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Funding information evidenced by lower error rates and faster response times in
Universitat Bern multi-trial executive function tasks with age. Besides these
quantitative changes, we were interested in whether qualita-
tive changes in balancing accuracy and speed contribute to
developmental progression during elementary school years.
We conducted two studies investigating the temporal and
developmental trajectories of post-error slowing in three
prominent cognitive conflict tasks (Stroop, Simon, and
flanker). We instructed children (8-, 10-, and 12-year-old)
and adults to respond as fast and as accurately as possible
and measured their response times on four trials after cor-
rect and incorrect responses to a cognitive conflict. Results
revealed that all age groups had longer response times on
post-error versus post-correct trials, reflecting post-error
slowing. Critically, slowing on the first post-error trial de-
clined with age, suggesting an age-related reduction in the
orienting response towards errors. This age effect dimin-
ished on subsequent trials, suggesting more fine-tuned cog-
nitive control adjustments with age. Overall, the consistent
pattern across tasks suggests an age-related change from a
relatively strong orienting response to more balanced cogni-

tive control adaptations.
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INTRODUCTION

Executive functions refer to a diverse set of processes involved in the regulation of goal-oriented behav-
iour. Already, young children show executive functioning as they switch between different tasks, inhibit
inappropriate actions, and adjust behaviour flexibly to changing demands. However, much development
is still taking place during childhood, as evidenced by striking differences between children’s and adults’
performance on executive function tasks (Davidson et al., 2006; Ridderinkhof & van der Molen, 1995).
Usually, children need more time to respond and commit more errors than adults. The developmental
trajectory of these quantitative performance improvements depends on the demands that a specific
task poses on different aspects of executive functioning, complicating the understanding of emerging
‘executive control’ (Anderson, 2002; Davidson et al., 2006; Diamond, 2013). Thus, the question arises
of how children achieve to orchestrate different cognitive processes to work in concert for optimal per-
formance. Recent theoretical advances point to qualitative changes in the coordination of performance
monitoring and cognitive control as a driving force for developmental progression (Chevalier, 2015;
Himmerer et al., 2014; Roebers, 2017). Adopting a fine-grained approach to the study of developing
executive functioning, this study investigated the developmental trajectories of processes involved in
monitoring and adjusting response times on a trial-by-trial basis.

Trial-by-trial adjustments are already evident in young children as they show longer response
times after cognitive conflicts (Ambrosi et al., 2016; Grundy & Keyvani Chahi, 2017; Smulders et al.,
2018). Similarly, detecting self-generated errors leads also to longer response times on subsequent tri-
als (Brewer & Smith, 1989; Danielmeier & Ullsperger, 2011; Dubravac et al., 2020; Fairweather, 1978;
Gupta et al., 2009; Jones et al., 2003; King et al., 2010; McDermott et al., 2007; Schroder et al., 2020;
Smulders et al., 2016; Thaqi & Roebers, 2020). Post-error slowing has been attributed to motor inhibi-
tion (Marco-Pallarés et al., 2008; Ridderinkhof, 2002), inhibition of irrelevant information (King et al.,
2010), delayed processing of sensory information (Buzzell et al., 2017; Laming, 1979), attentional orient-
ing towards the source of the error (Notebaert et al., 2009), and cognitive control adjustments following
error detection (Botvinick et al., 2001). These accounts are complementary, as motor inhibition facili-
tates attentional orientation towards the error delaying information processing and thus gaining time for
the implementation of cognitive control processes, such as response threshold adjustments (Danielmeier
& Ullsperger, 2011; Wessel, 2018). That is, error detection triggers different processes that operate at
different time scales and may follow distinct developmental trajectories (Compton et al., 2017; Dubravac
et al,, 2020; Dudschig & Jentzsch, 2009; Jentzsch & Dudschig, 2009; Van der Borght et al., 2016).

Brewer and Smith (1989) were among the first to investigate developmental changes in post-error
response times across multiple trials. The participants of a wide age range (5—15 years and adults) per-
formed a simple choice response time task. The examination of correct and error response times for
error-to-error sequences varying from 2 to 16 trials revealed more fine-tuned adjustments with age as
variability in response times decreased (Brewer & Smith, 1989). More recent studies confirmed the age-
related decrease in response time variability surrounding errors and, particularly, post-error slowing
(Dubravac et al., 2020; Gupta et al., 2009; Smulders et al., 2016; Thaqi & Roebers, 2020). The decrease
in post-error slowing between 7- and 8-year-old children and between 9- and 10-year-old children was
related to the development of inhibitory control in this age range (Gupta et al., 2009). This suggests that
developing inhibitory control may promote smoother response time adjustments after errors.

