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Abstract

The ability to monitor and adjust our performance is crucial for adaptive behaviour,

a key component of human cognitive control. One widely studied metric of this

behaviour is post-error slowing (PES), the finding that humans tend to slow down

their performance after making an error. This study is a first attempt at generalizing

the effect of PES to an online adaptive learning environment where children practise

mathematics and language skills. This population was of particular interest since

the major development of error processing occurs during childhood. Eight million

response patterns were collected from 150,000 users aged 5 to 13 years old for

6 months, across 23 different learning activities. PES could be observed in most

learning activities and greater PES was associated with greater post-error accuracy.

PES also varied as a function of several variables. At the task level, PES was greater

when there was less time pressure, when errors were slower, and in learning activities

focusing on mathematical rather than language skills. At the individual level, students

who chose the most difficult level to practise and had higher skill ability also showed

greater PES. Finally, non-linear developmental differences in error processing were

found, where the PES magnitude increased from 6 to 9-years-old and decreased from

9 to 13. This study shows that PES underlies adaptive behaviour in an educational

context for primary school students.
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1 INTRODUCTION

Making mistakes is part of the learning process, allowing a student

to learn and improve (Moser et al., 2011). The capacity to detect,

evaluate and adapt to these mistakes is essential to the development

of children and is an active area of research in the cognitive control
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literature (Regev & Meiran, 2014; Smulders et al., 2016; Tamnes et al.,

2013; Ullsperger et al., 2014). One of the studied markers of adaptive

behaviour is post-error slowing (PES). PES refers to the finding that

humans slow down their performance after making an error, such

that the reaction time (RT) after an error is greater than after a cor-

rect response (Laming, 1979; Rabbitt & Rodgers, 1977). Whilst prior
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studies have typically examinedPESwithin experimental settings using

executive function tasks, the present study examined PES outside the

laboratory in a range of tasks implemented in an online learning

environment designed to allow children to practise mathematics and

language skills. This allowed the investigation of individual and task

factors that affect PES.

1.1 Theoretical accounts of PES

The Dual Mechanisms of Control (DMC) framework proposes that

cognitive control comprises reactive and proactive components which

can be used adaptively by adults depending on the demands of a task

(Braver, 2012). With proactive control, individuals anticipate and

prepare to respond to upcoming events. This approach can reduce

detrimental interference during the events but is quite demanding on

working memory capacity. In contrast, reactive control allows individ-

uals to respond to unforeseen events, such as an error. The reactive

mode is less demanding on working memory but also less efficient

and takes time and may therefore lead to PES. Two main theoretical

accounts of PES have been proposed. The functional account argues

that PES serves the purpose of taking more time to plan an action to

prevent future errors and increase performance. This is supported by

the conflict monitoring theory (Botvinick et al., 2001), which states

that slowing down reflects increased reactive control evoked by a

conflict, in this case, an error. People monitor their performance and

consequently adjust their response thresholds leading to slower but

more accurate responses. Thiswas also shownbyDutilh et al. (2012b)’s

drift-diffusion model, where participants increased their boundary

separation, the model parameter for response caution, after making

an erroneous decision. A more cautious response leading to more

accurate behaviour in post-error trials is thought to underly adaptive

behaviour (Ridderinkhof et al., 2004), although a coupling of post-error

changes in accuracy (PEA) and reaction time is not always found

(for a review, see Ullsperger et al., 2014). An alternative explanation

supporting the functional account is considering PES as the product

of automatic inhibition of the next response after an error (Gupta

et al., 2009;Marco-Pallarés et al., 2008), where inhibitory mechanisms

increase response cautiousness after making an error.

Other studies have suggested a non-functional account of PES,

where an error is thought to have a negative effect on subsequent

post-error performance. The orienting account argues that PES occurs

especially with infrequent errors since the attention orients towards

this surprising event instead of the task (Houtman et al., 2012; Note-

baert et al., 2009). This attention shift disrupts the information pro-

cess, inducing slower responses and worse performance. Notably,

Danielmeier and Ullsperger (2011) point out in their review that there

is evidence for both the functional and non-functional account and that

they are not necessarily mutually exclusive, as multiple mechanisms

may contribute to PES.

Although PES effects have been presented as markers of adaptive

behaviour, the majority of studies are done with relatively simple and

RESEARCHHIGHLIGHTS

∙ Children slow down their performance after an error

(PES), an overall marker of cognitive control, while practis-

ing in an online learning environment.

∙ Greater slowing down is associatedwith improved perfor-

mance after an error, suggesting that PES is adaptive.

∙ The occurrence of adaptive behaviour differed between

mathematical and language tasks and depended on the

amount of time pressure.

∙ Children’s ability and the level of difficulty at which they

chose to practise predicted the occurrence of PES.

∙ Development differences in PES showed a non-linear pat-

tern,with a peak at age9, suggesting increasing awareness

of errors and ability to change behaviour.

rapid tasks such as the flanker task (e.g. Schroder et al., 2019), or the

Go/No-go task (e.g. Jonker et al., 2013). These tasks are limited in terms

of the adaptation strategies they allow and performance can only be

increased by paying more attention to the stimuli, in line with Note-

baert’s (2009) conflict monitoring theory. However, there are studies

that have investigated PES in more complex settings with adults, for

example using a grasping task (Ceccarini & Castiello, 2018). In aca-

demic context, studies have also used mental arithmetic tasks with

university students and found that multiple strategies were available,

with larger response times after an error than after a correct response

(Borght et al., 2016; Desmet et al., 2012; Lavro et al., 2018b; Núñez-

peña et al., 2017). Interestingly, Borght et al. (2016) found that switch-

ing to a different strategy was associated with an increase in PEA and

reduced PES. Recently, children aged 4 through 15 were tested out-

side the laboratory in their Montessori classrooms using a flanker task

and showed post error slowing with increased self-monitoring perfor-

mance later (Denervaud et al., 2020).

