time 
following reflection prompts. To this end, microgenetic 
designs used in conjunction with Bayesian computa-
tional models allow for the characterization of belief 
revision as it unfolds over time (Bonawitz et al., 2014; 
Colantonio et al., 2022, 2023). Bayesian computational 
models capture children's prior beliefs and predict how 
these beliefs are revised trial by trial as new, potentially 
conflicting evidence comes in. An “optimal” Bayesian 
learner would thus update beliefs taking into account 
both the strength of the initial belief and the new in-
formation (Gopnik & Bonawitz, 2014). Recently, it has 
been shown that generating predictions before see-
ing the correct outcome helped children to engage in 
theory-based, optimal Bayesian learning (Colantonio 
et al., 2022). Generating predictions may have encour-
aged learners to think more deeply about their ini-
tial beliefs and potential misconceptions. Reflection 
prompts could further support this process by making 
children aware of discrepancies between their initial 
beliefs and the new information. However, there are 
no studies that have tested whether reflection prompts 
promote both conflict monitoring and theory-based 
optimal belief revision trial by trial.

The present study

In this study, children learned about the principles of 
water displacement. A typical misconception about 
water displacement is that the weight of an object de-
termines how much water is displaced when fully im-
mersed in water (Piaget & Inhelder,  1941). In fact, it 
is only the volume of the object that determines how 
much water it displaces. Children participated in a 
learning phase that consisted of a series of trials. On 
each trial, children made a prediction about which 
of two objects would displace more water, or whether 
both objects would displace the same amount of water, 
before seeing the correct outcome. Children then self-
reported whether or not they had expected the outcome, 
and response times to make the expectancy judgment 
were assessed. In addition, changes in the children's 
pupil size were recorded throughout the trials. For the 
learning phase, children were randomly assigned to 
a prediction condition or a prediction with reflection 
condition, which differed in general task instruction. 
Children in the prediction with reflection condition 
received a reflection prompt before each of the three 
blocks of trials to think about how their predictions re-
lated to what they had already learned. Children in the 
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prediction condition were only reminded of the general 
task instructions.

The first aim of this study was to test whether chil-
dren in the prediction with reflection condition would 
be more metacognitively aware of conflicts than chil-
dren in the prediction-only condition. Conflict moni-
toring was assessed implicitly using indirect, nonverbal 
measures and explicitly using a direct, verbal measure. 
We hypothesized that children in the prediction with 
reflection condition would show better conflict mon-
itoring, as indexed by both implicit and explicit mea-
sures of conflict monitoring. For the implicit measures, 
we expected (1) longer response times to make an ex-
pectancy judgment after incorrect predictions and (2) 
a greater pupil dilation response to incorrect predic-
tions. We focused on children's response times to judge 
whether or not they had expected an outcome, rather 
than on post-error slowing as an implicit measure of 
children's conflict monitoring. Post-error slowing is 
reflected in longer response times to answer a trial di-
rectly following an erroneous response (compared to 
a correct response). In our study, however, the correc-
tive feedback and the beginning of the next prediction 
were separated by an additional expectancy judgment. 
Therefore, the expectancy judgment was better suited 
to capture potential changes in response times after 
incorrect (compared to correct) predictions. For the 
explicit measure, we expected that children in the pre-
diction with reflection condition would be more likely 
to rate an outcome that differed from their prediction 
as unexpected. In addition, we tested whether children 
in the prediction with reflection condition would show 
better monitoring-based control compared to chil-
dren in the prediction-only condition, as indicated by 
higher post-conflict improvements in accuracy. That 
is, we examined whether children in the prediction 
with reflection condition who explicitly stated that 
their expectation was violated would be more likely to 
subsequently revise their incorrect belief.

The second aim of this study was to test the hypothesis 
that reflection prompts enhance the effects of generating 
predictions on the revision of misconceptions about water 
displacement. As mentioned earlier, we hypothesize that 
reflection prompts may promote the revision of miscon-
ceptions directly by supporting knowledge integration or 
indirectly by improving children's conflict monitoring. 
We tested this hypothesis using data from the learning 
phase and data from a posttest and transfer test admin-
istered after the learning phase. For the learning phase, 
we expected that children in the prediction with reflec-
tion condition would show faster belief revision, as indi-
cated by a steeper increase in performance across trials, 
compared to children in the prediction-only condition. 
In addition, we tested whether reflection prompts would 
help children engage in theory-based “optimal” trial-by-
trial belief revision throughout the learning phase using 
Bayesian computational modeling. For the posttest and 

transfer test, we expected that children in the prediction 
with reflection condition would perform better than 
children in the prediction-only condition.

M ETHODS

Participants

We tested 97 six- to nine-year-old children (Mage = 7.20, 
SDage = 0.76; 56% female; data collected in 2021) who 
were randomly assigned to a prediction condition (n = 46) 
or a prediction with reflection condition (n = 51). We used 
G*Power to determine the target sample size with the 
following settings: Difference between two independent 
means, effect size d = 0.65 (based on pilot results), α = .05, 
β = .90. Participants were recruited and tested by student 
assistants in a natural history museum in Germany. The 
museum is one of Europe's largest natural history muse-
ums, attracting over 500,000 visitors every year from all 
around the country, many of whom are children. Prior 
to testing, parents provided written informed consent, 
and children received a small gift for their participation. 
Ethical approval was obtained from the ethics committee 
of DIPF | Leibniz Institute for Research and Information 
in Education.