The age range between 8 years and young adulthood represents a transition period associated with
qualitative changes in cognitive control (Chevalier & Blaye, 2016; Chevalier et al., 2013, 2015; Munakata
etal., 2012). Children transition from relying predominantly on environmental cues signalling increased
cognitive control demands to relying on self-generated error detection signals originating from internal
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Statement of contribution

What is already known?

 After errors, children slow down more strongly than adults.

* Post-error slowing decreases with time.

What does this study add?

* The temporal trajectory of post-error slowing changes from childhood to adulthood with the
strongest age effects on the first post-error trial.

e The temporal and developmental trajectories generalize across three cognitive conflict tasks.

performance monitoring. Furthermore, children become more and more efficient in coordinating dif-
ferent cognitive control modes according to moment-to-moment variations in task demands and meta-
cognitive performance monitoring outcomes (Chevalier, 2015; Chevalier & Blaye, 2016; Chevalier et al.,
2015; Czernochowski, 2014; Roebers, 2017). Considering differences in the developmental trajectories
of distinct components of executive functions, as inhibitory control or cognitive flexibility (Anderson,
2002; Davidson et al., 2006; Diamond, 2013), the age range between 8 years and adulthood is an inter-
esting period for investigating fine-grained qualitative changes in post-error response time adjustments.

Building on previous work, we set up two studies investigating developmental and temporal trajecto-
ries of post-error slowing in three different executive function tasks (Simon, Stroop, and flanker). The
first study compared the Stroop and Simon tasks. The second study compared the Stroop and flanker
tasks. The participants of four age groups (8-, 10-, 12-year-olds, and young adults) took part in either
one of the two studies. The samples differed between studies, and the Stroop task was administered
in both samples to have an internal replication that helps to disentangle true differences between tasks
from sampling effects. All three tasks elicit cognitive conflict on incongruent trials, where irrelevant
stimulus dimensions (in the Stroop and Simon tasks) or irrelevant distractors (in the flanker task) trig-
ger a prepotent but incorrect response that has to be inhibited to respond correctly. To induce errors
experimentally and to have a considerable number of errors, we presented incongruent trials less fre-
quently than congruent trials (Gratton et al., 1992; Stirmer et al., 2002). Thus, every fifth trial was an
incongruent trial. Response times on four subsequent congruent trials were measured as a function of
the correctness of the incongruent trial. By subtracting response times following correct conflict trials
from response times following incorrect conflict trials, conflict-related slowing was subtracted from
conflict + error-related slowing. The difference thus represents pure post-error slowing (Dubravac
et al.,, 2020). We expected substantial slowing after errors in all age groups and tasks.

Previous studies indicated an age-related decrease in response time variability, and in line with the
theory of developing cognitive control (Brewer & Smith, 1989; Davidson et al., 2006; Diamond, 2013),
we predicted an age-related decrease in post-error slowing. With respect to the time course of post-error
slowing, we hypothesized that slowing would decrease across trials. The strongest slowing is expected
on the first post-error trial reflecting short-lived attentional distraction (Notebaert et al., 2009). Less
pronounced but persistent slowing across subsequent trials, in contrast, would indicate strategic cogni-
tive control adjustments in the sense of increased caution implemented by elevated response thresholds
(Botvinick et al., 2001; Dutilh et al., 2012). By measuring slowing on four post-error trials, we aimed to
track the dynamics of these component processes underlying post-error slowing,.

The main aim of this study was to identify age differences in the component processes underlying
post-error slowing. Based on theories assuming increasing attentional control and response inhibi-
tion, and more optimal coordination of cognitive control with age (Anderson, 2002; Chevalier, 2015;
Diamond, 2013; Luna et al., 2010; Luna & Sweeney, 2004), we hypothesized that the time course
of post-error slowing would vary as a function of age. This would be evident in an interaction be-
tween age group and post-error trial. Specifically, we hypothesized that the younger age groups would
have more difficulties inhibiting attentional distraction from an error resulting in a strong attentional
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orienting response towards the error on the first post-error trial. With increasing attentional control,
slowing on the first post-error trial should decrease with age. As slowing on subsequent trials reflects
more strategic cognitive control adjustments, we expected this kind of slowing in adults and to a lesser
degree in children.

METHOD
Participants

The children were recruited from local schools, and the young adults were undergraduate psychology
students. The ethics committee of the local University approved the studies. Prior to testing the partici-
pants, we obtained written informed consent of the adult participants and children's parents. Children
received a small present for their participation, and adults received credits.

