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Misconceptions about scientific concepts often prevail even if learners are confronted with conflicting evi-
dence. This study tested the facilitative role of surprise in children’s revision of misconceptions regarding
water displacement in a sample of German children (N = 94, aged 6–9 years, 46% female). Surprise was mea-
sured via the pupil dilation response. It was induced by letting children generate predictions before present-
ing them with outcomes that conflicted with their misconception. Compared to a control condition, generating
predictions boosted children’s surprise and led to a greater revision of misconceptions (d = 0.56). Surprise fur-
ther predicted successful belief revision during the learning phase. These results suggest that surprise
increases the salience of a cognitive conflict, thereby facilitating the revision of misconceptions.

Teaching science is challenging because it entails
changing students’ na€ıve theories about the world.
Prominent examples include children’s misconcep-
tions about buoyancy (Potvin, Masson, Lafortune, &
Cyr, 2015) or about solids and liquids (Babai & Ams-
terdamer, 2008). Misconceptions are persistent
because they provide plausible explanations for
everyday phenomena (Vosniadou & Ioannides,
1998), and because they can coexist alongside the
accepted scientific concept (Shtulman & Valcarcel,
2012). Following the framework by Chi (2008, 2013),
misconceptions subsume false beliefs and flawed
mental models. False beliefs refer to misconceptions
at the level of a single idea, while flawed mental
models contain a network of false beliefs. In either

case, overcoming a misconception requires learners
to revise (one or many) false beliefs, which is a cum-
bersome process (Chi, 2013; Vosniadou, 2019).

A prominent instructional tool to facilitate belief
revision is to induce a cognitive conflict between
the misconception and the scientific concept (Pos-
ner, Strike, Hewson, & Gertzog, 1982). Typically,
this is done by confronting learners with evidence
that is in conflict with their misconception. While
intuitively plausible, a wealth of research has found
that conflicting evidence does not suffice to change
the learner’s misconception (see Lim�on, 2001).
Instead, learners interpret conflicting evidence as an
exception and ignore or only slightly modify their
misconception (Chinn & Brewer, 1993). For
instance, children frequently have the misconcep-
tion that the mass of an object determines how
much water it displaces when fully immersed in
water (e.g., Dawson & Rowell, 1984; Linn & Eylon,
2000; Piaget & Inhelder, 1941). It has been shown
that children often stick with their misconception
even if they are repeatedly confronted with conflict-
ing evidence and even if they are explicitly told that
the volume of an object and not its weight
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determines water displacement (Burbules & Linn,
1988). Hence, simply presenting conflicting evi-
dence seems not to suffice to overcome a miscon-
ception.

Cognitive developmental research suggests that
learners leverage conflicting evidence if the evi-
dence clearly violates their beliefs. For instance, it
has been shown that children who already have
an initial belief only revise it if they cannot “ex-
plain away” the conflicting evidence (Bonawitz,
van Schijndel, Friel, & Schulz, 2012). This result
suggests that the extent to which children revise
their beliefs depends on the perceived strength of
the conflicting evidence. Another study found that
this is true for higher-level belief revision as well,
and that it depends also on the strength of the
prior belief (Kimura & Gopnik, 2019): Children
with weak prior beliefs revise their beliefs faster
than children with strong prior beliefs. In sum,
previous results from developmental research sug-
gest that children’s belief revision depends both on
the strength of the conflicting evidence and on the
strength of the prior belief, in accordance with
Bayesian learning.

Thus far, research on the effects of violations of
expectations on belief revision has largely over-
looked the role that emotions may play in this pro-
cess. Epistemic emotions are considered to be of
particularly high relevance for science learning
because they occur while processing conflicting
information (Sinatra, Broughton, & Lombardi, 2014;
Vogl, Pekrun, Murayama, & Loderer, 2020). Sur-
prise can be conceptualized as the initial emotional
response to a violation of expectations (Noordewier,
Topolinski, & Van Dijk, 2016). Surprise, in turn,
triggers curiosity or leads to confusion if the conflict
remains unresolved (Vogl et al., 2020). Hence, sur-
prise may serve as a starting point to engage in
deeper processing of expectancy-violating informa-
tion.

Physiologically, surprise has been shown to go
along with a short burst in physiological arousal, as
indexed by a pupil dilation response (PDR, e.g.,
Kloosterman et al., 2015; Preuschoff, t Hart, & Ein-
hauser, 2011). Already 6-month-old infants show a
PDR to events that violate their expectations
(Zhang, Jaffe-Dax, Wilson, & Emberson, 2018). The
PDR has been shown to be sensitive to violations of
more complex beliefs as well, such as in Theory of
Mind tasks (D€orrenberg, Rakoczy, & Liszkowski,
2018). Age-comparative research suggests that the
PDR to expectancy-violating events constitutes a
reliable, age-invariant measure (Kr€uger, Bartels, &
Krist, 2020). In sum, these results suggest that the

PDR to expectancy-violating events constitutes a
good marker of surprise.