Design

For the learning phase, children were randomly assigned 
to a prediction or a prediction with reflection condition 
(between-subjects design). The only difference between 
conditions was the general task instruction presented be-
fore each block. Children in the prediction with reflec-
tion condition received a reflection prompt before each 
block: “For each trial, think about how your answer re-
lates to what you have already learned in the previous 
tasks.” The reflection prompt was designed to make chil-
dren more aware of potential conflicts between their ini-
tial beliefs and the correct concept. We used this rather 
simple prompt to ensure that even young children would 
understand its content. We presented the prompt only 
three times before each of the blocks (before the prac-
tice block, block 1, and block 2) to minimize chances of 
overloading the learning phase. Repeating the prompt 
on every trial could also lead children to simply ignore 
the prompt. Thus, by repeating the reflection prompt 
only before the blocks, we could improve the chances 
that each child noticed the prompt and that prompting 
interventions were comparable across children. The trial 
order during the learning phase was the same in both 
conditions. On each trial, children were asked to pre-
dict the outcome of the learning task before the correct 
outcome was presented. Afterward, children indicated 
whether they had expected the outcome (“yes” or “no”; 
binary option).
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Procedure

The children were tested individually by student assis-
tants in a quiet room. The experiment lasted approxi-
mately 35 min in total. To introduce the experiment, the 
student assistant demonstrated how water is displaced 
by pressing a polystyrene ball in a cup of water. The 
student assistant emphasized that the ball was held un-
derwater to prevent children from evaluating buoyancy 
instead of water displacement. The fact that the objects 
were pressed under water was also emphasized in the in-
structions for the specific tasks. In addition, the student 
assistant showed the children the different pictures of the 
objects and made sure that the children knew and recog-
nized the three different materials (polystyrene, wood, 
lead). All tests were administered by student assistants, 
and the general instructions were read to the children by 
the student assistants. The instructions were read aloud 
to ensure that the children understood the instructions. 
From then on, the children performed the tests alone 
under the supervision of the student assistants, but al-
ways had the opportunity to ask further questions if any-
thing was unclear.

Pretest

We assessed children's concepts of water displacement 
in a paper-and-pencil pretest (eight trials, McDonald's 
ω = .83). Children were presented with pairs of pictures 
of objects (balls, pyramids, cones) that varied in mate-
rial and thus weight (polystyrene, wood, lead) and in 
size (small, medium, large). Children often have the mis-
conception that the weight, rather than the size, of an 
object determines how much water it displaces. The pre-
test included two congruent trials in which the common 
misconception led to the correct solution because the 
heavier object was also the larger one. In the remaining 
six incongruent trials, the misconception led to the in-
correct solution. On each trial, children were instructed 
to predict whether the left or right object would displace 
more water, or whether they thought both objects would 
displace the same amount of water (Original instruc-
tion: “You see two objects below. Both are pressed under 
water. Which of the two objects displaces more water? 
Mark the correct number!”). Predictions were rated on a 
5-point scale (1 = “clearly the left object,” 2 = “more likely 
the left object,” 3 = “objects displace the same amount of 
water,” 4 = “more likely the right object,” 5 = “clearly the 
right object”). The rating scale was introduced by the stu-
dent assistants in the general instructions. In addition, 
arrows were printed below the response options as a vis-
ual aid. For example, under “clearly the left object” there 
were two arrows pointing to the left, while under “more 
likely the left object” there was only one arrow pointing 
to the left. Results from previous studies have shown that 
children at this age are able to estimate their confidence 

on a Likert scale (see, e.g., Bayard et al., 2021). The exact 
wording of the instructions and scales can be found on 
the OSF (https://​osf.​io/​r89va/​​).

Learning phase

Children participated in a computerized trial-and-
error learning task using the same type of stimuli as in 
the pretest. The stimuli were presented using PsychoPy 
(v2021.1.2). The learning phase began with 5 practice 
trials (congruent trials only), followed by a pseudorand-
omized sequence of 7 congruent and 15 incongruent tri-
als, divided into 2 blocks. For the learning phase, children 
were randomly assigned to a prediction condition or a 
prediction with reflection condition, which differed with 
respect to the general task instructions (see Figure  1). 
The reflection prompt was presented together with the 
general instructions three times before each of the blocks 
(before the practice block, block 1, and block 2). The in-
structions were read aloud by the student assistants. In 
the general instruction, children were told that their task 
on each trial was to decide which object displaced more 
water. The children were again introduced to the 5-point 
rating scale that was also used in the pretest and posttest. 
They were also told that they would receive feedback 
on their answers. A “+” under an object indicated that 
this object displaced more water, while a “−” indicated 
that this object displaced less water. If there was a “+” 
under both objects, it meant that the objects displaced 
the same amount of water. No verbal feedback was given 
to the children. There was no further instruction for the 
individual trials in the learning phase, except for the ex-
pectation phase, where the question “Did you expect the 
result?” was repeated on the screen (see Figure 1). This 
minimal instruction was chosen because we did not want 
the children to be distracted by having to read a lot dur-
ing the learning phase, and because reading may have 
interfered with the eye-tracking assessment.

In addition, pupil size was recorded throughout the 
learning phase to assess the children's pupil dilation re-
sponse to incorrect predictions. The eye-tracking camera 
(EyeLink 1000, SR Research, Osgoode, ON, Canada) re-
corded continuously throughout the learning phase at a 
frequency of 500 Hz. Because pupil size is highly sensitive 
to changes in luminance and eye movements, a luminance-
matched “Baseline Phase” was inserted at the beginning 
of each trial. The luminance was matched to the upcom-
ing pictures of objects. The luminance matching was done 
to habituate the pupil to the luminance of the upcoming 
objects and to avoid carryover effects from the previous 
trial (see Figure 1). In addition, a “Pupil Baseline” was in-
cluded 750 ms before the “Result Phase” to calculate pupil 
size changes in response to seeing the correct result. In ad-
dition, we ensured that the child fixated the center of the 
screen at the beginning of each trial. Each trial was started 
manually by the student assistant, and the trial could only 
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be started if the child was looking at the fixation cross 
placed in the center of the screen.

Posttest

After the learning phase, children completed a paper-
and-pencil posttest (eight trials, McDonald's ω = .94), 
which was identical to the pretest. However, the position 
of the objects (left/right) was reversed.