Task structure and analysis

In the Stroop task, the colour of fruit and vegetables either matched their colour in the real-world (con-
gruent) or was an unrealistic colour (incongruent), and the task was to indicate the real-world colour.
In the Simon task, the participants had to indicate the colour of a starfish by pressing a button either
with their right or left hand. The presentation side of the starfish was either congruent with the required
response side (i.e., left side presentation + left hand response) or was incongruent (i.e., left side presenta-
tion + right hand response). In the flanker task, a central target fish was presented among distracting
fish that faced either in the same (congruent) or different (incongruent) direction, and the task was to
respond according to the side the central fish was facing. All tasks comprised a pure congruent block
and a critical mixed block. The mixed block comprised 24 incongruent trials evenly interspersed among
96 congruent trials (Meier et al., 2009; Woodward et al., 2003). Every fifth trial was thus incongruent.
Figure 1 gives an overview of the three tasks.

As a manipulation check, we analysed the congruency effect and the distribution of error rates across
the participants (cf. Supplementary Material). The main analysis applied to response times on four con-
gruent trials as a function of the correctness of the response on the previous incongruent trial. First,
we tested the hypothesis of slower responses after errors for each age group separately by conducting
one-sided paired /tests comparing post-error response times to post-correct response times on each of
the four trials. This gave us a first impression of the persistence of the post-error slowing effect for each
age group. Next, we created the main dependent variable post-error slowing by subtracting post-correct
response times from post-error response times. This difference score was subjected to an analysis of
variance (ANOVA) with the within-subject factor trial (T + 1, T + 2, T + 3, T + 4) and the between-
subject factor age group (8-year-olds, 10-year-olds, 12-year-olds, and adults). An alpha level of .05 was
set. Where appropriate, we report Greenhouse—Geisser corrected values for F-tests and applied the
Bonferroni correction for multiple comparisons in post-hoc tests.

STUDY 1
Participants

We recruited 44 8-year-olds, 46 10-year-olds, 52 12-year-olds, and 40 young adults. Due to techni-
cal problems, we did not obtain Stroop task data from one 8-year-old, five 10-year-olds, and three
12-year-olds. After data screening, we applied the following task-wise exclusion criteria. We excluded
the participants who did not commit any error on the critical incongruent trials intended to elicit errors
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24 incongruent trials
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“Press left button for yellow.

Press right button for blue.”

SIMON TASK

“Press on the colour that
is typical for the fruit”

(touch screen)
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“Press left button if the
middle fish looks to the left.

Press right button if the )
middle fish looks to the right”

FLANKER TASK

FIGURE 1 Schematic depiction of the three tasks

(Stroop task: nine 8-year-olds, seven 10-year-olds, eleven 12-year-olds, and 17 adults; Simon task: three
8-year-olds, six 10-year-olds, six 12-year-olds, and five adults)'. We also excluded the participants with
an accuracy rate under 50% (Stroop task: one 8-year-old; Simon task: two 10-year olds, one 12-year-old,
and one adult). This is important because low accuracy rates indicate that they probably did not under-
stand the task, and then they would not be aware of their errors. As error rates influence post-error
slowing (Steinborn et al., 2012), we further excluded the participants with error rates higher than two
times the standard deviation (Stroop task: one 8-year-old, one 10-year-old, two 12-year-olds; Simon
task: two 8-year-olds, one 10-year-old, and two 12-year-olds). This resulted in a more homogenous
sample and allowed comparisons across the participants, tasks, and groups. Finally, because we included
only correct trials in the analysis of post-error response times, the participants who committed errors
on post-error trials (i.c., double errors) were also excluded as they did not provide values in those critical
cells (Stroop task: no one; Simon task: one 12-year-old and one adult). Table 1 presents the demographic
characteristics of the final sample.

Material

The Stroop task was adapted from Archibald and Kerns (1999). The stimuli were coloured quadrants
and drawings of salad, strawberry, plum, and banana appearing in the middle of a tablet screen. Below
were quadrants displayed in red, green, blue, and yellow. The Simon task was the same as in a previous
study (Dubravac et al., 2020). The stimuli were yellow and blue starfish appearing on the left or right
side of a laptop screen. Stimuli are presented in Figure 1.

1Response times of the excluded participants were comparable to the final sample (cf. supplementary material).
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Procedure

The procedure was the same for children and adults. The participants were tested individually and com-
pleted first the Stroop task on a tablet and then the Simon task on a laptop computer. The tablet and
laptop were placed at arm length distance, and the response was given by pressing on the touch screen
of the tablet (Stroop task) or by pressing on either the left or right mouse button of the laptop (Simon
task). The participants were asked to respond as accurately and as fast as possible.