The PDR to expectancy-violating events has been
linked to successful belief revision already. It has
recently been shown that the average magnitude of
the PDR to expectancy-violating events predicts
belief revision (Brod, Hasselhorn, & Bunge, 2018).
In this study, university students had to predict the
results of soccer games or predict which of two
countries has the larger population size. Students
with a larger PDR to expectancy-violating results
showed higher learning gains from pretest to postt-
est. These findings suggest that surprise drives cog-
nitive processes related to learning. However, this
study focused on the interindividual relation
between the average PDR aggregated over all
expectancy-violating events and learning gains from
pre- to posttest. This type of analysis cannot cap-
ture belief revision as an intraindividual, accruing
process that occurs in response to repeated
expectancy-violating events. In other words, it
remains unclear whether surprise about an unex-
pected event predicts beliefs revision on a trial-by-
trial level throughout the learning phase. There is,
thus, a clear lack of research on how intraindividual
differences in learners’ response to conflicting evi-
dence are related to successful belief revision.

How could surprise facilitate belief revision? It is
assumed that surprise leads to an interruption of
ongoing cognitive processes and directs attention
toward the unexpected outcome (Reisenzein, Horst-
mann, & Sch€utzwohl, 2019). In line with this claim,
it has been shown that surprising feedback leads to
increased attention to and learning of unexpected
information (Fazio & Marsh, 2009). Moreover, it has
been shown that surprise triggers curiosity which is
associated with exploratory behavior (Vogl et al.,
2020). Exploration and the search for alternative
explanations for the conflicting evidence could in
turn benefit belief revision (Bonawitz et al., 2012;
Walker, Lombrozo, Williams, Rafferty, & Gopnik,
2017). Hence, surprise could facilitate belief revision
by helping learners to focus on and remember alter-
native explanations for the conflicting evidence.

In this study, we examined whether surprise
facilitated the correction of misconceptions in the
domain of water displacement. As mentioned ear-
lier, a common misconception among children is
that the weight of an object determines how much
water it will displace (Burbules & Linn, 1988; Daw-
son & Rowell, 1984; Piaget & Inhelder, 1941). The
scientifically correct answer, however, is that only
the size of the object determines how much water it
will replace when it is forcibly held under water.
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Furthermore, the concept of water displacement is
closely related to the concept of buoyancy. To eval-
uate buoyancy, children need to understand the
concepts of mass and volume and their respective
influence on water displacement. The understand-
ing of the concept of water displacement, thus, con-
stitutes an important prerequisite to develop a
coherent understanding of the more complex con-
cept of buoyancy (see Hardy, Jonen, M€oller, &
Stern, 2006).

Throughout our experiment, children saw pairs
of spheres and indicated which sphere displaces
more water. Children generated predictions or gave
post hoc expectancy ratings (i.e., postdictions)
before seeing the correct outcome. Surprise was
measured via the PDR to expectancy-violating out-
comes. Based on previous findings (Breitwieser &
Brod, 2021; Brod, Breitwieser, Hasselhorn, & Bunge,
2020; Brod et al., 2018), we assumed that the PDR
to expectancy-violating outcomes would be stronger
if a prediction was made beforehand. The design,
thus, yields an indirect experimental manipulation
of surprise intensity.

We hypothesized that, compared to children in
the postdiction condition, children in the prediction
condition would exhibit a greater PDR to
expectancy-violating outcomes and greater belief
revision, as indicated by better performance in a
transfer test. We further hypothesized an intraindi-
vidual, positive link between surprise and subse-
quent belief revision in the prediction condition.

Method

Participants

We tested 94 six- to nine-year-old children
(MAge = 8.00, SDAge = 0.96; 46% female) who were
randomly assigned to a prediction (n = 48) or post-
diction condition (n = 46). The target sample size
(n = 84) was determined using G*Power (Faul, Erd-
felder, Lang, & Buchner, 2007) with the following
settings: Difference between two independent
means, effect size d = 0.65 (based on pilot results),
a = .05, b = .90. We tested more children than the
target sample size to compensate for the exclusion
of children who did not exhibit a misconception in
the pretest. Eight children were excluded because
they correctly solved at least 7 of 8 trials in the
pretest (prediction: n = 2; postdiction: n = 6). The
randomly assigned groups (prediction vs. postdic-
tion) did not differ regarding their average age (t
(92) = �.86, p = .394). Children’s age was further
unrelated to pretest performance (r = �.06,

p = .548), posttest performance (r = �.04, p = .747),
and transfer test performance (r = .12, p = .284).

Participants were recruited by student assistants
in a natural history museum in Germany. The
museum is one of the largest natural history muse-
ums in Europe and attracts almost 400 thousand
visitors a year from all over the country, many of
them children. Parents gave written informed con-
sent prior to testing. Children received a small gift
for their participation. Ethics approval was
obtained from the ethics committee of DIPF, Leib-
niz Institute for Research and Information in Edu-
cation.