1.2 Development of PES

Depending on the context, adults flexibly switch to the most adaptive

mode of control, either reactive or proactive (Chiew & Braver, 2013).

Cognitive control is an ability that children are still developing: younger

children seem to mostly rely on the reactive control mode (even when

the proactive control is more efficient), but begin to engage in proac-

tive control from the age of 8 years (Chevalier et al., 2015; Niebaum

et al., 2020). The development of cognitive control is not only associ-

ated with the improvement of these core cognitive processes, but also

with improvements in the adaptive selection of a mode of control to

engage in in a specific context or point in time. The development of

error monitoring as measured by PES has mostly been examined using

neuroscientific methods with children between 5 and 12 years of age
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(for reviews, see Ferdinand & Kray, 2014; Tamnes et al., 2013). Some

behavioural studies such as Fairweather (1978) found that young chil-

dren from the age of 5 slowed down after making errors during a two-

to eight-choice RT task. Ever since, PES in children has been repeatedly

examined and observed (Berwid et al., 2014; Fairweather, 1978; Gupta

et al., 2009; Jones et al., 2003; Schachar et al., 2004; Smulders et al.,

2016). Following the orienting account where errors lead to interfer-

ence, children are thought to bemoreprone to interference than young

adults and therefore also exhibit more PES (Smulders et al., 2016; van

der Molen, 2000). Conflict arising from interference is also related to

children’s still-developing inhibitory control skills (Durston et al., 2002;

Garon, Bryson, & Smith, 2008; Welsh, Friedman, & Spieker, 2006; B.

R. Williams, Ponesse, Schachar, Logan, & Tannock, 1999). This indirect

relation implies that improving inhibitory control skillswould therefore

lead to a reduction in PES magnitude. On the other hand, greater PES

may also reflect a developmental increase in cognitive control, with

greater performance monitoring and strategic adjustment of the bal-

ance between proactive and reactive control, according to the func-

tional account (Jones et al., 2003; Tamnes et al., 2013).

The directionality of changes in PES during development described

in the literature is heterogeneous. In recent research, Smulders et al.

(2016) used standard two-choice RT tasks and found that post-error

response slowingwas present from5 years to adulthood, i.e., thewhole

of their examined age range. They reported PES stability with age

rather than developmental differences. Jones et al. (2003) reported

increasing PES from 3- to 4-years of age using a Simon Says inhibitory

control task. These changes were interpreted as reflecting a develop-

mental increase in cognitive control. The results of Gupta et al. (2009)

showedanon-linear developmentofPES in6-11-year-old childrenper-

forming two task-switching digit tasks, with a peak inmagnitude of PES

at age 7. Schachar et al. (2004) also found a decreasing PES magnitude

from 7 to 16 years of age in a stop-signal task.

1.3 Factors influencing the presence or
magnitude of PES

Prior research has shown that PES varies as a function of the type

of task as well as the difficulty of the task. Although PES has been

found in both easy tasks (e.g., flanker task, Schroder et al., 2020) and

more complex tasks (e.g., mental arithmetic task, Desmet et al., 2012),

the non-functional account noted that response slowing after an error

occursmostly under conditionswhenerrors are rather unexpected and

infrequent events (Danielmeier &Ullsperger, 2011; Lavro et al., 2018a;

Notebaert et al., 2009).

Another factor influencing PES is the type of error that preceded it.

Errors can be found to be systematically faster or slower than correct

responses, with a range of underlying causes (Ratcliff & Rouder, 1998).

Slow errors typically occur when accuracy is emphasized and the task

is relatively difficult, whereas fast errors occur when responding is

rushed. Damaso et al. (2020) categorised fast and slow responses as

the 50% slowest and fastest responses of each participant in two sim-

ple recognition memory experiments. Results showed that PES mostly

occurred after fast errors (Damaso et al., 2020).

1.4 The current study

In the present study,we investigated students’ post-error performance

in a large scale online adaptive learningenvironment for primary school

children aged 5–13 years old. The first aim of this study was to assess

the presence of PES in the various learning activities relating to dif-

ferent mathematical and language skills. In addition, we examined

whetherPESassociatedwith increasedPEA,whichwasexpected if PES

functionality is adaptiveof nature, but not if PES reflected interference,

as proposed in the orienting account.

The second aim was to investigate predictors of the magnitude of

PES and of the association between PES and PEA. At the task level,

we investigated whether the type of skill practised (mathematics vs.

language) was associated with the magnitude of PES. In the learning

environment used for this study, children can choose not only between

different types of games but also the difficulty level of the games

(hard, medium and easy), which relate to the probability of solving the

items correctly based on their ability (Brinkhuis et al., 2018; Jansen

et al., 2013). This allowed us to test the prediction, based on previous

research (Danielmeier & Ullsperger, 2011; Lavro et al., 2018a; Note-

baert et al., 2009), that childrenwho choose the easy level, where there

is less chance of making errors, were more likely to show PES after an

error than children playing the medium and hard level, as the errors

were unexpected.