Stroop task

The Stroop task consisted of three blocks with a fixed block order, which was not repeated. The first
block comprised 12 trials, the second block 24 trials, and the third block 120 trials. In the first block,
coloured quadrants were presented in the middle of the screen, and the participants had to choose the
corresponding colour from four alternatives presented below the probe colour quadrant. They gave the
response by pressing directly on the touchscreen on the colour quadrant. In the second, purely congru-
ent block, fruit were presented in the congruent colour (i.e., typical colour of the fruit). The participants
had to choose the corresponding colour from four alternatives presented below the probe colour fruit.
The third block was the critical mixed block, in which fruit were either presented in the congruent
colour or in one of the three incongruent colours (i.e., not a typical colour of the fruit). The partici-
pants had to press on the colour that is typical for the probe fruit (i.e., yellow for banana). On 96 trials,
the colour was congruent, and on 24 trials, the colour was incongruent. The incongruent trials were
determined randomly with replacement and were evenly interspersed among the 96 congruent trials,
occurring on every fifth trial. Each trial started with a fixation cross for 250 ms (= response-stimulus
interval) in the middle of the screen, followed by the probe stimulus (i.e., coloured quadrant in the first
block or fruit in the second and third blocks) which stayed on screen until response. To ensure that the
task was clear to the participants, four practice trials were included before the critical third block. In the
case of more than two errors, the examiner explained the task again, and another four practice trials
were presented. After a successful practice run, the mixed block started. The mixed block was preceded
by four congruent warm-up trials not included in the analysis.

Simon task

The Simon task consisted of two blocks with a fixed block order, which was not repeated. The first
block comprised 24 trials, and the second block 120 trials. The participants responded by pressing on
the left or right mouse button of the laptop keyboard. For yellow starfish, the participants had to press
the left mouse button with the left index finger. For blue starfish, the participants had to press the right
mouse button with the right index finger. In the first, purely congruent block, 12 yellow and 12 blue
starfish appeared in random order always on the congruent response side. The second block was the
critical mixed block, in which the starfish were either presented on the congruent or incongruent side.
The 24 incongruent trials were determined randomly with replacement and were evenly interspersed
among the 96 congruent trials, occurring on every fifth trial. Each trial consisted of a fixation cross for
250 ms (= response-stimulus interval) in the middle of the screen, followed by a yellow or blue starfish,
which appeared either on the left or right side and stayed on screen until response. To ensure that the
task was clear to the participants, the examiner showed two congruent example trials before the con-
gruent practice block and two incongruent example trials before the mixed practice block. The practice
blocks consisted of four practice trials. In the case of more than two errors in the practice block, the
examiner explained the task again, and another four practice trials were presented. After a successful
practice run, the respective block started. The mixed block was preceded by four congruent warm-up
trials not included in the analysis.
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Results
Stroop task

The average number of errors was 2.7 (§E = 0.2) for 8-year-olds, 2.3 (§E = 0.3) for 10-year-olds, 2.6
(SE = 0.2) for 12-year-olds, and 1.7 (S§E = 0.3) for adults. Table 2 shows response times on correct and
incorrect incongruent trials (T + 0) and the subsequent trials (T'+ 1, T + 2, T + 3, and T + 4). Figure 2
depicts the trajectories of post-error slowing. The 4 X 4 ANOVA on post-error slowing revealed a main
effect of age group, F(3,120) = 8.80, p <.001 11 = .18, and a main effect of trial, F(2.53, 303 40) = 52.58,
p <.001, 11 = .30. The interaction was also s1gn1f1cant F(7.59, 303.40) = 2.89, p = .005, ’7 =.07. To re-
solve the 1nteraetion, we compared the age groups on each trial. Separate one-way ANOVAS revealed a
significant main effect of age group on the first post-error trial, (3, 120) = 7.37, p < .001, ’7]2, = .16, as well
as on the second post-error trial, (3, 120) = 2.87, p = .039, % = .07, but not on the third and fourth trials,
Fi(3,120) = 1.84, p = .14, 17 = .04, and F(3, 120) = 2.35, p = .075, 517 = .06, respectively. Comparing the
age groups on T' + 1 revealed an age-related decrease in post-error slowing (8 = 10, 8 > 12, 8 > adults;
10 = 12, 10 = adults; 12 = adults). Post-hoc comparisons were not significant for T + 2, though.