Design

Children participated in a pretest, learning
phase, posttest, and transfer test, in this order
(see Figure 1). For the learning phase, children
were randomly assigned to a prediction or post-
diction condition (between-subject design). Chil-
dren in the prediction condition predicted the
outcome of the learning task before they were
presented with the correct solution. Children in
the postdiction condition first saw the correct
solution of the learning task and only then stated
which outcome they would have predicted. This
experimental manipulation was adapted from
Brod et al., (2018) who (using different stimuli)
demonstrated that the prediction condition elicited
a pupillary surprise response whereas the postdic-
tion condition did not. This experimental manipu-
lation, thus, promised to be an indirect
experimental manipulation of surprise intensity
during the learning phase.

To examine children’s correction of misconcep-
tions, several dependent variables were assessed:
(a) performance gains from pretest to posttest, (b)
performance in a transfer test, and (c) performance
during the learning phase (see behavioral analyses).
Furthermore, pupil size was recorded throughout
the learning phase to assess children’s pupillary
surprise response (see pupillary analyses).

Procedure

Children were tested individually in a quiet
room and saw a short introductory video clip that
introduced the water displacement experiment. The
clip showed an experimenter demonstrating how
water gets displaced by pressing a sphere under
water. The experimenter stressed that the spheres
were held under water to avoid that children evalu-
ate buoyancy instead of water displacement.
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Pretest

Children’s concepts of water displacement were
assessed in a paper-pencil pretest (eight trials,
McDonald’s x = .81). Children were presented with
pairs of spheres that varied in material and,
thereby, weight (polystyrene, wood, lead) as well

as in size (small, medium, large; stimuli were
adapted from Potvin, Sauriol, & Riopel, 2015). A
common misconception about water displacement
is that the weight instead of the size of the object
determines how much water will be displaced. In
congruent trials, the common misconception (heav-
ier object displaces more water) led to the correct

Figure 1. Schematic overview of the experimental procedures. The study followed a pretest–learning phase–posttest–transfer test
design. The learning phase consisted of 34 trials that were presented in one of two conditions (between-subjects): prediction or postdic-
tion. The figure shows an exemplary incongruent trial in both conditions. Children in the prediction condition stated their expectation
about which sphere displaces more water before results were presented. Children in the postdiction condition first saw the results and
only then stated their expectation.
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solution because the heavier sphere was also the
larger one, while in incongruent trials the miscon-
ception led to the wrong solution. For each trial,
children stated whether they expected the left
sphere or the right sphere to displace more water,
or whether they thought that both spheres displace
an equal amount of water. Expectations were
assessed on a 5-point-scale (1 = clearly the left sphere,
2 = rather the left sphere, 3 = spheres displace an equal
amount of water, 4 = rather the right sphere, 5 = clearly
the right sphere).

Learning Phase

Children were randomly assigned to a prediction
or a postdiction condition in which they performed
a computerized trial-and-error learning task. The
learning task encompassed the same kind of stimuli
as in the pretest. The learning phase started with
eight practice trials (only congruent trials) followed
by a pseudorandomized sequence of 10 congruent
and 16 incongruent trials. Depending on the experi-
mental condition, children stated their expectation
about which sphere displaces more water either
before seeing the correct answer (“Which of the
two spheres displaces more water?”; prediction
condition) or as a post hoc judgment (“Which out-
come would you have predicted, independent of
the actual result?”; postdiction condition). Impor-
tantly, the way in which the stimuli were presented
as well as the duration of the presentation was
identical for both conditions; the only difference
was the order in which these stimuli were pre-
sented (see Figure 1).

Posttest

After the learning phase, children completed a
paper-pencil posttest (eight trials, McDonald’s
x = .92). The posttest was identical to the pretest
but with the position of the spheres (left/right)
being switched.

Transfer Test

Finally, a paper-pencil transfer test (8 trials,
McDonald’s x = .92) was administered (see Fig-
ure 1). The transfer test differed from the pretest,
learning phase, and posttest because it included
other kinds of stimuli. Hence, the transfer test
served to test whether children could apply their
newly acquired model of water displacement to dif-
ferent tasks. The transfer test included a receptive
and a productive transfer task. The receptive

transfer task (six trials) was presented first and was
similar to the pre- and posttest whereby spheres
were replaced by cubes. For each pair of cubes, the
child had to decide which cube would displace
more water. A correct answer was dummy-coded
with “1”. Hence, overall, children could earn 6
points in the first transfer task. The productive
transfer task was presented second. In the produc-
tive transfer task, children indicated how high the
water level in a glass would rise for spheres of dif-
ferent size and weight that were fully immersed in
water. Children were presented with sets of
spheres. The first set included three spheres and is
displayed in Figure 1. The second set included four
different spheres. In each set, the water level for
one sphere was already shown, which served as a
baseline. Children then had to mark how high the
water level would rise for the other spheres relative
to this baseline water level. All possible pairwise
comparisons within each item set were dummy-
coded in terms of accuracy. For instance, in the set
displayed in Figure 1, the water level of the leaden
sphere and the wooden sphere were each compared
to the baseline water level of the polystyrene sphere
as well as among each other. This procedure, thus,
yielded three comparisons in the first set of spheres
and six comparisons in the second set. Hence, over-
all, children could earn 9 points in the productive
transfer task.