Finally, we investigated the influence of the speed of responding

on the PES. We first assessed the effect of time pressure (i.e., how

much time children were given to respond in each task) on PES mag-

nitude. Secondly, we distinguished fast and slow errors by categoris-

ing whether RT was higher or lower than the median split of the cor-

rect trials before the error within a task (Damaso et al., 2020) – to con-

trol for, global fluctuations in skills and motivation of the participant.

The prediction was that trials with fast errors would lead to greater

PES.

We also assessed individual differences between participants as

potential predictors of PES as well as of the PES-PEA association. We

first examined associations with age. Given the development of cogni-

tive control, it was expected that younger children would show more

PES, reflecting greater reliance on reactive control, which is not neces-

sarily beneficial for accuracy. Older children were expected to show a

greater PES-PEA association, reflecting their improving proactive con-

trol skills. Second, we investigated how individual differences in PES

may associate with children’s ability in the task examined. This has not

been investigated before, however, large differences in mathematical

abilities occur within school grades (Straatemeier, 2014), so only con-

sidering the age of children may not be a good proxy for comparing

children’s developmental stage. Therefore, we predicted that ability

on a particular task would be associated with PES and PEA above and

beyond age.
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2 METHODS

2.1 Participants

The response data of 149,747 Dutch primary school children playing

in the learning environment were collected. Their age was between 5

and 13 years old (M= 9.4 y, SD= 1.8 y, 48.6% female). Primary schools

buy accounts for students to practise their language and mathemati-

cal skills in the learning environment, while their responses are logged

for scientific purposes such as this study. Children (their parents or

schools) can opt out of being part of the research done in the learn-

ing environment, in which case they were not included in this study. All

anonymized data are available to researchers, and access to the data

can be acquired by contacting the first author.

2.2 Materials and equipment

2.2.1 Learning environment

Data were collected in the online adaptive learning platform Prowise

Learn (www.oefenweb.nl) with games to practise mathematics and

language skills, actively used by Dutch primary school children. The

adaptivity of this system is determined by an on-the-fly Elo-based

estimation algorithm based on the accuracy and speed of the students.

This approach is named after Arpad Elo, who originally developed it

for chess competition ranking. Here, a person’s ability rating increases

when they solve the problem correctly and fast and decreases when

the answer is incorrect or very slow, and vice versa for the item

difficulty ratings (formore detail, see Klinkenberg, Straatemeier, & Van

Der Maas, 2011; Maris & van der Maas, 2012). Based on a student’s

current ability estimate, the difficulty level of the items presented to

the students can be set so that the student has a probability of .90 (easy

level), .75 (medium level), or .60 (hard level) of answering correctly, to

ensure students remain motivated (Jansen et al., 2013; Straatemeier,

2014). This set difficulty level can be chosen by the student and

changedwhen preferred (Brinkhuis et al., 2018;Wilson et al., 2019).

2.2.2 Arithmetic and language learning activities

Every student has his/her own virtual garden, where each plant rep-

resents a game to practise a specific ability. In this study, 23 different

learning activities (i.e., games) were analysed. Each game session con-

sists of ten problems where a response must be given within a certain

time limit, which is visualised as virtual coins counting down on the

bottom right of the screen. The student receives immediate feedback

on the accuracy of their response; the remaining coins are rewarded

after a correct response and subtractedwhen the response is incorrect.

No coin is earned or lost when the student fails to answer within the

time limit. This way of scoring is known as the ‘High SpeedHigh Stakes’

rule (for more details, see de Mooij et al., 2020; Maris & van der Maas,

2012).

2.3 Procedure

Participants decide for themselves when they play, how long they

play for and which learning activities they want to complete. Data

from a total of 45 million trials were collected in 6 months (June

2019 until November 2019) from 23 different learning activities (13

mathematics-related and 10 language-related, see Appendix A.1 for

more details about the learning activities). Since the students decide

themselves which learning activity they participate in and these learn-

ing activities vary in which minimum age is required to practise, the

number of participants and the average age is different for each activ-

ity (see Appendix A.1 for details). Trials with an RT faster than 200 ms

were regarded as guess responses and were therefore excluded. In the

learning environment, children are discouraged to guess due to a visi-

ble and direct penalty of fast and incorrect responses. Trials where no

response wasmadewithin the time limit were labelled asmissing.

To ensure a reliable measure of post-error behaviour, RTs were

selected from a specific pattern of response. In a game session, a

sequence of four problems was selected when the accuracy pattern

was 1-1-0-1 (1 = correct; 0 = incorrect), such that a minimum of two

correct responses precede an error and the trial after the error is

correct. The additional correct pre-error response was added to the

response sequences to ensure that a correct post-error response in a

session could not at the same time be a correct pre-error response. In

the 45 million trials, 8 million of such sequences were found. Similarly

for the PEA measure, all occurrences of the pattern 1-1-0, i.e., a mini-

mum of two correct responses followed by an error, were identified in

the same dataset. Next, a proportion PEA was computed based on the

accuracy of the first trial following this pattern for each learning activ-

ity and each participant.