Simon task

The average number of errors was 6.2 (SE = 0.6) for 8-year-olds, 6.3 (SE = 0.7) for 10-year-olds,
5.4 (SE = 0.5) for 12-year-olds, and 3.8 (SE = 0.5) for adults. Table 2 shows response times on cor-
rect and incorrect incongruent trials (‘T' + 0) and the subsequent trials (T + 1, T + 2, T + 3, and
T + 4). Figure 2 depicts the trajectories of post-error slowing. The 4 X 4 ANOVA on post-error
slowing revealed a main effect of age group, F(3 147) = 4.80, p = .003, 11 = .09, and a main effect
of trial, F(1.58, 231.86) = 64 03, p < .001, 11p .30. The interaction wae also significant, F(4.73,
231.86) = 3.88, p = .003, ’7 = .07. To resolve the interaction, we compared the age groups on each
trial. Separate one-way ANOVAS revealed a elgmﬁcant main effect of age group on the first post-
error trial, F(3 147) = 5.18, p = .002, '7 = 10 but not on the following trials, F(3 147) = 2.37,
p=.073, np =.05,F(3,147)=1.44,p = 233, ’7p =.03,and F(3, 147) = 1.24, p = .297, np = .02, respec-
tively. Comparing the age groups on T + 1 revealed an age-related decrease in post-error slowing
(8 =10,8 > 12, 8 > adults; 10 = 12, 10 = adults; 12 = adults).

Discussion

The participants of four age groups (8-, 10-, 12-year-old children, and young adults) performed the Stroop
and Simon tasks with the instruction to respond as fast and accurately as possible. Post-error slowing was
measured as the difference in response times on four trials following an error versus a correct response. As
predicted, reliable slowing was found in both tasks and post-error slowing decreased with age. Age-related
differences were most pronounced on the first post-error trial, with a relatively continuous decrease from
8 years to young adulthood. In line with our hypothesis of decreasing post-error slowing across trials, the
extent of slowing decreased sharply from the first to the second trial, more so for the younger age groups.
This was reflected in an interaction between age group and trial, confirming our hypothesis of age-related
differences in the time courses of post-error slowing.

Compared to adults, children showed a steeper decrease in slowing from the first to the second trial,
abolishing the age effect on the second trial in the Simon task. Although the age effect was still significant
on the second trial in the Stroop task, post-hoc comparisons yielded no significant differences between age
groups suggesting that this age effect is negligible after the first trial. Before discussing task differences,
we first present Study 2, where different participants performed the same Stroop task and a flanker task.
Replicating the Stroop task results and extending the results to the flanker task will provide a better basis
for discussing task-related differences in developmental and temporal trajectories of post-error slowing,
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TABLE 2 Study 1: Response times in ms on incongruent conflict trials (T + 0) and subsequent correct congruent trials
(T+ 1, T+2, T+ 3,and T + 4) as a function of age group and trial type (correctness on T + 0)

T+0 T+1 T+2 T+3 T+4

Age group Trial type M SE M SE M SE M SE M SE

Stroop task

8-year-olds Correct 1514 43 1082 38 1010 38 974 33 943 35
Error 1127 56 1759 109 1161 68 1067 65 1054 56
Difference —387 *x 677 ok 151 * 93 * 111 *

10-yeat-olds Correct 1276 33 886 24 827 20 804 15 789 18
Error 1032 51 1363 68 1004 64 991 80 808 37
Difference —244 Hx 477 ok 177 * 187 * 19

12-year-olds Correct 1093 37 749 21 720 18 704 17 708 19
Error 833 33 1135 49 772 34 749 34 713 25
Difference —260 Hx 386 ok 52 * 45 * 5

Adults Correct 804 16 586 10 581 9 576 9 570 10
Error 649 32 786 45 594 20 617 17 597 14
Difference —155 *K 200 ok 13 41 * 27 *

Simon task

8-year-olds Correct 965 29 835 26 748 24 725 20 712 22
Error 629 29 1399 122 896 46 812 38 736 27
Difference —336 B 564 W 148 B 87 & 24

10-yeat-olds Correct 786 15 684 16 614 18 592 16 578 14
Error 513 34 1084 59 677 52 642 31 640 32
Difference —273 R 400 G 63 50 & 62 s

12-year-olds Correct 638 14 557 12 532 13 496 11 505 12
Error 435 15 840 40 559 24 524 16 544 19
Difference —203 W 283 W 27 28 & 39 3

Adults Correct 501 10 425 8 391 9 388 8 376 9
Error 340 1 626 30 440 25 432 17 448 26
Difference —161 S 201 S 49 & 44 & 72 S

Note: Significant differences (error — correct) are marked with **p < .001, *» < .05.

STUDY 2

In the second study, we aimed to replicate the Stroop task results and extend the findings to the flanker
task. In this task, a target stimulus is flanked by similar stimuli, and cognitive conflict is induced by
having the target and flankers pointing to different responses. It could be argued that the flanker task is
more a perceptual conflict task than a cognitive conflict task. We were interested in whether the sort of
conflict would change the temporal and developmental pattern of post-error slowing,.