Transfer test

Finally, children completed a paper-and-pencil trans-
fer test. The transfer test consisted of five subtests 

to test whether children could apply their newly ac-
quired model of water displacement to different tasks 
(ω = .73). In the first subtest (three trials), children 
were presented with pairs of objects. Children had to 
decide which of the two objects would displace more 
water. Each response was dummy coded for accu-
racy (1 = correct response, 0 = incorrect response). In 
the second subtest, children were presented with two 
sets of four objects each. The objects differed in size 
and weight, and we used the same type of stimuli as 
in the pretest, posttest, and learning phase. In each 
set, the water level for the first object was already 
shown. The children then had to mark how high the 
water level of the other objects would rise relative to 
the water level of the first object. All possible pairwise 
comparisons within each item set were dummy coded 

F I G U R E  1   Schematic overview of the study design. The study included a pretest, a learning phase, a posttest, and a transfer test. For the 
learning phase, children were assigned to a prediction or prediction with reflection conditions (between-subjects). The two conditions differed in 
the task instruction provided during the learning phase before each block (3 times overall: before practice block, before block 1, before block 2).
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for accuracy (12 combinations). In the third subtest, 
children were told a short story about a mother and a 
child who took turns getting into a bathtub. The water 
overf lowed when the mother entered the tub, but less 
water overf lowed when the child entered the tub. The 
children were then given three reasons why less water 
overf lowed when the child entered the tub: The child 
was (a) lighter, (b) smaller, or (c) entered the tub more 
slowly. For each reason, children indicated whether it 
was true or false and each response was dummy coded 
for accuracy (three items). In the fourth subtest, chil-
dren were asked to explain in their own words why a 
large metal ball displaces more water than a slightly 
smaller wooden ball. We coded whether children ar-
gued with the size of the object (correct response), 
the weight of the object, or a combination of size and 
weight (incorrect response). The fifth subtest (four 
trials) tested children's understanding of buoyancy. 
Children were shown pairs of objects made of the 
same materials that varied in size. For each pair, chil-
dren were told whether the first object was f loating or 
sinking. Children then had to indicate whether they 
thought the second object f loated or sank, and each 
response was dummy coded for accuracy. All subtests 
of the transfer test, including all items, are provided on 
the OSF (https://​osf.​io/​r89va/​​). After the transfer test, 
the children completed a brief executive function task 
(Hearts and Flowers Task). The executive function 
task was included because it could explain interindi-
vidual differences in belief revision in follow-up work. 
We do not report results from the executive function 
task in the manuscript because of our focus on the role 
of ref lection prompts on the intraindividual processes 
of conflict monitoring and belief revision.

Data analyses

We used R for data analysis and set the significance 
levels at .05 throughout the analyses. The analyses 
tested the directional hypotheses summarized in the 
Introduction.

Pupillary data preprocessing and analysis

We used the “eyEdu” Package (Korinth, 2023) to pre-
pare and analyze the pupil data. First, we identified 
periods of tracker loss, for example, due to blinks. The 
resulting missing values were interpolated using fitted 
values. We calculated these fitted values by estimating 
a loess regression using 100 data points on either side of 
the regressed data point. Second, the pupil data were 
epoched relative to the period of interest, the “Results 
Phase.” The average pupil diameter during the last 
300 ms of the “Pupil Baseline” of each trial was used 

as the pupil baseline to calculate the pupil dilation re-
sponse. Following previous studies using a similar par-
adigm (e.g., Theobald & Brod, 2021), we established a 
marker of surprise by calculating the change in pupil 
diameter 250–2000 ms after the onset of the “Results 
Phase” relative to each trial's pupil baseline. We used 
several criteria to identify and remove outlier trials. 
We excluded trials with extreme variance in pupil size 
(SD > 750) and very long blinks (longer than 100 ms) in 
the “Results Phase” (k = 823 trials, 16% of the data). An 
additional 15 trials were removed because the pupil di-
lation response deviated more than 3 SD from the mean 
pupil dilation response across the sample.

Implicit and explicit measures of conflict 
monitoring and postconflict improvements 
in accuracy

We conducted several analyses to test our hypothesis 
that children in the prediction with reflection condition 
would show better conflict monitoring than children 
in the prediction-only condition. We first analyzed the 
implicit measures of children's conflict monitoring. We 
tested whether response times to make the expectancy 
judgment for correctly and incorrectly predicted out-
comes differed between conditions. Response times were 
automatically recorded by PsychoPy. That is, PsychoPy 
recorded the time (in seconds) it took the children to click 
that they either expected or did not expect the outcome. 
We conducted a linear mixed effects model analysis to 
predict the response time to judge whether or not an 
outcome was expected. As predictors we used condition 
(1 = prediction with reflection, 0 = prediction), prediction 
accuracy (1 = correctly predicted, 0 = incorrectly pre-
dicted), and their interaction. Second, we tested whether 
the pupil dilation response to incorrectly predicted tri-
als differed between conditions. Again, we estimated a 
linear mixed effects model with condition, prediction ac-
curacy, and their interaction as predictors of the pupil 
dilation response.

Second, we examined the explicit measure of chil-
dren's conflict monitoring. We tested whether children 
in the prediction with reflection condition were more 
likely to classify an incorrectly predicted outcome as un-
expected than children in the prediction-only condition. 
For this purpose, we created a dummy variable that took 
the value “1” if children classified an incorrectly pre-
dicted trial as unexpected and took the value “0” if the 
incorrectly predicted trial was classified as expected. We 
then estimated a logistic mixed effects model predicting 
the described dummy variable by condition (prediction 
vs. prediction with reflection condition).

Furthermore, we tested whether children in the pre-
diction with reflection condition would show better 
monitoring-based control as indicated by postconflict 
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improvements in accuracy. That is, we tested whether 
performance on an incongruent trial was improved 
when the preceding incongruent trial was incorrectly an-
swered and explicitly rated as unexpected. We estimated 
a logistic mixed effects model with condition, prediction 
accuracy, expectancy judgment, and their respective in-
teractions as predictors of performance on the next in-
congruent trial.

Belief revision during learning phase

To examine how belief revision evolves over trials, we 
used data from the learning phase. Using a logistic 
mixed effects model, we first tested the interaction 
between condition and trial number as a predictor 
of performance throughout the learning phase. This 
analysis served to test the hypothesis that children in 
the prediction with ref lection condition would show a 
steeper increase in performance throughout the learn-
ing phase compared to children in the prediction-only 
condition. Second, we used a Bayesian modeling ap-
proach to further investigate condition differences 
in belief revision across the learning phase. These 
analyses used an ideal Bayesian learning model to 
simulate children's learning and behavior on a trial-
by-trial basis (see Colantonio et  al., 2022, 2023 and 
Appendix A for details on the Bayesian modeling ap-
proach). First, learning was simulated by taking each 
child's individual belief distribution and updating it 
trial-by-trial via the Bayes rule. Then, for each trial, 
we used two metrics to determine the effectiveness of 
the ideal Bayesian model in simulating children's re-
sponses. First, we examined the correlation between 
the child's simulated response and the child's actual 
trial response during the task. Second, we assessed 
how well the model simulation predicted the child's 
response on each trial. Importantly, to examine po-
tential condition differences, we additionally exam-
ined the efficiency of the model to simulate children's 
responses separately for the prediction-only and the 
prediction with ref lection condition.