2.4 Measures

2.4.1 Post-error slowing quantification

The majority of previous studies quantify the magnitude of PES as

the difference in mean RT between trials following an error and tri-

als following a correct response. As Dutilh et al. (2012b) pointed out,

this method can be confounded by the global fluctuations in ability

and motivation during the task, since post-error responses are more

likely to originate from the second half of a task where responses are

inevitably slower due to motivation and tiredness. Dutilh’s solution is

to quantify PES as the average, across the selected sequences, of the

difference between the RT after the error (RTE+1) and the RT before

the error (RTE-1) (PESdiff):

PESdiff = MRTE+1 − MRTE−1 (1)

To ensure that our results do not fully depend on the choice

of this absolute PES measure, we use two additional methods. We

also report PES relative to the overall ability speed, calculated by

dividing the RT difference with the average speed of the two trials

http://www.oefenweb.nl
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(i.e.,
1

2
(MRTE+1 + MRTE−1)). This ensures that individual differences in

PESmagnitude can be compared regardless of the overall speed/ability

of the student:

P̂ESrel =
MRTE+1 − MRTE−1

1

2
(MRTE+1 + MRTE−1)

(2)

The thirdmethod is a robustway ofmeasuring post-error behaviour

overall, by quantifying PES as the number of sequences where the RT

was larger after the error (RTE+ 1) than before the error (RTE− 1), rel-

ative to the number of sequences (N). This is a measure that is not

affected by the PES effect size in certain sequences, which can vary

considerably in such a big dataset. The disadvantage of this robust

method is its low power.

ˆPESrobust =
n (RTE+1 > RTE−1)

N

2.5 Analyses

Themain analysis focused onwhether PES could be found for different

learning activities. To do this, a linear mixed model was performed in

R (Team, 2013) using the package lme4 (Bates et al., 2015) and lmerTest

(Kuznetsova et al., 2017) to calculate p-values. Participant was treated

as a random effect because the number of sequences collected per

participant differed as participants can play whenever they want and

as much as they want. Learning activity was treated as a fixed effect to

investigate whether there were differences in PES effect per learning

activity. When a general PES effect was found, the PEA measure was

added along with a variety of predictors to a basic linear mixed model

where both learning activity and participant were treated as random

effects, to account for variance between the tasks and participants.

A chi-square test was used to see if the added predictors explain PES

better.

The first categorical predictor added,was the type of learning activity,

distinguishing between mathematical and language skills. The second

task predictorwas time pressure since the tasks differed in the time limit

given to participants to solve a problem, from 8 to 60 s (see Appendix

A.1). The third categorical predictor, difficulty level (easy, medium, hard

level), reflected the probability of answering correctly chosen by the

child. At the participant level, we also included age (5-13 years old) and

child’s ability level (a continuous scale from −10 to 10) as predictors

of PES magnitude. These last two predictors were analysed in a linear

and quadratic fashion since the study of Gupta et al. (2009) also found

a non-linear development of PES with age. The ability level of a child in

each learning activity is provided by the learning system itself. It is esti-

mated with an adaptive Elo algorithm and is updated after every item.

Lastly, type of errorwas investigated at the trial level, where a compar-

ison of the magnitude of PES was made between fast and slow errors.

All errorswere categorised as fast errorwhen theRTwas lower than the

median RT of the correct items before the error or as slow error when

the RTwas higher than themedian RT.

3 RESULTS

3.1 Overall PES effect

To measure whether there was PES in the learning activities, a linear

mixedmodel was fitted to the datawith learning activity as fixed effect

and participant as random effects. Using the absolute PESdiff measure

we found that in 20 of the 23 learning activities participants showed

a significantly larger RT after an error than before, with a mean dif-

ference across learning activities of 225 ms (Figure 1 and Appendix

A.2 for details on the statistics). The average age of participants dif-

fered considerably between the learning activities (8.2 – 10.8 years),

but this did not account for the variation in PES magnitude between

the learning activities, ̅r= -.08, p= .70. For thePESrel measurewe found

the same pattern, where the learning activities letterchaos and spelling

did not show PES but post-error speeding (Appendix A.2). The learning

activity practising grammar was not significantly different from zero in

PESdiff.

Since PESrobust is a proportion measure, we performed a separate

proportion test for every learning activity, testing whether RTs were

greater after an error than before on more than 50% of trials, corre-

sponding to ameanproportion score greater than0.5. The resultswere

in line with the linear mixed models. The average proportion across

learning activities was .52 [range .48 – .55], meaning that in 52% of the

sequences the RT after an error was greater than before the error.

3.2 PES-PEA association

PES estimates per learning activity were expected to be positively

associated with PEA, reflecting an adaptive response. This associa-

tion was analysed with a one-sided Pearson correlation test. Only the

learning activities with a PESdiff greater than zero were analysed since

these showed PES. The test indicated a positive PES-PEA association,

r = .437, t(19) = 1.72, p = .049, such that the learning activities show-

ing greater PES also showed greater post-error accuracy (Figure 2A). A

linear mixed model of PES data at the trial-level with PEA per learning

activity and participant as random effect predictors also predicted PES

magnitude, β= 96.90, t(121000)= 2.36, p= .018.

3.3 Type of learning activity and time pressure

Next, a varietyof predictorswereaddedandcompared toabasicmodel

with participant and learning activity as random effects to seewhether

these predictors could explain variance in themagnitude of PES. Learn-

ing activity PEA was also included as a fixed effect in all the analyses,

to look at whether the predictors influenced the PES-PEA association.

Since the different PES calculations showed comparable results, we

only discuss PESdiff.