Participants

For the second study, we recruited new participants (55 8-year-olds, 39 10-year-olds, 29 12-year-olds, and
32 young adults). Due to technical problems, we did not obtain Stroop task data from three 8-year-olds,
one 10-year-old, and two adults. After data screening, we applied the following task-wise exclusion
criteria. We excluded the participants who did not commit any error on the critical incongruent trials
intended to elicit errors (Stroop task: eleven 8-year-olds, eleven 10-year-olds, eight 12-year-olds, and
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FIGURE 2 Study 1: Trajectories of post-error slowing in the Stroop task (upper panel) and Simon task (lower panel).
Note. Error bars show standard errors

nine adults; flanker task: eight 8-year-olds, ten 10-year-olds, eight 12-year-olds, and three adults)2. We
also excluded the participants with an accuracy rate under 50% (Stroop task: no one; flanker task: one
8-year-old and one adult). This is important because low accuracy rates indicate that they probably did

2Response times of the excluded participants were comparable to the final sample (cf. supplementary material).
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not understand the task, and then they would not be aware of their errors. As error rates influence post-
error slowing (Steinborn et al., 2012), we further excluded the participants with error rates higher than
two times the standard deviation (Stroop task: six 8-year-olds, and two 10-year-olds; flanker task: five
8-year-olds, and one 10-year-old). This resulted in a more homogenous sample and allowed compari-
sons across the participants, tasks, and groups. Finally, because we included only correct trials in the
analysis of post-error response times, the participants who committed errors on post-error trials (i.e.,
double errors) were also excluded as they did not provide values in those critical cells (Stroop task: three
12-year-olds; flanker task: one 10-year-old and two 12-year-olds). Table 3 presents the demographic
characteristics of the final sample.

Material

The Stroop task was the same as in Study 1. The flanker task was adapted from previous studies (Oeri
et al., 2018; Roebers & Kauer, 2009). The stimuli were red fish on blue background facing the left or
right side presented on a tablet screen. Example stimuli are presented in Figure 1.

Procedure

The procedure was the same for children and adults. The participants were tested individually and com-
pleted the Stroop task on a tablet and then the flanker task on the same tablet with external response
buttons connected to it. The tablets were placed at approximately arm length distance, and the response
was given by pressing on the touch screen of the tablet (Stroop task) or by pressing on either the left or
right response button (flanker task). The participants were instructed to respond as accurately and fast
as possible.

Stroop task

Please see Study 1 for a detailed description of this task.

Flanker task

The flanker task consisted of two blocks with a fixed block order, which was not repeated. The first
block comprised 24 trials, and the second block 120 trials. Seven fish were presented horizontally.
Beneath the central fish, at the bottom of the screen, was a shell (cf. Figure 1). In the first block, the
participants responded to the side the fish were facing by pressing the left or right response button.
For left-facing fish, the participants had to press the left button with the left hand. For the right-
facing fish, the participants had to press the right button with the right hand. In this purely congru-
ent block, all seven fish were facing the same side. The fish faced 12 times left and 12 times right
in random order. The second block was the critical mixed block, in which the central fish (target)
sometimes did not face the same side as the other six fish (flankers). These trials were considered
incongruent trials. The 24 incongruent trials were determined randomly with replacement and were
evenly interspersed among the 96 congruent trials, occurring on every fifth trial. Each trial started
with a fixation cross for 250 ms (= response-stimulus interval) in the middle of the screen, followed
by six flankers and the target with a delay of 80 ms. The full array (target and flanker fish) stayed on
screen until response. To ensure that the task was clear to the participants, the examiner showed two
congruent example trials before the congruent practice block. The congruent and mixed practice
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blocks consisted of four practice trials. In the case of more than two errors, the examiner explained
the task again, and another four practice trials were presented. After successful practice, the respec-
tive block started. The mixed block was preceded by four congruent warm-up trials not included in
the analysis.