Performance in pretest, posttest, and 
transfer test

We hypothesized that children in the prediction with 
reflection condition would revise their misconception 
about water displacement more effectively than children 
in the prediction-only condition. To test this hypothesis, 
we examined whether children in the prediction with re-
flection condition would show (1) a greater increase in 
performance from pretest to posttest and (2) better trans-
fer test performance than children in the prediction-only 
condition.

RESU LTS

Condition differences in children's conflict 
monitoring and monitoring-based control

Consistent with our first research question, we tested 
condition differences in children's (1) implicit measures 
of conflict monitoring, (2) the explicit measure of con-
flict monitoring, and (3) postconflict improvements in 
accuracy as a measure of monitoring-based control.

Condition differences in implicit measures of 
conflict monitoring

First, we tested whether children in the prediction with 
reflection condition differed from children in the pre-
diction condition with regard to the implicit measures 
of conflict monitoring. Children in the prediction with 
reflection condition took longer to judge whether or not 
they had expected an outcome (b = 2.38, β = .23, SE = 1.07, 
p = .027). As shown in Figure  2a, the longer response 
times among the prompted children were especially 
pronounced for incorrectly predicted trials, which was 
reflected in a significant interaction between condition 
and accuracy (b = −2.48, β = −.24, SE = 1.16, p = .033). This 
finding suggests that children in the prediction with re-
flection condition thought longer about their response to 
the expectancy judgment when their prediction turned 
out to be incorrect.

In addition, we analyzed how children's response 
times to the expectancy judgments developed over the 
course of the task using a mixed effects regression. 
Children in both experimental conditions became faster 
in responding to the expectancy judgment throughout 
the task (b = −0.30, β = −.23, SE = 0.08, p < .001). However, 
children in the prediction-only condition accelerated 
significantly faster than children in the prediction with 
reflection condition (b = 0.29, β = .22, SE = 0.12, p = .014). 
Furthermore, for correctly predicted trials, children in 
the prediction with reflection condition became faster 
at responding to the expectancy judgment (b = −0.16, 
β = −.30, SE = 0.01, p < .001). In contrast, for incorrectly 
predicted trials, they roughly maintained their original 
response time from the beginning of the experiment, de-
spite the expected familiarization with the task (b = 0.03, 
β = .01, SE = 0.22, p = .903; see Appendix B for visualiza-
tion of these findings). This result supports the interpre-
tation that the reflection prompt may have encouraged 
children to continuously reflect on their expectations 
over time and as learning occurred, compared to chil-
dren who only generated predictions. Furthermore, as 
shown in Figure 2b, children show a larger pupillary di-
lation response to incorrectly predicted trials compared 
to correctly predicted trials (b = −1.17, β = −.23, SE = 0.30, 
p < .001; as expected, the pupillary dilation response 

 14678624, 2024, 4, D
ow

nloaded from
 https://srcd.onlinelibrary.w

iley.com
/doi/10.1111/cdev.14081, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  e261EFFECTS OF REFLECTION PROMPTS ON MONITORING

was also more pronounced for incongruent than for 
congruent trials, see Appendix  C). The pupil dilation 
response to incorrectly predicted trials compared to 
correctly predicted trials was particularly pronounced 
for children in the prediction with reflection condition 
compared to children in the prediction-only condition 
(b = −1.44, β = −.16, SE = .76, p = .032). In other words, 
children showed a greater pupillary dilation response 
to incorrectly predicted trials compared to correctly 
predicted trials, and this pupillary dilation response to 
incorrect predictions was particularly pronounced for 
children in the prediction with reflection condition.

Condition differences in explicit measure of 
conflict monitoring

We tested whether children in the prediction with re-
flection condition showed better conflict monitoring, 

as indicated by the expectancy judgment after incor-
rectly predicted trials (“Did you expect the outcome?”). 
That is, using a logistic mixed effects regression, we 
tested whether children in the prediction with reflec-
tion condition were more likely to classify an incor-
rectly predicted trial as unexpected (vs. expected) as 
compared to children in the prediction-only condition. 
Contrary to our hypothesis, children in the prediction 
with reflection condition were no more likely to clas-
sify an incorrectly predicted trial as unexpected than 
children in the prediction-only condition (b = −0.53, 
β = −.27, SE = .57, p = .354). It is worth noting that even 
though feedback was provided immediately after the 
prediction, children in both conditions were almost 
equally likely to rate an incorrectly predicted trial as 
expected or unexpected (see Table  1). These results 
suggest that children in both conditions had difficulty 
saying that an incorrectly predicted outcome was un-
expected for them.

F I G U R E  2   Effects of reflection prompts on children's conflict monitoring and post-conflict improvements in accuracy. (a) Response time 
to judge whether or not an outcome was expected depending on accuracy and condition. The figure shows the response times (in seconds) for 
correctly predicted trials (left side) and incorrectly predicted trials (right side) separately for the prediction condition (blue) and the prediction 
with reflection condition (orange). Children in the prediction with reflection condition took more time to make the expectancy judgment after 
incorrectly predicted trials compared to children in the prediction-only condition. Error bars represent 95% confidence intervals. Asterisk 
indicates that the difference in response times after incorrectly predicted trials between conditions is statistically significant. (b) Incorrect 
predictions (solid line) elicited a stronger pupil dilation response compared to correct predictions (dotted line). This pupil dilation response was 
especially pronounced among children in the prediction with reflection condition compared to children in the prediction-only condition. (c) 
Post-conflict accuracy by condition. Following our definition of postconflict improvements in accuracy, we focus on the most relevant contrast 
and therefore show the accuracy improvements after incorrectly predicted trials that were rated as unexpected. A plot including all possible 
contrasts is provided in Appendix D. Children in the prediction with reflection condition (orange) showed higher post-conflict accuracy than 
children in the prediction-only condition (blue). Error bars represent 95% confidence intervals. The asterisk indicates that the difference in 
postconflict accuracy between conditions is statistically significant.