We first investigated task level predictors ofPES, tounderstandwhy

the learning activities differed in PES magnitude. We found that type
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F IGURE 1 Estimated absolute post-error slowing (PESdiff) in the 23 learning activities divided into practising language skills (red) and
mathematical skills (blue). PESwas observed for all activities (coefficients above zero (dashed line)), except for letterchaos and spelling (see
Appendix A.1 for the game details). The points are the regression coefficients estimated from the linear mixedmodel; the vertical lines represent
the 95% confidence intervals

of skill practised (mathematics vs language) significantly predicted PES

magnitude. The Tukey comparison test showed that greater PES was

shown in learning activities practisingmathematical skills (M= 276ms,

SE = 12.4 ms) than language skills (M = 82.3 ms, SE = 11 ms), p = .02

(Figure 1). The type of skill also moderated the PEA-PES association,

p < .001. A separate linear mixed model for learning activities with

mathematical skills showed no PES-PEA association, but for the learn-

ing activities practising language skills a higher PES average associated

to greater proportion post-error correct, β = 447.80, t(2011) = 5.59,

p< .001.

As an addition to this first model, we found that howmuch time par-

ticipants were given to respond on each trial (time pressure) predicted

PES, such that greater PES was found in learning activities with more

time to respond, β = 142.8, t(2942) = 8.27, p < .001. Moreover, time

to respond moderated the PES-PEA association positively, β = 57.5,

t(25027) = 13.36, p < .001, meaning that with more time to respond

participants showed more PES along with greater post-error accuracy

(Figure 2B). The time to respond did not differ between the learn-

ing activities practising language (M = 26.0 s) and mathematical skills

(M = 29.2 s), p = .45. Time pressure also did not interact with the type

of skill practised, p= .92.

While all learning activities showed on average slower RT on error

trials than on correct trials, there was an association between time

to respond and error RT, such that longer time to respond associated

with slower error RTs, β= 0.46, t(1519124)= 422.8, p< .001. Further-

more, when there was more time to respond, participants also exhib-

ited slower errors compared to the RTs of the correct trials, β = 0.15,

t(1519124)= 189.1, p< .001.

In addition, at the trial level, a model including the type of error (fast

vs slow errors) was found to be a better model to explain PES than the

basic model, χ2 = 380.96, p < .001. Here, participants showed greater

PES effect after slow errors (M= 276 ms, SE= 11.6 ms) than after fast

errors (M = 147 ms, SE = 12.4 ms), in line with what was found at the

task level.

3.4 Difficulty level (chosen by the participant)

At the participant level, we examined whether including the difficulty

level chosen by the student (easy, medium, hard), which affects the

selection of items and hence the error rate, would change the basic

model (participant and learning activity as random effects) fit. There

were no significant differences in age between the children choosing

the difficulty levels.We found that adding difficulty level as a predictor

significantly improved themodel, χ2 = 205.08, p< .001. Figure3 shows

that participants choosing the most difficult level in learning activities

also had the greatest PES effect (M= 270 ms, SE= 12.6 ms) compared

to participants choosing the medium level (M = 208 ms, SE = 11.8 ms)

and easy level (M = 129 ms, SE = 10.8 ms). Follow up comparisons

using a Tukey test showed that participants choosing the hard level

had a significantly greater PES than participants choosing the medium

and the easy levels, p’s < .001, and children choosing the medium level

also showed significantly greater PES than children choosing the easy

level, p = .006. To examine the PES-PEA association in comparison to

the difficulty level, the expected proportion correct given the difficulty

level was subtracted from the post-error correct metric. There was no
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F IGURE 2 (A) Scatterplot of the association betweenmean PESdiff andmean proportion post-error accuracy across learning activities.
(B) Association between post-error slowing (PES) difference (ms) and post-error accuracy as a function of howmuch time participants were given
to respond in the learning activities. The lines represent the predicted PES-PEA associations for the different time limits. The dotted bands around
the linear function represent the 95% confidence interval

interaction between the difficulty level and the PES-PEA association,

such that even though participants showedmore PES in the hard level,

these participants did not show significantlymore improved post-error

performance in comparison to the participants in the other levels. But

the PES-PEA association remained significant when controlling for dif-

ficulty level, β= 131.4, t(122982)= 3.2, p= .001.

3.5 Age and ability

To investigate developmental differences in PES, we examined the

association of PES magnitude with children’s age and ability level

at a participant level, above and beyond PEA. We found that age

predicted PES linearly (β = −50.6, p < .001) and quadratically

(β = −26.5, p < .001), where the magnitude of PES increased from

6 to 9 years old and decreased from 9 to 13 (Figure 4A). In the

same model, the children’s ability level was found to predict PES

effect positively in a linear way (β = 156.6, p < .001), but not

quadratically, p = .60 (Figure 4B). Neither the age nor the abil-

ity level of the child moderated the association between PES and

PEA, age p = .26, ability level p = .07, but PEA remained a signif-

icant predictor of PES in the model, β = 130.1, t(358880) = 3.15,

p= .002.
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F IGURE 3 PESmagnitude as a function of the difficulty level
chosen by the participants. The difficult level corresponds to the
probability that participants will give a correct answer: 90% at the
easy level, 75% at themedium level and 60% at the hard level (60%).
The vertical error bars represent the 95% confidence intervals

4 DISCUSSION

In this study post-error slowing, which is thought to be a marker of

adaptive behaviour, was investigated in an online learning environ-

ment for primary school children. In nearly all 23 mathematical and

language-related learning activitieswe found post-error slowing (PES).