Results
Stroop task

The average number of errors was 3.5 (SE = 0.3) for 8-year-olds, 2.8 (SE = 0.3) for 10-year-olds, 2.4
(SE = 0.4) for 12-year-olds, and 2.2 (SE = 0.3) for adults. Table 4 shows response times on correct and
incorrect incongruent trials (T' + 0) and the subsequent trials (T + 1, T + 2,'T + 3, and T + 4). Figure 3
depicts the trajectories of post-error slowing. The 4 X 4 ANOVA on post-error slowing revealed a main
effect of a%e group, F(3, 95) = 7.05, p <.001, r/é = .18, and a main effect of trial, F(2.38, 225.87) = 306.54,
p<.001,75=.28. Inline with Study 1, the interaction was also significant, F(7.13, 225.87) = 4.24, p <.001,
n? = .12. To resolve the interaction, we compared the age groups on each trial. Separate one-way ANOVAs
revealed a significant main effect of age group on the first post-error trial, F(3, 95) = 9.56, p < .001,
7% = .23, but not on the second, third and fourth trials, F(3,95) =2.40, p = .073, ’7?, =.07, F(3,95) = 1.93,
p =129, né =.006, and F(3, 95) = 0.45, p = .717, 71?, = .01, respectively. Comparing the age groups on T + 1
revealed an age-related decrease in post-error slowing (8 = 10, 8 > 12, 8 > adults; 10 = 12, 10 > adults;
12 = adults).

Flanker task

The average number of errors was 7.8 (SE = 0.6) for 8-year-olds, 7.4 (SE = 0.9) for 10-year-olds, 4.2
(SE = 0.6) for 12-year-olds, and 5.2 (SE = 0.7) for adults. Table 4 shows response times on correct and
incorrect incongruent trials (T + 0) and the subsequent trials (T' + 1, T + 2, T + 3, and T + 4). Figure 3
depicts the trajectories of post-error slowing. The 4x4 ANOVA on post-error slowing revealed a mar-
ginally significant main effect of age group, F(3, 111) = 2.56, p = .058, nf} =.06. The main effect of trial
and the interaction, however, were highly significant, F(1.62, 179.62) = 21.44, p < .001, né = .16, and
F(4.85, 179.62) = 4.406, p < .001, 7712) = .11, respectively. To resolve the interaction, we compared the age
groups on each trial. Separate one-way ANOVAs revealed a significant main effect of age group on the
first post-error trial, F(3, 111) = 4.75, p = .004, 11?) = .11, but not on the following trials, I'(3, 111) = 0.45,
p=.715, nﬁ =.01, F(3, 111) = 1.05, p = .372, nf, =.03,and F(3, 111) = 0.69, p = .560, r,lg = .02, respectively.
Comparing the age groups on T + 1 revealed an age-related decrease in post-error slowing (8 = 10,
8 =12, 8 = adults; 10 > 12, 10 > adults; 12 = adults).

Discussion

In line with Study 1, reliable post-error slowing emerged in both tasks. The extent and time course of
post-error slowing were comparable across tasks. As hypothesized, post-error slowing decreased with
age. As in Study 1, age-related differences were most pronounced on the first post-error trial, with a
relatively continuous decrease from 8 years to young adulthood in the Stroop task. In contrast, the
flanker task yielded a discontinuous pattern of age-related differences of slowing on the first post-error
trial. The two younger age groups (8- and 10-year-olds) showed stronger slowing than the two older age
groups (12-year-olds and adults). On subsequent trials, post-error slowing decreased, and so did the age
effect in both tasks. This is in line with our hypotheses and the results of Study 1.
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TABLE 4  Study 2: Response times in ms on incongruent conflict trials (T + 0) and subsequent correct congruent trials
(T+ 1, T+2, T+ 3,and T + 4) as a function of age group and trial type (correctness on T + 0)

T+0 T+1 T+2 T+3 T+4

Age group Trial type M SE M SE M SE M SE M SE

Stroop task

8-year-olds Correct 1587 53 1126 52 965 29 968 28 971 34
Error 1156 63 1821 95 1184 62 1040 42 1091 65
Difference —431 ok 695 Hx 219 ok 72 * 120 *

10-yeat-olds Correct 1376 48 952 37 883 34 872 28 852 31
Error 1152 76 1494 88 1107 60 1015 63 933 74
Difference —224 ok 542 Hx 224 ok 143 * 81

12-year-olds Correct 1071 32 722 27 702 19 692 16 686 21
Error 851 60 1032 56 933 103 736 34 733 38
Difference —220 ok 310 ok 231 * 44 47

Adults Correct 807 20 586 10 584 1 566 9 552 7
Error 645 37 741 45 612 17 587 13 612 22
Difference -162 ok 155 ok 28 * 21 * 60 *

Flanker task

8-year-olds Correct 877 32 779 28 666 20 734 24 656 20
Error 592 58 1180 88 684 31 726 31 670 26
Difference —285 B 401 S 18 -8 14

10-year-olds Correct 795 44 691 35 616 30 616 27 579 22
Error 544 94 1193 170 607 32 718 98 634 46
Difference —251 R 502 3 =9 102 55

12-year-olds Correct 570 9 489 13 454 10 473 11 445 13
Error 346 13 568 24 487 19 477 25 440 16
Difference —224 W 79 & 33 & 4 =5

Adults Correct 468 5 361 6 346 6 355 6 339 7
Error 321 6 436 19 372 9 381 9 356 8
Difference —147 S 75 S 26 o 26 & 17 S

Note: Significant differences (error — correct) are marked with *¥p <.001, *p < .05.