TA B L E  1   Expectancy judgment by accuracy and condition.

Prediction Prediction with reflection

Correct prediction Incorrect prediction Correct prediction Incorrect prediction

Classified as 
expected

68% (k = 685 trials, M = 18.42, 
SD = 7.16)

10% (k = 102 trials, 
M = 2.86, SD = 3.96)

77% (k = 860 trials, 
M = 20.71, SD = 6.59)

11% (k = 119 trials, M = 2.88, 
SD = 4.09)

Classified as 
unexpected

11% (k = 108 trials, M = 3.15, 
SD = 4.90)

11% (k = 117 trials, 
M = 3.23, SD = 2.54)

4% (k = 50 trials, M = 1.71, 
SD = 2.44)

8% (k = 93 trials, M = 2.78, 
SD = 2.78)
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Condition differences in children's 
monitoring-based control: Post-conflict 
improvement in accuracy

We tested for condition differences in post-conflict 
improvements in accuracy. We found a three-way in-
teraction between accuracy of the prediction (cor-
rectly vs. incorrectly predicted), expectancy judgment 
(outcome classified as expected vs. unexpected), and 
condition (prediction vs. prediction with reflection; 
b = 2.34, β = .53, SE = .82, p = 004). Following our defi-
nition of post-conflict improvements in accuracy, the 
most relevant contrast is to look at accuracy improve-
ments after incorrectly predicted trials that were rated 
as unexpected. These incorrectly predicted trials that 
were classified as unexpected (vs. expected) should lead 
to improvements in accuracy on the next trial. Results 
indicated that children in the prediction with reflec-
tion condition who classified an incorrectly predicted 
outcome as unexpected (as opposed to classifying it as 
expected) were more likely to respond correctly on the 
next incongruent trial. In other words, children who 
recognized a conflict were more likely to adjust their 
beliefs on the following trial (i.e., higher post-conflict 
accuracy). Following up on this result, we found that 
this post-conflict improvement in accuracy was present 
only in the prediction with reflection condition (b = 1.73, 
β = .74, SE = .61, p = .005), but not in the prediction-only 
condition (b = −0.33, β = −.14, SE = .57, p = .564). Figure 2c 

shows the postconflict accuracy for the two conditions, 
that is, accuracy on incongruent trials that followed an 
incorrectly predicted trial that was rated as unexpected. 
We focused on this theoretically most relevant contrast, 
but the other combinations of expectancy judgments 
and accuracy are reported in Appendix D for complete-
ness. In summary, these higher post-conflict accuracy 
results suggest that the reflection prompts may have 
facilitated metacognitive control processes for children 
in the prompted condition, but only for trials in which 
children acknowledged a conflict.

Condition differences in children's belief revision

According to our second research question, we tested 
whether children in the prediction with reflection con-
dition would revise their incorrect beliefs about water 
displacement more thoroughly than children in the pre-
diction condition, as indicated by better performance 
during the learning phase, posttest, and transfer test.

Children's belief revision throughout 
learning phase

We first analyzed the correctness of children's re-
sponses on a trial-by-trial basis to gain insight into the 
intraindividual processes that lead to belief revision 

F I G U R E  3   Performance in learning phase, pretest, posttest, and transfer test by condition. Percentage of correctly solved incongruent 
trials by condition (a) during learning phase, (b) in pretest and posttest, and (c) in transfer test. (a) The thick lines show the average development 
in accuracy for the prediction condition (blue) and the prediction with reflection condition (orange). The thin lines show the individual 
trajectories for each participant in the prediction condition (blue) and prediction with reflection condition (orange), respectively. On average, 
children in the prediction with reflection condition showed a steeper performance increase throughout the learning phase compared to children 
in the prediction condition. (b) Children in both conditions, prediction (blue) and prediction with reflection (orange), improved from pre- to 
posttest and there were no condition differences. (c) Children in both conditions did not differ in their transfer test performance. Error bars 
represent 95% confidence intervals.
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throughout the learning phase. Results from a logis-
tic mixed effects model revealed a steeper increase in 
performance on incongruent trials over time in the 
prediction with reflection condition compared to the 
prediction-only condition (b = 0.05, β = .17, SE = .02, 
p = .015). Figure 3a illustrates this finding. The figure 
plots the probability of holding the correct “size rule” 
across all trials throughout the learning phase. As can 
be seen in the figure, on average, children in the pre-
diction with reflection condition switched to the cor-
rect size rule earlier in the experiment than children in 
the prediction-only condition, suggesting faster belief 
revision. Note that the rather abrupt switch to the cor-
rect size rule in both groups around trial 18 can be 
explained by the fact that same-size object trials were 
introduced at this point in the experiment. That is, in 
these trials the size of the object was constant, and only 
the material (and thus the weight) varied. Feedback on 
these trials is particularly informative and may have 
helped to reject weight and consider size as the most 
plausible candidate for determining water displace-
ment. In summary, the results suggest that children 
who received additional reflection prompts revised 
their incorrect beliefs about water displacement more 
strongly.

Next, we designed an ideal Bayesian model to simu-
late individual children's responses trial by trial. This al-
lows us to examine the extent to which children may have 
engaged in model-based, “Bayesian-like” learning. We 
examined the ability of the ideal Bayesian model to cor-
rectly predict the response a child would make during the 
task. In this analysis, accuracy is defined as a one-to-one 
match between the child's response and the model out-
put, which allows us to account for children's confidence 
in their predictions. Children indicated their confidence 
in the prediction by stating whether they thought it was 
clearly the left (or right) object or more likely that the left 
(or right) object displaced more water. Results showed 
that the model had 59% accuracy for the prediction-only 
condition and 67% accuracy for the prediction with re-
flection condition. To test whether this difference was 
statistically significant, we conducted a logistic mixed ef-
fects regression (trials clustered in children) to predict the 
accuracy of the model prediction (1 = model prediction 
matched the child's actual response; 0 = did not match) by 
experimental condition. We found that the mean accu-
racy of the model prediction was higher in the prediction 
with reflection condition (vs. the prediction-only condi-
tion; b = 0.65, β = .32, SE = .28, p = .022), such that the ideal 
Bayesian model shows a better fit to children's responses 
in the prediction with reflection condition. Thus, when 
children's confidence in their predictions was taken into 
account, children in the prediction with reflection con-
dition behaved more like optimal Bayesian learners than 
children in the prediction-only condition (see Appendix E 
for additional analyses).