Toensure a robust result,weused threedifferentmeasuresofPES, that

consider the impact of fatigue, general response speed and the magni-

tude of the RT difference. We found no difference in the main results

between these measures. PES associated with increased post-error

accuracy (PEA), suggesting that children who slow down their perfor-

mance after an error are adapting their strategies and improve their

accuracy. Further analyses revealed variability in themagnitude of PES

and its association with PEA as a function of task and individual differ-

ences. First, learning activities that involved practising mathematical

skills showed the greatest PES effects, whereas during language skills

practise the PES effect was smaller but had a greater impact on accu-

racy rate. Second, when children hadmore time to respond, that is, less

time pressure, they also showed greater adaptive behaviour after an

error. In line with this, we found that the PES effect was highest after

making a slow error, in comparison to fast errors. Third, looking at indi-

vidual differences between children we found that children who chose

themost difficult practise level had the greatest PES, but not necessar-

ily greater PEA than children in the other levels. Finally, we found that

from6 to9 years of age, PES effects increased and from9 to13 years of

age declined and that greater ability on the learning activities indepen-

dently (in addition to the age effect) predicted greater PESmagnitude.

Overall, the study showed promising findings for generalising PES

in an educational context. The findings relating to the mathematically

focused learning activities are in line with prior research examining

PES within the context of mental arithmetic tasks (Borght et al., 2016;

Desmet et al., 2012; Lavro et al., 2018b; Núñez-peña et al., 2017). This

study supports the finding that children slow down their performance

after an error in complex tasks in a range of mathematical tasks but

more importantly, they also show this in an online practice system. No

previous studies, to our knowledge, have addressed the PES effect in

linguistic tasks. Although the effects were remarkably smaller, we also

found PES in the linguistic domain. The substantial difference between

the domains could be due to how this specific learning environment

practises the particular skills. Further research is needed to support

this finding using language-related tasks outside and inside the labo-

ratory (e.g., spelling or reading).

StudyingPES in anonline learningenvironmenthasbothadvantages

and limitations.

The advantages are that it is possible to examine PES in a large het-

erogeneous sample of children that play in a natural environment cov-

ering a wide range of tasks. Another advantage is the adaptivity of the

practice system,which ensures that PES could be investigated in cogni-

tively demanding tasks for all ages and ability levels. But there are also

some drawbacks of collecting data in such a setting. Since children play

in their natural environment, we cannot control or check their circum-

stances, such as the presence of any distraction in the room, device, or

whether someone else is playing on their account. Since students can

also practise the learning activity of their choice when they want, the

data differ a lot in size between the learning activities and between the

students. In this study, we controlled for these complex data by using

learning activity and student as randomeffects in a linearmixedmodel.

Since we reliably observed post-error slowing across tasks, the next

question was why it occurs and in which conditions. In this study,

we show that students’ accuracy was greater after an error when

they showed greater post-error slowing, suggesting that PESmay con-

tribute to adaptive changes in behaviour after the detection of an

error (Ullsperger et al., 2014), in line with the functional account pro-

posed by the conflict monitoring theory (Botvinick et al., 2001; Dutilh

et al., 2012a). This is in contrast with Notebaert’s proposal that PES

is a response to unexpected infrequent events, where the attention is

shifted towards the errors, instead of towards improving performance

(Notebaert et al., 2009). Moreover, this study showed that students

performing at the most difficult level, with the highest probability of

making an error, showed the greatest PES effect, which again is not in

linewithNotebaert’s argument that PES diminishes as error frequency

increases. It is debatable whether the impact of committing an error

in this study is the same as for some of the previous studies. The ori-

enting accountwas originally described for taskswhere the errors rep-

resent impulsive incorrect response selection due to stimulus ambi-

guity, where errors are rare. Notably, in the tasks investigated here,

the errors are more focused on learning, rather than performance,

and problems become gradually more difficult for everyone instead

of being simply repeated. Arguably, the type of error monitoring in a

learning environment impacts the strategyuseof studentsmore.When
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F IGURE 4 PES difference predicted by a combination of the linear and quadratic function of age (years) and ability rating. The grey bands
around the functions represent the 95% confidence interval

children are learning, they typically use less sophisticated strategies

first; after direct feedback (e.g., an error) they increase their reactive

control, in line with the DMC framework, and try out more sophisti-

cated strategies that might take longer to perform (Lemaire & Siegler,

1995), leading to greater PES. Children choosing the most difficult lev-

els are more challenged in terms of learning new skills, that require

more sophisticated strategies, which could account for the larger PES

magnitude they show. This is also in line with our finding that students

who show greater PES and may therefore be more closely monitoring

their errors and adjusting their strategies, are the more able students

who can solve more difficult problems. However, this latter part was

not supported by a stronger PES-PEA relation for the most difficult

level in comparison to the other levels.

In contrast to Damaso et al. (2020), we found that children show

greater PES after slow errors than after fast errors.We also found that

learning activities with longer time to respond and therefore less pres-

sure to answer quickly and therefore less pressure to make fast errors

showed bigger PES magnitude. This could again be in line with the use

of more sophisticated strategies after an error, such that tasks with

less pressure invite students to try out different strategies resulting in

longer RTs and greater accuracy.What is different from previous stud-

ies such as Damaso et al. (2020), is that in this learning environment

there is an emphasis on both speed and accuracy for all learning activ-

ities, therefore the influence of putting greater emphasis on speed, or

accuracy, could not be investigated.

The age-related differences in PES showed that PES could be

observed from the age of 6 until the investigated age of 13, in line with

the study of Smulders et al. (2016). But contrary to this study, where

they found stability with age, we found non-linear developmental dif-

ferences, with increasing PES until the age of 9 followed by decline.