After the transfer test, children performed a brief
executive functions task (Hearts and Flowers Task).
The executive functions task was included because
it could explain interindividual differences in belief
revision. We do not report results of the executive
function task in this manuscript because of our
focus on intraindividual processes of belief revision.
The whole experiment took about 30 min in total.

Stimulus Presentation and Eye-Tracking Procedure

Stimuli were presented using PsychoPy v1.83.03
(Peirce et al., 2019). Children were seated about
68 cm from the computer screen in a dimly lit room
without windows. The eye-tracking camera (Eye-
Link 1000; SR Research, Osgoode, Ontario, Canada)
was placed below the computer screen and
recorded continuously throughout the learning
phase at a frequency of 500 Hz. Eye-tracking was
performed to record children’s pupil size when see-
ing the correct result. The pupil size is highly reac-
tive to changes in luminance and eye movements.
Therefore, a luminance-matched “Inter-Trial-
Interval” was presented at the beginning of each
trial to avoid carry-over effects from the previous
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trial. In addition, a short “Pupil Baseline Phase”
was included 750 ms prior to the “Results Phase.”
This was done to enhance comparability of pupil
size changes in response to seeing the correct result
between the prediction and postdiction condition.
The duration (750 ms) was deliberately kept short
to avoid that children in the postdiction condition
could generate a prediction as well (see Brod et al.,
2018, 2020). Throughout the whole trial sequence, a
fixation cross was presented to guide the children’s
view to the center of the screen.

Data Analyses

All analyses were carried out using R (R Core
Team, 2019). Significance levels were set at .05
throughout the analyses. We conducted confirma-
tory, one-sided tests for our directional hypotheses
that (a) children in the prediction condition would
show better performance in the transfer test com-
pared to children in the postdiction condition, (b)
generating a wrong prediction would evoke a
pupillary surprise response, and (c) the pupillary
surprise response would predict belief revision in
the prediction condition.

For the behavioral analyses, we excluded 6 chil-
dren with implausible performance in the posttest
or transfer test (prediction: n = 3; postdiction:
n = 3). These children scored more than 3 SD
below average and showed no performance
increase or even reduced performance from pretest
to posttest. We ensured that including those out-
liers did not alter our main results (see Supporting
Information for robustness checks). Hence, the
sample of the behavioral analyses comprised 80
children (n = 43 prediction, n = 37 postdiction).
For the pupillary analysis, data from an additional
three children were excluded due to erroneous
data recording, mostly because the eye tracker
focused on children’s glasses instead of on their
pupil. Thus, the reduced sample for pupillary
analyses comprised 77 children (n = 41 prediction,
n = 36 postdiction).

Each child in the prediction condition had on
average three unexpected, incongruent trials
(M = 2.63, SD = 2.42). However, seven children had
to be excluded from this analysis as they did not
have any unexpected, incongruent trials, leaving 34
children for the analysis. The lack of unexpected
(i.e., incorrectly answered) incongruent trials does
not fit with the observation that those children had
misconceptions in the pretest. The time restrictions
for making a prediction might offer an explanation.
We had to discard trials in which children did not

make a prediction (within 4.25 s), which affected 49
trials in total. That is, a response could only be reg-
istered if the child made a prediction in the respec-
tive time frame. Predictions from children who
failed to respond within this time frame were miss-
ing. The average number of missed trials per child
was 1.33 (Median = 1.00, SD = 1.91, range: [0–10]).
The likelihood that children missed a trial
decreased over the course of the experiment
(b = �0.04, p = .036), and children were more likely
to miss incongruent trials compared to congruent
trials (b = 1.49, p < .001). These results suggest that
many children missed at least one—mostly incon-
gruent—trial at the beginning of the experiment.
However, even if children failed to make a predic-
tion in time, they were presented the correct answer
during the results phase, which gave them the
opportunity to revise their beliefs. One could expect
that children who had difficulties to make a predic-
tion in time would have likely produced an incor-
rect prediction. This might, in part, explain the
comparably high average percentage of correctly
solved incongruent trials in the prediction group
throughout the learning phase (M = 0.84,
SD = 0.15), despite the fact that children had mis-
conceptions in the pretest. If missed trials were
coded as errors, the average percentage of correctly
solved incongruent trials drops (M = 0.79,
SD = 0.15).

We also tested whether children in the postdic-
tion condition were able to differentiate between
their prior false belief and the actual outcome.
We found that the post hoc judgments matched
the actual outcome in 66% of cases (SD = 0.30),
which is similar to the accuracy in the prediction
condition. This finding indicates that children in
the postdiction condition could differentiate
between their prior false belief and the correct
outcome. We further tested whether repeating a
false belief impaired belief revision in the postdic-
tion condition. We found that the correctness of
children’s postdictions during the learning phase
did not moderate the increase in performance
from pretest to posttest (F(1, 35) = 0.309, p = .582).
Hence, belief revision from pretest to posttest was
not affected by the correctness of children’s post-
dictions.