Children's performance during pretest, 
posttest, and transfer test

So far, results from the learning phase suggest that chil-
dren in the prediction with reflection condition showed 
better conflict monitoring (in terms of implicit meas-
ures), better monitoring-based control, and a steeper in-
crease in performance over time. We then tested whether 
these condition differences would also be reflected 
in better posttest and transfer test performance in the 
prediction with reflection condition compared to the 
prediction-only condition.

As a measure of children's performance, we used the 
percentage of correctly solved incongruent trials at pre-
test and posttest. As would be expected from random 
assignment, there were no pretest differences between 
conditions, t(95) = −0.82, p = .413. Children in both con-
ditions answered less than half of the trials correctly, 
indicating the presence of misconceptions (prediction: 
Mpretest = 0.41, SDpretest = 0.27; prediction with reflection: 
Mpretest = 0.45, SDpretest = 0.31). Children in both condi-
tions improved significantly from pretest to posttest, 
F(1, 95) = 191.85, p < .001, d = 2.84. However, we did not 
observe significant differences between conditions in 
the change in performance from pretest to posttest, F(1, 
95) = 1.79, p = .185, d = 0.27, prediction: Mposttest = 0.91, 
SDposttest = 0.19; prediction with reflection: Mposttest = 0.87, 
SDposttest = 0.29. Notably, performance on the posttest 
was very high in both conditions, suggesting ceiling ef-
fects. Furthermore, a between-subjects t test revealed no 
condition differences in transfer test performance, pre-
diction: M = 0.65; SD = 0.19; prediction with reflection: 
M = 0.59, SD = 0.24; t(95) = 1.35, p = .180, d = 0.28. Note 
that these results were robust to excluding the more diffi-
cult fifth transfer test subtest on buoyancy from the anal-
ysis (see Appendix F). Taken together, contrary to our 
hypothesis, the reflection prompts did not significantly 
enhance the effects of generating predictions on revising 
misconceptions about water displacement.

DISCUSSION

This study examined the effects of reflection prompts on 
children's conflict monitoring and the revision of mis-
conceptions about water displacement. Results showed 
that children who generated predictions and received 
reflection prompts showed better conflict monitor-
ing (with respect to implicit measures) than children 
in a prediction-only condition. Furthermore, once the 
prompted children explicitly monitored a conflict, they 
were more likely to subsequently revise their incorrect 
belief. Using data from the learning phase, we found 
that children in the prediction with reflection condition 
performed closer to an optimal Bayesian learner and 
showed a steeper increase in performance than children 
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in the prediction-only condition. However, these condi-
tion differences did not translate into better posttest and 
transfer test performance. These results suggest that re-
flection prompts can enhance children's learning from 
incorrect predictions by improving conflict monitor-
ing. However, more frequent presentation of the reflec-
tion prompt may be necessary to sustain their beneficial 
effects.

Effects of reflection prompts on conflict 
monitoring and metacognitive control

Results indicated that the reflection prompts improved 
children's conflict monitoring. First, compared to chil-
dren in the prediction-only condition, the prompted chil-
dren took longer to judge whether or not the outcome 
was expected when their prediction was disconfirmed. 
These differences in response times reveal implicit meta-
cognitive monitoring processes (Son & Metcalfe,  2005; 
van Loon et al., 2013). For example, children have been 
shown to take longer to report uncertainty than cer-
tainty (Kälin & Roebers, 2020), and to slow down be-
fore and after making an incorrect response (Dubravac 
et  al.,  2020; Roebers et  al.,  2019). In this study, longer 
response times to make an expectancy judgment after 
an incorrect prediction serve as an implicit measure of 
better conflict monitoring. Children who received re-
flection prompts may have taken longer to reflect on 
their expectations after being confronted with their mis-
conception. An alternative, but not mutually exclusive, 
explanation is that children in the prediction-only con-
dition were only instructed to report whether they had 
expected the outcome. In contrast, children in the pre-
diction with reflection condition received an additional 
instruction, namely to think about how their predictions 
related to what they had already learned. This additional 
instruction, provided before the experimental blocks, 
may have led to longer response times in the prediction 
with reflection condition compared to the prediction-
only condition. However, if this is the case, the longer 
response times suggest that the children in the prediction 
with reflection condition followed the task instructions 
to reflect on their predictions. This increased reflection 
may occur especially when their predictions are discon-
firmed and thus may explain the longer response times 
to the expectancy judgment. Thus, the reflection prompt 
appeared to enhance children's conflict monitoring, as 
indicated by longer response times following conflicting 
outcomes.

Second, children who received reflection prompts 
showed a greater pupil dilation response to incorrectly 
predicted trials compared to children who only gener-
ated predictions. The pupil dilation response indicates an 
increase in physiological arousal (Preuschoff et al., 2011) 
and serves as a physiological measure of surprise about a 
contradictory outcome (Theobald & Brod, 2021). Thus, 

the magnitude of the pupil dilation response can be in-
terpreted as an implicit measure of better conflict mon-
itoring. Taken together, the reflection prompt appeared 
to enhance children's conflict monitoring, as indicated 
by longer response times and a greater pupil dilation re-
sponse following conflicting outcomes.