GENERAL DISCUSSION

This study investigated the temporal and developmental trajectories of post-error slowing across three
prominent cognitive conflict tasks. All tasks produced robust post-error slowing in all age groups. In
line with previous research, we found a general decrease in post-error slowing across trials (Compton
etal., 2017; Dubravac et al., 2020; Jentzsch & Dudschig, 2009; Smulders et al., 2016). Slowing on the first
post-error trial consistently decreased from childhood to adulthood (Brewer & Smith, 1989; Carrasco
et al.,, 2013; Carrasco et al., 2013; Fairweather, 1978; Gupta et al., 2009; Schachar et al., 2004; Smulders
et al., 2016). Importantly, this age effect diminished on subsequent trials indicating age-related changes
in the temporal trajectory. The younger age groups changed response speed more dramatically, as evi-
denced by larger slowing on the first post-error trial with a steeper decrease in slowing on the second
trial. This pattern reflects more fine-tuned adjustments and improving cognitive control from child-
hood to adulthood (Brewer & Smith, 1989; Diamond, 2013; Luna et al., 2010).

As the Stroop, Simon and flanker tasks differ in the specific kind of conflict, different conflict
resolution mechanisms are involved (Egner, 2007). Thus, it was important to subtract conflict related
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FIGURE 3  Study 2: Trajectories of post-error slowing in the Stroop task (upper panel) and flanker task (lower panel).
Note. Error bars show standard errors

slowing in order to obtain a pure measure of post-error slowing allowing comparisons between tasks.
Compared to the Simon and flanker tasks, post-error slowing was slightly stronger in the Stroop task.
At the same time, error rates were lowest in the Stroop task. As post-error slowing is found to be stron-
gest with low error rates, the differences in error rates between tasks could explain differences in the
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extent of post-error slowing (Notebaert et al., 2009; Steinborn et al., 2012). Apart from this difference,
the temporal and developmental trajectories were similar across tasks. In all tasks, post-error slowing
decreased across trials and the age effect was strongest on the first post-error trial. Considering the
different presentation media (tablet/laptop) and tesponse modalities (touchscreen/keyboard/response
buttons), the pattern is strikingly consistent across tasks. Together, our results highlight the generality of
post-error slowing when accounting for different error rates, cognitive conflicts, and cognitive control
demands (Damaso et al., 2020; Forster & Cho, 2014; Regev & Meiran, 2014).

According to the orienting account of post-error slowing (Notebaert et al., 2009), infrequent events
trigger an orienting response whereby attention is directed towards the infrequent event (i.e., error),
resulting in performance slowing on the subsequent trial (i.e., post-error slowing). Thus, children's
stronger slowing on the first post-error trial likely reflects a stronger orienting response in children as
they have more difficulties inhibiting the automatic attention orientation towards the error. This is in
accordance with theories of developing inhibitory control (Davidson et al., 2006; Jonkman, 2006; Luna
& Sweeney, 2004; Velanova et al., 2008; Williams et al., 1999). In terms of cognitive control, the de-
creasing variability in response times across post-error trials suggests more fine-tuned cognitive control
adjustments with age (Botvinick et al., 2001; Brewer & Smith, 1989). This is in accordance with theories
of developing abilities to coordinate different cognitive control strategies (Chevalier et al., 2013, 2015).
Together, our results suggest that the short-lived orienting response immediately after the error is more
pronounced in children than in adults, while longer lasting and more sophisticated cognitive control
adjustments take over on subsequent trials (Botvinick et al., 2001; Notebaert et al., 2009; Wessel, 2018).
It is an avenue for future research to pinpoint the developmental trajectories of the different processes
underlying post-error slowing,

In conclusion, this study presents evidence for qualitative developmental changes in post-error slow-
ing across the Stroop, Simon, and flanker tasks. On the first post-error trial, slowing decreased with
age. This age effect diminished on the following trials suggesting exaggerated behavioural adjustments
in children. With age, behavioural adjustments after errors become more fine-tuned, characterizing
qualitative aspects of cognitive control development from 8 years to adulthood. Thus, the fine-tuning
of performance monitoring and cognitive control may underlie age-related performance improvements
in executive function tasks and can be seen as a driving force for developmental progression during
elementary school years. The diminishing age effect across trials and the sensitivity to error rates high-
light the importance of methodological considerations when investigating post-error slowing from a
developmental perspective.
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