Gupta et al. (2009) also found this developmental curve but with an

earlier peak at the age of 7. However, between the age of 7 and 8 this

decreasewasnot uniform, and thebiggest reductionoccurredbetween

9 and 10. Cognitive control continues to develop during childhood and

children before the age of 8 aremostly relying on reactive control after

an error, which is in line with the increasing PES that was observed in

younger children in this study. From the age of 8 there is a develop-

mental shift towards an improvement in andmoreuseof proactive con-

trol skills, and away from reactive control, which may be reflected in

the reduction of PES observed in late childhood in this study (Chevalier

et al., 2015; Niebaum et al., 2020). This also goes jointly with a major

development in executive functioning, especially task switching and

error processing. Inhibition, which is required to withhold and delay a

response, is thought to be the mechanism underlying error processing

(Grammer, Carrasco, Gehring, & Morrison, 2014; Gupta et al., 2009;

Marco-Pallarés et al., 2008). A major development in task switching

takes place between 7 and 10 years of age, while major development

in error processing occurs between 6 and 11 years of age. Before the

age of 7, children are developing their ability to monitor and process

errors accordingly, hence a large number of slow trials. After the age of

7, children aremore able and faster,with less switch cost and inhibition,

to recover from prior error trials causing a decrease in PES. For further

research, itwouldbe interesting to study thedevelopmentof error pro-

cessing longitudinally as well as its associationwith children’s ability to

switchbetweenproactive and reactive control, and thedevelopmentof

their executive functioning, such as task switching and inhibitory con-

trol. More practically, given that PES is associated with improved per-

formance, we could teach children to use more proactive strategies,

especially in the context of a learning environment.

To conclude, we found an overall marker of adaptive behaviour, as

measured by post-error slowing and post-error accuracy, in an online

learning system. In light of the replication crisis (Open Science Collab-

oration, 2015) as well as the need for ecological validity in psychology

(Lerner & Schmid Callina, 2014; Schmuckler, 2001), this study is valu-

able showing that the PES finding can be replicated and generalised to

a variety of academic tasks.We also showed that the occurrence of this
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behaviour, depended on (1) the task, in terms of the amount of time

pressure and skill practised; (2) previous trials practised, e.g., fast or

slowly answered; (3) and characteristics of the learner, in terms of age,

ability and motivation for challenge. This marker is a good proxy for

whether children monitor their errors and adapt their behaviour and

can be used to predict children’s performance and progress in the skills

practised.
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APPENDIX

POST ERROR SLOWING

A.1 Description of learning activities

Name of the

learning

activity

Number of

participants

Number of

accuracy

response

sequences

Average

age (y)

(SD) Description Application

Response

mode asked

for question

Max time to

response (s)

1 Addition 44949 104778 9.1 (1.9) Sums from 1+ 1= . . . .

to 26900+

4400= . . . .

Mathematics Mixed 20

2 Chaos of

letters

13540 35278 9.4 (1.7) Putting the letters of a

word in the right

order.

Language Open answer 30

3 Counting 32395 67782 8.2 (1.9) Counting the number

of fishes on the

screen [2-100

fishes].

Mathematics Mixed 20

4 Dictation 11949 25077 9.8 (1.7) Listening to a

sentence, where a

word is repeated

afterwards. The

repeatedword

needs to bewritten

correctly.

Language Open answer 30

5 Division 29109 78670 10.1 (1.5) Divisions from

4 : 2= . . . to

4601 : 1000= . . . .

Mathematics Open answer 20

6 Flowercode 12912 32770 9.4 (1.7) Logical reasoning

game, similar to

Mastermind, where

the code needs to be

crackedwith limited

but sufficient

information.

Mathematics Open answer 60

7 Fractions 4250 7136 10.9 (1.4) Variety of exercises of

fractions,

percentages and

proportions. For

example, which of

the five fractions is

the smallest. Or,

there is a 96%

chance of rain today.

What is the chance

that it remains dry?

Mathematics Mixed 30

8 Grammar 11892 31995 10.5 (1.4) Naming theword class

of a word in a

sentence. For

example, “I am

giving the dog food.

Is “the” a verb,

article, noun or

numeral?”

Language Multiple

Choice

20

(Continues)
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Name of the

learning

activity

Number of

participants

Number of

accuracy

response

sequences

Average

age (y)

(SD) Description Application

Response

mode asked

for question

Max time to

response (s)

9 Money 46421 124599 9.6 (1.6) Practise with coins and

banknotes to

estimate the price of

a product. For

example, what is the

combined cost of a

€1.50 ice cream and

€2 fries?

Mathematics Mixed 20/30/40

10 Multiplication 30789 65168 9.9 (1.5) Multiplications from

1× 0= . . . to 6000

× 803= . . . ..

Mathematics Open answer 20

11 Numbers 7087 21292 9.6 (1.7) Obtain a target

number by using a

set of provided

numbers and

operations. For

example, obtain 1 by

using the numbers 2,

4 and 9 and the

operations× and –

(solution is 2× 4= 8,

9-8= 1).

Mathematics Open answer 60

12 Parsing words 9643 25549 10.9 (1.1) Parsing the function of

a word in the

sentence. For

example, “I will

become a pilot”.

What is “I”?

Direct/indirect

object, the subject

or the finite verb?

Language Mixed 20

13 Proverbs 5007 12186 10.6 (1.6) The right meaning of a

proverb needs to be

chosen out of five

options.