Pupillary Data Preparation and Data Analysis

We used a self-developed analysis script to ana-
lyze the PDR during the learning phase (for details,
see Breitwieser & Brod, 2021). First, we prepro-
cessed the pupillary data by removing blinks and
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saccades. Blinks and saccades resulted in missing
values, which were interpolated using fitted values.
We calculated these fitted values by estimating
local regressions using 300 data points on each side
of the regressed data point. Second, pupillary data
were epoched relative to the onset of the “Results
Phase.” The average pupil diameter during the final
300 ms of each trial’s “Pupil Baseline Phase” served
as a baseline for the pupil analyses. This late and
relatively short interval was chosen because pupil
size is sensitive to changes in higher-level image
content (even if luminance is matched, Naber &
Nakayama, 2013), and because we wanted to keep
this influence to a minimum. It is, thus, plausible
that the pupil was adapting during the Pupil Base-
line Phase in the postdiction condition, which could
explain why the overall time course of the PDR
looks different between the prediction and postdic-
tion condition (see Figures 3A and 3B). It is impor-
tant to note, though, that these overall differences
in time course are unlikely to affect expected and
unexpected trials differently, which were the main
target of our analyses.

As a further sanity check for the pupillary data,
we tested whether children’s gaze patterns during
the pupil baseline were comparable for expected
and unexpected trials (see Supporting Information).
As heavier spheres were darker than lighter
spheres, we tested whether children fixated them
more, which could distort the pupillary baseline.
We found no evidence that children looked more at
the heavier spheres nor that this differed between
expected and unexpected trials. Hence, it seems
unlikely that the differences in luminance between
the spheres caused systematic differences in the
pupil baseline between expected and unexpected
trials.

To establish a marker of surprise in the pupillary
data, we calculated the average change in pupil
diameter 250–2,000 ms after the onset of the
“Results Phase” relative to each trial’s “Pupil Base-
line Phase.” This analysis window was chosen
based on the expected time course of the PDR as
observed in previous studies with similar para-
digms (see Brod et al., 2018, 2020). In these studies,
the PDR peaked between 500 and 1,000 ms after
the result presentation and unfolded for about
1,000 ms afterward. We discarded the first 250 ms
to account for the typical delay in PDR. Further-
more, to identify potential outliers, we inspected
the average PDR in the prediction and postdiction
conditions for each trial. We removed trials in
which the PDR deviated more than 3 SD from the

average pupillary response of a particular person
throughout the experiment.

We calculated a linear mixed-effects model to
test whether generating predictions elicited a
greater PDR for unexpected compared to expected
results (i.e., a pupillary surprise response). To cap-
ture children’s surprise most clearly, trials were
defined as unexpected if the child (a) expected that
the left sphere would displace more water (i.e.,
pressed “1”) when it was, in fact, the right sphere
or when both spheres displaced an equal amount
(“3”), (b) expected that the right sphere would dis-
place more water (“5”) when it was, in fact, the left
sphere or when both spheres displaced an equal
amount (“3”), or (c) expected that both spheres
would displace an equal amount of water (“3”)
when it was, in fact, either the right sphere or the
left sphere that displaced more water. Hence, cor-
rectly answered trials in which the child was uncer-
tain about the correct answer (i.e., pressed “2” or
“4”) were not classified as unexpected. Likewise,
incorrectly answered trials were only coded as
unexpected if the child was certain about the
answer (i.e., pressed “1” or “5”). To classify the cor-
rectness of an answer, we did not differentiate the
degree of certainty, meaning that it did not matter
whether children were confident in their predic-
tion/postdiction.

To examine the relation between surprise and
belief revision, we then examined whether chil-
dren’s PDR to unexpected outcomes predicted sub-
sequent belief revision. For this purpose, we
conducted a logistic mixed-effects regression analy-
sis to analyze whether a higher PDR after an
incorrectly predicted incongruent trial was associ-
ated with an increased likelihood to correctly solve
the subsequent incongruent trial. Using a multi-
level approach (trials clustered in children), we
could account for between-subject differences in
average PDR to test the intraindividual process
account that a larger PDR to unexpected events
(compared to each child’s usual PDR) increases the
likelihood of belief revision in children. Doing so,
we were able to examine the intraindividual pro-
cess of belief revision in response to conflicting
evidence. We conducted this analysis in the pre-
diction group only because children in the postdic-
tion group did not make a prediction beforehand
that could then be violated. Accordingly, the post-
diction group did not show a PDR to outcomes
that were afterward classified as unexpected dur-
ing the postdiction (t(59) = �.41, p = .683, see also
results section below).
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Results