However, the better conflict monitoring of the 
prompted children in the implicit measures did not show 
up in the explicit measure of conflict monitoring. For 
each trial, after receiving corrective feedback, children 
were asked, “Did you expect the outcome?” Regardless 
of the condition, children were equally likely to classify 
an incorrectly predicted outcome as expected or unex-
pected. In other words, when children were asked to re-
port post hoc whether they had expected an outcome, 
they often reported that they had expected it when in 
fact they had made an incorrect prediction. One ex-
planation for this contrasting result could be that el-
ementary school children have difficulty providing 
accurate self-reports of their performance because this 
ability is limited by the development of other higher 
level cognitive functions, such as verbal skills or execu-
tive functions (Roebers, 2017; Whitebread et al., 2009). 
In particular, monitoring for incorrect responses is 
challenging for children, and children's self-reports of 
current or future performance tend to be overly op-
timistic (Lipko et al., 2009). Thus, an alternative, but 
not mutually exclusive, explanation is that children's 
monitoring is influenced by motivational biases, such 
as wishful thinking (Schneider & Löffler, 2016). That 
is, children do not distinguish between their expected 
and desired performance, which may explain why chil-
dren overlook or ignore performance errors (Finn & 
Metcalfe,  2014; van Loon & Roebers,  2020). Taken 
together, the present findings highlight potential dif-
ficulties in using explicit measures of conflict monitor-
ing for elementary school children. At the same time, 
our findings highlight the benefits of behavioral and 
physiological measures that assess conflict monitoring 
implicitly, as these measures do not rely on verbalized 
accounts of errors.

Importantly, when children explicitly stated that an 
outcome was in conflict with what they had predicted 
(i.e., indicating conflict monitoring), they were more 
likely to shift toward the correct generalization that it 
is object size that determines water displacement. This 
relation was found to be significantly stronger for chil-
dren in the condition that included additional reflec-
tion prompts. These post-conflict improvements in 
accuracy for prompted children can be interpreted as 
enhanced monitoring-based control (Danielmeier & 
Ullsperger,  2011). Together with the finding that chil-
dren who received additional prompts took more time to 
make their expectancy judgments, these results suggest 
that the reflection prompt changed the way children pro-
cessed the expectancy judgment. The prompt may have 
led to a deeper engagement with the task and encouraged 
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deeper reflection, which is important for successful belief 
revision (Chinn & Brewer, 1993; Dole & Sinatra, 1998). 
Thus, these results support the hypothesis that conflict 
monitoring acts as a mediator between the provision of 
reflection prompts and subsequent belief revision.

Effects of reflection prompts on belief revision 
during learning phase

The microgenetic design used in this study shed light on 
the intraindividual process of belief revision. Results re-
vealed condition differences in children's accuracy and 
confidence throughout the learning phase. Children in 
the prediction with reflection condition revised their in-
correct beliefs about water displacement faster than chil-
dren in the prediction-only condition. Results from the 
Bayesian computational modeling analysis also showed 
that children in both conditions revised their incorrect 
beliefs throughout the learning phase. This study did not 
include a control group who did not generate predictions, 
making it difficult to isolate the effects of generating pre-
dictions from simple feedback effects. Nevertheless, the 
present findings are consistent with results from a recent 
study showing that generating predictions before seeing 
the correct outcome helped children (as compared to a 
control group) engage in optimal Bayesian learning using 
a similar paradigm (Colantonio et  al.,  2022). However, 
when children's confidence in their predictions was taken 
into account, children in the prediction with reflection 
condition behaved more like optimal Bayesian learners 
than children in the prediction-only condition. That is, 
not only did children in the prediction with reflection 
condition make correct predictions, but they also chose 
the correct prediction with greater confidence.

However, when one's prior belief is incorrect, greater 
confidence in the incorrect beliefs could have both unfa-
vorable and favorable effects on belief revision, depend-
ing on the learner's engagement with the task. From a 
Bayesian perspective, high confidence in a prediction 
that later turns out to be incorrect could be detrimen-
tal to belief revision. For example, children with strong 
prior beliefs about a topic will explain away conflicting 
evidence if they can, and only revise their beliefs if they 
cannot (Bonawitz, van Schijndel, et al., 2012). Thus, in 
low-engagement tasks where learners are simply con-
fronted with conflicting evidence, overconfident prior 
beliefs may lead children to choose maladaptive strate-
gies for dealing with conflicting evidence, such as ignor-
ing or reinterpreting the evidence, in order to maintain 
their incorrect belief (Chi, 2013; Chinn & Brewer, 1993).

However, in highly engaging tasks, such as when 
learners are asked to make predictions, high confidence 
may have beneficial effects. As shown in this study, 
children who made predictions and were prompted to 
reflect showed a stronger pupillary surprise response 
when they made an error, suggesting greater attention 

to the contradictory outcome (Fazio & Marsh,  2009). 
Once detected, errors made with high confidence may 
benefit learning (Butterfield & Metcalfe,  2006). One 
possible mechanism for how confidence might enhance 
learning is that higher confidence in a prediction allows 
for greater surprise when the prediction is disconfirmed 
(Theobald et  al.,  2022). Greater surprise, in turn, has 
been associated with better learning in general (Brod 
et al., 2022) and, more specifically, with the revision of 
false beliefs (Theobald & Brod, 2021). Thus, when com-
bined with prediction, reflection prompts could facili-
tate belief revision by increasing learners' confidence in 
a prediction.

Effects of reflection prompts on the revision of 
misconceptions about water displacement

Contrary to our hypothesis, the reflection prompts 
provided in this study did not add to the positive ef-
fects of generating predictions on the revision of the 
incorrect belief that weight determines water displace-
ment. Children in both conditions revised this mis-
conception to a similar extent from pretest to posttest 
and showed similar transfer test performance. We pro-
pose two explanations for why the reflection prompts 
did not produce additional effects. First, generating 
predictions is a powerful and effective learning strat-
egy in its own right (Brod, 2021b), especially for over-
coming misconceptions (Gunstone & Mitchell,  1998; 
Theobald & Brod,  2021). Alternatively, receiving re-
peated feedback, particularly if it violates one's expec-
tations, can enhance learning even without asking for 
explicit predictions (see e.g., Metcalfe,  2017; Stahl & 
Feigenson, 2017). In summary, the effects of the reflec-
tion prompts may have been too small to contribute to 
the strong effects of generating predictions and receiv-
ing feedback on overcoming misconceptions.