Language Multiple

Choice

30

14 Reading 20547 70307 9.6 (1.7) Reading a text and

clicking on the

nonsense words.

Language Open answer 30

15 Series 9848 17490 9.0 (2) Exercises where

multiple operations

are combined, e.g.

3× 5+ 2= . . . or

very difficult,

(8-2)× 10 : 5× 4.

Mathematics Mixed 20

16 Slowmix 29623 49447 9.2 (1.8) Mix of arithmetical

operations sums,

subtractions,

multiplications and

divisions) at a slow

pace.

Mathematics Open answer 40

(Continues)
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Name of the

learning

activity

Number of

participants

Number of

accuracy

response

sequences

Average

age (y)

(SD) Description Application

Response

mode asked

for question

Max time to

response (s)

17 Speedmix 18176 50898 10.1 (1.7) Mix of arithmetical

operations (sums,

subtractions,

multiplications and

divisions) at a fast

pace.

Mathematics Multiple

Choice

8

18 Spelling 27194 85865 10.0 (1.6) Six different spellings

of a word are

presented. Five of

them are spelled

incorrectly and 1 is

spelled correctly.

The right spelling

needs to be clicked.

Language Multiple

Choice

20

19 Subtraction 38590 82293 9.1 (1.9) Subtractions from

8 – 8= . . . to 85200

– 8870= . . . ..

Mathematics Mixed 20

20 Telling time 23471 52975 9.4 (1.7) Telling timewith

analogue and digital

clocks.

Mathematics Open answer 30

21 Verbs 14888 41235 10.7 (1.3) Conjugating verbs in

different tenses

(present/past tense

etc.). For example,

“He [want]. . . an ice

cream (present

tense).”

Language Open answer 30

22 Vocabulary 25718 74749 10.1 (1.5) The right meaning of a

word needs to be

chosen out of five

options. For

example,

courage= caring,

bravery, cowardice,

timid or honest.

Language Multiple

Choice

20

23 Word forms 18818 44609 10.3 (1.5) Practicing setting

words in the right

singular/plural form,

such as: “One belt.

Five . . . .”

Language Open answer 30
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A.2 Statistical results of the linearmixedmodels for PESdiff and PESrel.

PESdiff PESrel PESrobust

Learning activity B SE t p B SE t p
ProportionN
RTpost>RTpre χ2 p

Addition 419.8 15.0 28.0 <0.001 0.05 0.002 28.4 <0.001 0.54 687.1 <0.001

Counting 63.2 13.8 4.6 <0.001 0.01 0.001 5.0 <0.001 0.51 34.6 <0.001

Dictation 190.3 29.8 6.4 <0.001 0.03 0.003 9.1 <0.001 0.52 39.7 <0.001

Division 418.0 17.4 24.0 <0.001 0.07 0.002 38.6 <0.001 0.55 943.4 <0.001

Flowercode 150.8 26.6 5.7 <0.001 0.02 0.003 5.7 <0.001 0.51 24.0 <0.001

Fractions 461.9 55.6 8.3 <0.001 0.04 0.006 7.4 <0.001 0.53 33.0 <0.001

Grammar 43.5 26.8 1.6 0.10 0.01 0.003 2.7 0.008 0.50 2.2 0.075

LetterChaos −41.1 25.5 −1.6 0.11 −0.01 0.002 2.4 0.02 0.50 2.2 0.930

Money 299.7 9.0 33.1 <0.001 0.03 0.001 27.5 <0.001 0.54 450.9 <0.001

Multiplication 385.6 18.7 20.6 <0.001 0.05 0.002 25.4 <0.001 0.54 451.0 <0.001

Numbers 115.3 33.2 3.4 0.001 0.01 0.004 2.6 0.01 0.51 4.0 0.022

Parsing words 81.5 29.8 2.7 0.006 0.01 0.003 3.3 <0.001 0.51 4.4 0.018

Proverbs 109.7 42.8 2.6 0.01 0.01 0.005 2.3 0.04 0.51 7.8 0.003

Reading 68.5 18.8 3.6 <0.001 0.01 0.002 4.8 <0.001 0.51 23.5 <0.001

Series 428.1 35.4 12.1 <0.001 0.05 0.004 12.9 <0.001 0.55 163.5 <0.001

Slowmix 6119 21.2 28.9 <0.001 0.06 0.002 26.2 <0.001 0.55 403.4 <0.001

Speedmix 154.9 21.7 7.2 <0.001 0.04 0.002 16.8 <0.001 0.54 250.5 <0.001

Spelling −87.4 16.9 −5.2 <0.001 −0.01 0.002 8.0 <0.001 0.49 49.3 1.000

Subtraction 438.6 16.8 26.2 <0.001 0.05 0.002 29.5 <0.001 0.54 628.9 <0.001

Telling time 150.4 20.7 7.3 <0.001 0.01 0.002 5.6 <0.001 0.51 16.9 <0.001

Verbs 232.6 23.7 9.8 <0.001 0.03 0.003 10.9 <0.001 0.52 76.7 <0.001

Vocabulary 175.4 18.0 9.8 <0.001 0.02 0.002 11.8 <0.001 0.52 92.4 <0.001

Word forms 320.5 22.6 14.2 <0.001 0.05 0.002 18.6 <0.001 0.53 210.0 <0.001

Separate proportion testswere performed for PESrobust (prop>0.50). Highlighted in bold are the learning activities that are not significantly showingPES.
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