Behavioral Performance

We first tested whether generating predictions
facilitated the correction of misconceptions com-
pared to giving post hoc expectancy ratings (i.e.,
postdictions). We used the percentage of correctly
solved incongruent trials as a measure of children’s
pretest and posttest performance, respectively (see
Figure 2). There were no pretest differences
between groups (t(78) = .54, p = .592), and both
groups answered most trials incorrectly, indicating
the existence of misconceptions (prediction:
MPretest = 0.33, SDPretest = 0.28; postdiction:
MPretest = 0.36, SDPretest = 0.24). While children in
both conditions strongly improved from pre- to
posttest (F(1, 78) = 397.07, p < .001, d = 4.53), chil-
dren in the prediction condition showed higher
learning gains than children in the postdiction con-
dition (see Figure 2A, F(1, 78) = 4.75, p = .032,
d = 0.49, prediction: MPosttest = 0.97,
SDPosttest = 0.10; Δ = .64; postdiction: M = 0.87,
SD = 0.20; Δ = .51). Concurrent evidence was
obtained in the analysis of process data during the
learning phase. A logistic mixed-effects regression
analysis revealed a performance increase in incon-
gruent trials over time in the prediction condition
(b = .81, p < .001, 95% CI [0.55, 1.06]). In contrast,
there was no clear time trend in the postdiction
condition (b = �.11, p = .324, 95% CI [�0.32, 0.11]).
Note, however, that children in the postdiction con-
dition made post hoc judgments of whether they
would have predicted the outcome, which cannot
be interpreted as a direct performance measure.

Turning to the transfer tasks, in line with our
hypothesis, a between-subject t-test revealed a
higher percentage of correctly solved trials in the
prediction compared to the postdiction condition
(see Figure 2B, prediction: M = 0.86; SD = 0.17;
postdiction: M = 0.74, SD = 0.25; t(78) = �2.48,
one-tailed p = .008, d = 0.56). The pattern of results
was similar for the receptive transfer task (predic-
tion: M = 0.89; SD = 0.21; postdiction: M = 0.72,
SD = 0.34; t(78) = �2.68, one-tailed p = .005,
d = 0.61) and the productive transfer task (predic-
tion: M = 0.83; SD = 0.22; postdiction: M = 0.76,
SD = 0.21; t(78) = �1.47, one-tailed p = .072,
d = 0.33). Taken together, these results indicate that
generating predictions facilitated the correction of
misconceptions in children.

Pupillometry

The following set of analyses examined surprise
as a potential mechanism by which generating pre-
dictions promotes belief revision during the learn-
ing phase. In a first step, we tested whether
unexpected results that contradicted children’s mis-
conception elicited a PDR. In line with our hypothe-
sis, children in the prediction condition (Figure 3A)
showed a larger PDR for unexpected than expected
results, that is, a pupillary surprise response
(b = .11, one-tailed p = .005, 95% CI [0.03, 0.19]). A
model with random slopes for expectancy-
consistent versus expectancy-violating trials did not
provide a better model fit compared to a model
with random intercepts only (v2(2) = 1.16, p = .559).
That is, the relation between expectancy and PDR

Figure 2. Generating predictions facilitates belief revision. Compared to children in the postdiction condition, children in the prediction
condition showed a steeper performance increase from pretest to posttest (A) and a better performance in the transfer test (B). Error
bars represent 95% confidence intervals.
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was comparable between children. In contrast to
the prediction condition, children in the postdiction
condition did not show a PDR to unexpected com-
pared to expected results (Figure 3B; b = .02,
p = .764, 95% CI [�0.08, 0.11]). Hence, consistent
with previous reports (Brod et al., 2018, 2020),
unexpected results elicited a PDR only when a pre-
diction was made beforehand. The prediction ver-
sus postdiction design can, thus, be seen as an
indirect experimental manipulation of surprise
intensity.

To examine the link between surprise and belief
revision, we then tested whether the PDR in the
prediction condition was related to children’s per-
formance in the subsequent incongruent trial. That
is, we tested whether children’s PDR after unex-
pected, incongruent trials predicted a change
toward the scientifically correct model in the next
incongruent trial (see Figure 4). In line with our
hypothesis, a larger PDR to an unexpected outcome
was associated with a higher likelihood of predict-
ing the next incongruent trial correctly (b = .55,
one-tailed p = .014, 95% CI [0.06, 1.04]). Put differ-
ently, incongruent trials that were predicted cor-
rectly were preceded by a larger PDR in the
previous incongruent trial than incongruent trials
that were predicted incorrectly. A model with ran-
dom slopes for the PDR after unexpected,

incongruent trials did not provide a better model fit
compared to a model with random intercepts only
(v2(2) = 0.002, p = .999). That is, the relation
between the PDR after unexpected, incongruent tri-
als and performance in the next incongruent trial
was comparable between children. We further
explored whether the PDR to expected, incongruent
trials was positively related to performance in the
next incongruent trial as well. We found a non-
significant trend in the opposite direction: A larger
PDR to expected, incongruent trials were associated
with a lower likelihood of answering the next
incongruent trial correctly (b = �.35, p = .055, 95%
CI [�0.70, 0.01]). Taken together, the pupillometry
data suggest that incorrect predictions elicited sur-
prise and that the degree of surprise was positively
related to successful belief revision during the
learning phase.