A second explanation for why the prompts did not 
improve performance on the posttest and transfer test is 
related to the timing and design of the prompts. In terms 
of timing, the prompts were delivered only three times 
during the learning phase in the general task instruc-
tion. We wanted to make sure that each child noticed the 
prompt while reading the instruction, at the expense of 
making the prompting intervention more subtle. More 
frequent repetition before each trial might have led to bet-
ter internalization of the prompt. Regarding the design 
of the prompts, children were instructed to relate each 
outcome to what they already knew. Thus, the prompt 
gave children rather specific guidance about what to do 
and what to think about. Results from previous research 
suggest that even more generic prompts are more effec-
tive in eliciting productive reflection (Davis, 2003; Davis 
& Linn,  2000). For example, Davis and Linn  (2000) 
found that generic prompts that asked students about 
their current thinking processes encouraged more 
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productive reflection than directed prompts that asked 
students directly what information they did not under-
stand well. Generic prompts may be better suited to sup-
porting children where they are in the learning process. 
Future research should therefore test how reflection 
prompts should be designed and when they should be de-
livered in order to most effectively promote the revision 
of misconceptions.

Further research and limitations

The results of this study provide several avenues for fur-
ther research. We used a simple water displacement task 
to test the effects of generating predictions and prompt-
ing reflection on the revision of misconceptions at the 
level of a single (incorrect) higher order belief. Children 
were only required to learn that it is the size of an object 
(and not its weight) that determines water displacement. 
To fully understand water displacement requires an un-
derstanding of concepts such as space, mass, volume, and 
density (Piaget & Inhelder, 1941; Smith et al., 1985). The 
protracted process of model revision would therefore in-
volve changes at the level of concepts (e.g., mass, volume, 
density), which (likely) requires providing children with 
a theory (Kelemen, 2019; Weisman & Markman, 2017). 
As we wanted to address a common misconception in 
a short period of time during an experimental session, 
we chose this simple task and focused on the revision of 
misconceptions at the level of a single incorrect belief. As 
a result, children learned that it is the object's size that 
determines water displacement rather quickly, which 
contributed to the ceiling effects observed in the post-
test. The ceiling effects may also have masked the effects 
of our prompting intervention.

Future studies could include a follow-up test after sev-
eral days or weeks. For example, Stark and Krause (2009) 
showed that university students who received reflection 
prompts to justify their decisions outperformed students 
in a control group on a complex statistical task even after 
a 4-week delay. Applied to this study, the positive effects 
of reflection prompts may also show up with a delay if 
ceiling effects in the immediate posttest have faded. In 
addition, to avoid ceiling effects in the first place, future 
studies should use more complex paradigms that require 
children to consider multiple factors, such as buoyancy 
(Hardy et al., 2006). More complex paradigms would also 
allow testing whether generating predictions and reflec-
tion prompts could help children not only to revise a mis-
conception at the level of a single belief, but also to gain 
a deeper understanding at a more conceptual level. For 
example, in this study, children successfully revised the 
incorrect belief that weight determines water displace-
ment. However, it remains unclear whether the children 
fully understood the principles of water displacement 
at a conceptual level. The transfer test partially tapped 
into this higher level conceptual understanding of water 

displacement. The comparatively low transfer test per-
formance (across conditions) suggests that revising the 
incorrect belief that weight determines water displace-
ment does not necessarily promote a deeper conceptual 
understanding of the principles of water displacement.

To promote deeper conceptual understanding, it may 
be helpful to embed prediction and reflection prompts in 
more comprehensive instructional modules (Gunstone & 
Mitchell, 1998; Rickey & Stacy, 2000; Tien et al., 2007). 
These instructional modules could include additional 
formal instruction in theories to help children generate 
alternative explanations for the conflicting evidence. 
Providing learners with alternative theories and expla-
nations for conflicting evidence has been shown to re-
duce confidence in an incorrect theory (Hemmerich 
et  al.,  2016) and facilitate belief revision (Ganea 
et  al.,  2021). Furthermore, allowing children to gener-
ate their own explanations for conflicting evidence has 
also been shown to facilitate belief revision (e.g., Walker 
et  al.,  2017). Thus, prediction and reflection could be 
combined with providing children with alternative the-
ories or letting them generate explanations. Future stud-
ies could test whether children gain deeper conceptual 
understanding when predicting and reflecting are com-
bined with an explanation for an unexpected outcome.

Future research should also consider interindividual 
differences between children to test who benefits most 
from reflection prompts. Making predictions is an effec-
tive learning strategy even for elementary school children 
(Brod,  2021a, 2021b). However, there is little research 
on the question whether lower elementary school chil-
dren benefit from reflection prompts, especially in sci-
ence education (Zohar & Barzilai, 2013). Most previous 
research on the effects of reflection prompts in science 
education has tested secondary school children (e.g., 
Davis & Linn, 2000; White & Frederiksen, 1998; Zepeda 
et al., 2015). Although metacognitive skills develop sig-
nificantly during the early school years (Schneider & 
Löffler, 2016), the efficient use of metacognitive strate-
gies may also depend on interindividual differences in 
executive functions, such as inhibitory control or work-
ing memory (Roebers,  2017). Taken together, more re-
search is needed to test the effectiveness of reflection 
prompts in science education, particularly with elemen-
tary school students.

In addition, future studies should use and compare dif-
ferent measures of children's conflict monitoring. In this 
study, children had difficulty explicitly stating whether 
they expected an outcome. However, children's response 
times and pupil dilation indicated that they were moni-
toring the conflict, at least implicitly. Thus, time-based 
measures or physiological measures may help to circum-
vent the difficulties associated with explicit self-reports 
by implicitly assessing conflict monitoring. Other prom-
ising alternatives for assessing conflict monitoring at 
young ages include, for example, observational methods 
(Whitebread et al., 2009). Taken together, future research 
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could triangulate different explicit and implicit measures 
to capture children's conflict monitoring.

Practical implications and conclusion

The results of this study have practical implications. 
Reflection prompts made children think longer about 
incorrect predictions. Thus, reflection prompts may pro-
vide a starting point for encouraging children to stop and 
think about their predictions and consider whether an 
outcome violates their prior beliefs. This increased task 
engagement may elicit meaningful conflict, paving the 
way for successful belief revision (Chinn & Brewer, 1993; 
Dole & Sinatra, 1998; Limón, 2001). Future studies could 
further test how best to combine reflection prompts and 
prediction generation to help children overcome their 
misconceptions.
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