Discussion

This study examined whether surprise about con-
flicting outcomes predicts how much children
revise their misconceptions. Children who gener-
ated predictions before seeing outcomes that con-
flicted with their misconception showed a pupillary
surprise response. The magnitude of this response

Figure 3. Generating predictions elicits a pupillary surprise response to unexpected results. Children in the prediction condition (A)
showed a stronger pupil dilation response (PDR) to seeing expectancy-violating than expectancy-consistent results. In the postdiction
condition (B) the PDR for expectancy-violating and expectancy-consistent results did not differ significantly. Change in pupil size rela-
tive to the pupil baseline (light gray area) was calculated for the time interval from 250 to 2,000 ms after the onset of the results phase
(dark gray area).
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positively predicted subsequent belief revision. In
contrast, children who stated their expectation after
seeing the conflicting outcome did not show a
pupillary surprise response and exhibited less belief
revision. In conclusion, this study indicates that sur-
prise plays an important role in predicting how
much children revise their misconceptions.

Results suggest that incorrect predictions induce
surprise. Surprise signals a cognitive conflict
between the initially held belief and the scientifi-
cally correct concept. Physiologically, conflicting
information that violates prior expectations evokes
a PDR (Kloosterman et al., 2015; Preuschoff et al.,
2011). The PDR is age-invariant (e.g., Kr€uger et al.,
2020; Zhang et al., 2018) and known to be a good
proxy for enhanced physiological arousal that is
induced by increased activity of the autonomic ner-
vous system (e.g., Bradley, Miccoli, Escrig, & Lang,
2008). Recent theories provide a physiologically
plausible mechanism of how the pupillary surprise
response could facilitate belief revision. Changes in
pupil size are affected by the release of nore-
pinephrine in the brainstem’s locus coeruleus (Joshi,

Li, Kalwani, & Gold, 2016). Norepinephrine release
has been suggested as a global model failure signal
that leads to the interruption of ongoing processes,
and to promote attention and memory for goal-
relevant information (Clewett, Huang, Velasco, Lee,
& Mather, 2018). It is also thought to initiate updat-
ing in a Bayesian fashion (Dayan & Yu, 2006; Yu &
Dayan, 2005). Taken together, although clearly
speculative for a high-level belief revision task such
as ours, these theories suggest an intricate neurobi-
ological mechanism for the link between the pupil-
lary surprise response and subsequent belief
revision observed in our study.

On a cognitive level, surprise signals a discrep-
ancy between the learners’ expectations and new
information (Reisenzein et al., 2019). This discrep-
ancy causes an interruption in ongoing cognitive
processes and draws learners’ attention to the con-
flicting information, which benefits memory for it
(see Fazio & Marsh, 2009; Stahl & Feigenson, 2017).
Surprise has further been suggested to function as a
metacognitive cue to engage in deep processing of
the conflicting information and to search for

Figure 4. Surprise predicts successful belief revision. Incongruent trials that were predicted correctly were preceded by a larger pupil
dilation in the previous incongruent trial (dotted line) compared to incongruent trials that were predicted incorrectly (solid line).
Change in pupil size relative to the pupil baseline (light gray area) was again calculated for the time interval from 250 to 2,000 ms after
the onset of the results phase (dark gray area).
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alternative explanations (Munnich & Ranney, 2018).
Active evaluation of alternative explanations has
been shown to support students’ science learning
(Lombardi, Bailey, Bickel, & Burrell, 2018). In sum,
surprise might lead learners to elaborate on conflict-
ing information, which paves the way for belief
revision.

Of note, simply presenting conflicting informa-
tion did not suffice to induce surprise. The pupil-
lary surprise response only occurred if a prediction
was made before the correct result was revealed
(i.e., in the prediction condition). The postdiction
condition was designed in a way that children did
not have enough time to generate and commit to a
prediction before seeing the correct result. Children
in the postdiction condition did not show a pupil-
lary surprise response, which replicated prior find-
ings (Brod et al., 2018, 2020). This experimental
design, thus, yielded an indirect manipulation of
surprise intensity. Children in the postdiction con-
dition (i.e., low surprise condition) showed smaller
learning gains from pretest to posttest and dis-
played more misconceptions in the transfer test
compared to children in the prediction condition
(i.e., high surprise condition). In sum, results sug-
gest that generating predictions enabled children to
be surprised about conflicting information, which
benefitted their belief revision.

Our findings also bear on related areas of
research on correcting misconceptions, such as refu-
tation texts. In refutation texts, the misconception is
typically stated before the scientifically accepted
view is presented. It has been argued that the co-
activation of the misconception and the scientifi-
cally accepted view makes the conflict more salient,
which benefits its resolution (for an overview see
Broughton, Sinatra, & Reynolds, 2010). For instance,
eighth-graders who read a refutation text were
more likely to revise the misconception than those
who read an explanatory text that only stated the
scientifically accepted view without mentioning the
misconception (van Loon, Dunlosky, van Gog, van
Merri€enboer, & de Bruin, 2015). This finding sug-
gests that activating the prior theory is necessary
for the beneficial effect to occur. Building on the
findings of this study, it seems worthwhile to test
whether a reason for this effect is the greater sur-
prise response in the refutation text condition.

The current findings give further support for the
increasingly recognized importance of epistemic
emotions in belief revision (Sinatra et al., 2014; Vogl
et al., 2020). In line with recent proposals (Inzlicht,
Bartholow, & Hirsh, 2015), our findings suggest a
link between emotions and conflict resolution.

Emotions make a cognitive conflict more salient,
which might prevent learners from ignoring con-
flicting information. Following conflict detection,
learners may engage in effortful processes to
resolve the conflict. Our findings, thus, complement
studies showing that children change their beliefs
when confronted with strongly conflicting informa-
tion (e.g., Kimura & Gopnik, 2019) by indicating
that belief revision is not a “cold” process. In sum-
mary, our results provide evidence for the claim
that belief revision constitutes both a cognitive and
an emotional process.

Limitations and Future Directions

There are a number of limitations of this study,
which provide avenues for future research. First,
children acquired the scientific concept rather fast.
Children had to learn one simple rule: volume
alone determines water displacement. We intention-
ally chose this simple task because we wanted to
tackle a simple, yet common, misconception. Only
then could we expect to observe surprise-related
belief revision during such a short amount of time.
While children in the prediction (/high surprise)
condition demonstrated faster belief revision than
children in the postdiction (/low surprise) condi-
tion, children in the postdiction condition showed
substantial belief revision as well. This pattern indi-
cates that while surprise is clearly not the only fac-
tor driving belief revision, it does serve an
accelerating role. Future studies should examine
whether this pattern holds in more complex belief
revision tasks where the correct answer depends on
more than one rule (e.g., buoyancy). We assume
that the proposed link from surprise to belief revi-
sion would also hold for more complex tasks that
include more than one plausible alternative hypoth-
esis. However, in such a more complex scenario, it
has to be ensured that the correct alternative is
deducible for the learner. Furthermore, the task
instructions have to be very clear. For instance, as
buoyancy and water displacement are related con-
cepts, some children in our study may have initially
confused the two concepts. Future studies that use
more complex tasks should further test whether
greater surprise goes along with more exploratory
behavior by the learner.

The second limitation refers to the measurement
and conceptualization of surprise. In this study, we
assessed the physiological component of surprise,
that is, a brief increase in physiological arousal as
indexed by a succinct PDR (Kloosterman et al.,
2015; Preuschoff et al., 2011). We observed that
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higher surprise (as assessed via the PDR) predicted
the likelihood of belief revision later on. Since it
seems virtually impossible to manipulate surprise
directly, we indirectly manipulated surprise inten-
sity by letting children generate predictions (vs.
making post hoc judgments). Therefore, we cannot
completely rule out that a third variable caused by
generating predictions could have led to both
higher surprise and a higher likelihood of belief
revision. It is further questionable whether a brief
increase in arousal following a violation of expecta-
tion is sufficient to infer that children also felt sur-
prised (for a recent summary of the debate on the
state of surprise as an emotion, see Munnich, Fos-
ter, & Keane, 2019; Reisenzein et al., 2019). Future
research could include self-reports of surprise inten-
sity and correlate those with pupil dilation data.

Third, while generating prediction was more
effective in promoting the revision of misconcep-
tions than generating postdictions, the durability of
the observed effects is debatable. According to the
coexistence claim, misconception never fully disap-
pear (Shtulman & Valcarcel, 2012). That is, miscon-
ceptions continue to interfere with the correct
scientific concept, but this interference may be
reduced with repeated practice. Hence, it seems
likely that, without repeated practice, the beneficial
effects obtained in this study would attenuate over
time. To test this hypothesis, future studies should
conduct follow-up tests after a substantial delay, test
whether findings hold for live demonstration (ide-
ally in classrooms), and include far transfer tasks to
demonstrate true and lasting belief revision.

Finally, we cannot rule out that repeating false
beliefs in the postdiction condition impaired belief
revision. Children in the postdiction condition were
asked to state retrospectively which outcome they
would have predicted. Inevitably, children therefore
sometimes repeated their false belief. We chose this
experimental manipulation to avoid confounding
effects that could arise if only the prediction group
had to make an active choice that requires semantic
elaboration. To test whether repeating a false belief
impaired belief revision, we tested whether the cor-
rectness of children’s postdictions during the learn-
ing phase moderated the increase in performance
from pretest to posttest, which was not the case. To
examine whether repeating a false belief impairs
belief revision, future studies could include another
condition in which children are not asked to make
a post hoc judgment after each trial. A previous
study with children that included such an addi-
tional baseline condition found that children’s
memory for unexpected outcomes was significantly

better in the postdiction condition than in the base-
line condition (Brod et al., 2020). This result sug-
gests that the postdiction condition does not
generally impair learning of unexpected outcomes
that refute prior beliefs.

Conclusion

Picture a typical science class in school: A tea-
cher asks students to first predict the outcome of an
experiment, then observe the outcome, and finally
explain the outcome. “Predict—Observe—Explain”
(POE; White & Gunstone, 1992) constitutes a popu-
lar instructional practice to foster believe revision in
learners. This study offered an explanation why
POE could be effective. Letting students generate
predictions constitutes a simple, instructional tool
to elicit surprise and grasp students’ attention. Stu-
dents become cognitively and emotionally engaged,
which builds an ideal starting point to encourage
deeper scientific reasoning. Teaching science entails
discussing conflicting outcomes and explanations;
surprise could help students to leverage these con-
flicts for learning.
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