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Abstract

Children often perform worse than adults on tasks that require focused attention. While this
is commonly regarded as a sign of incomplete cognitive development, a broader attentional
focus could also endow children with the ability to find novel solutions to a given task. To test
this idea, we investigated children’s ability to discover and use novel aspects of the environ-
ment that allowed them to improve their decision-making strategy. Participants were given a
simple choice task in which the possibility of strategy improvement was neither mentioned
by instructions nor encouraged by explicit error feedback. Among 47 children (8—10 years
of age) who were instructed to perform the choice task across two experiments, 27.5%
showed a full strategy change. This closely matched the proportion of adults who had the
same insight (28.2% of n = 39). The amount of erroneous choices, working memory capacity
and inhibitory control, in contrast, indicated substantial disadvantages of children in task
execution and cognitive control. A task difficulty manipulation did not affect the results. The
stark contrast between age-differences in different aspects of cognitive performance might
offer a unique opportunity for educators in fostering learning in children.

Introduction

Humans develop into remarkably adaptive and efficient decision makers over the first two
decades of their lives. Of particular importance for this process is the development of cognitive
control functions, which allow us to keep information about the ongoing task in working
memory and shield it from interference by irrelevant distractions [1, 2]. Developmental
research has therefore often focused on children’s improvements in these functions [3-7].

Yet, truly flexible goal-directed behavior also involves improving one’s current decision
making strategy. Similar to how discovering unknown connections can allow shortcuts in nav-
igation, learning about previously ignored or novel contingencies in the environment can lead
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to behavioral or cognitive changes that achieve the same goal in a more efficient manner. The
disadvantage that children have with executing some tasks could hence lead to a somewhat
paradoxical advantage for finding better strategies; “shortcuts” which can only be discovered
by processing information that is irrelevant for the current strategy. In line with this idea, chil-
dren have been found to outperform adults in detecting changes in shapes they were not cued
to attend and in remembering information that is irrelevant for the instructed task [8]. This
suggests that children may tend to distribute attention across multiple aspects of stimuli,
including those that are not relevant to the instructed goal, and might also reflect children’s
comparatively high sensitivity to statistical regularities in their environment [9, 10]. Other
research has also suggested that children may be more eager to explore less known options
than adults [11], or to sample hypotheses in a more probabilistic fashion [12]. Likewise, a num-
ber of previous findings have shown that children are remarkably variable in the strategies
they employ, when even performing the same task [13, 14] and emphasized that children usu-
ally use a variety of approaches to problem solve [15-17]. Frequent task switching, in turn, is
known to weaken task maintenance or ‘shielding’ [18]. In combination, these characteristics
might allow children to be surprisingly good in adaptive strategy updating, although it is
regarded as a complex computational problem [19, 20].

This idea stands in contrast to a large developmental literature that has shown that efficient
decision making is comparatively slow to develop [7, 21]. Compared to the development of
other cognitive faculties, such as language or motor skills, decision making that involves multi-
ple features becomes mature particularly late in development, and reaches adult-levels only in
late adolescence [22, 23]. Likewise, the ability to focus attention on task-relevant aspects and to
suppress distracting information has been found to be less effective in children in a variety of
tasks, such as the anti-saccade [24, 25], Flanker [26] or Stroop [27] tasks and working memory
capacity also does not reach adult levels until late adolescence [28]. Interestingly, even the abil-
ity to follow explicit rules continues to enhance as children become older in middle childhood,
thereby contributing to the protracted development of children’s control of behavior [4]. Over
the same period of time, children become increasingly able to integrate and execute different
rules according to the cues provided by task context [5], particularly starting from late child-
hood on [22]. Finally, model-based decision making is also known to develop slowly [29].
Neuroscientific research has linked the protracted cognitive development to the relatively
delayed maturation of the prefrontal cortex, e.g. [30, 31].

The research summarized above suggests that cognitive control skills, and their underlying
neural processes, undergo protracted development. Considerably less is known, however, to
what extent the development of cognitive control is related to children’s ability to flexibly
update decision-making strategies. The main goal of the present paper is therefore to ask how
good children are in discovering and updating an ongoing decision-making process with an
alternative strategy that achieves the same goal. As we noted above, the combination of high
sensitivity to statistical regularities with a lower ability to inhibit irrelevant information and to
follow instructions, may lead children to be surprisingly good in discovering novel solutions to
an instructed task. The second goal of this study is to examine to what extent alternative strat-
egy discovery is related to cognitive control, particularly inhibition and working memory, as
measured with independent covariate tasks. We hypothesized a negative relationship between
inhibition and alternative strategy discovery, particularly in children.

Experiment 1

Experiment 1 tested children and young adults with the Spontaneous Strategy Switch Task,
which assesses the ability to discover and implement a novel strategy [32, 33]. Participants
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were instructed to perform a simple decision making task that required responding to the spa-
tial location of a stimulus (four possible locations) with two different buttons. Unbeknownst to
participants, the stimulus color (two possible colors) was fully correlated with the required
response, such that participants in principle could use an alternative, simpler strategy and
respond to stimulus color (2 to 2 mapping) rather than stimulus location (4 to 2 mapping).
The above mentioned previous work with the same task has shown that about one third of
adult participants will discover and use the alternative strategy. The same data also indicated
that strategy switches occurred abruptly (within a few minutes) and occurred throughout the
experiment. In Experiment 1 we asked how frequent strategy discovery is among children
compared to adults, and if the characteristics of strategy change differ between age groups.

Materials and methods

Participants. Twenty-eight children and 22 young adults were tested in Experiment 1.
Participants were excluded if they failed to perform the instructed color task (see below), as
tested by a binomial test assessing performance against chance in the final two blocks (blocks 9
and 10, @ = 5%). This led to the exclusion of 6 children and 1 adult. The effective sample size
therefore consisted of 22 children (11 female) with a mean age of 9.5 years (SD = 2.5, range = 8
to 10 years) and 21 young adults (8 female) with a mean age of 22.7 years (SD = 0.8, range = 20
to 30 years). All participants and in the case of children their legal guardians provided
informed consent and all applicable ethical regulations related to research with human partici-
pants were followed. The ethics board of the Max Planck Institute for Human Development
approved all reported studies (project title: Erkennung von Punktewolken (PU2D)).

Main task. Stimuli. Each stimulus consisted of 72 small colored squares that were distrib-
uted uniformly over a rectangular patch (120 x 120 px), covering half of the patch area. The
patch of colored squares was displayed within a grey reference frame that was slightly larger
than the patch (150 x 150 px). The patch itself was presented centrally on the screen, but on
each trial the reference frame was offset from the center by + 5 px on the horizontal and verti-
cal axes (see Fig 1A). The patch was therefore closer to one of the four corners of the reference
frame. Offsets changed trial-wise and participants were instructed to decide where the patch
was positioned within the frame, i.e to which of the four corners of the reference frame it was
closest to. To respond, participants used two response keys ([x] and [,] marked with a white
label on a QWERTZ keyboard). One key had to be pressed whenever the stimulus was closer
to the upper left or the lower right corner of the frame, whereas the other key was correct for
the opposed corners (lower left and upper right). The response to corner mapping was ran-
domized across participants and shown to participants throughout the task.

On each trial, the squares that made up the patch had the same color and were either green
or red. Participants were not informed that the colors had any meaning for the task and the
colors indeed changed randomly during the first block (50% red and 50% green patches for
each response button). Beginning with the second block, however, the stimulus color was con-
sistently paired with the required response button (Fig 1B). This meant that in trials requiring
a left response (upper left or lower right corner), the patch was for instance always green,
whereas in trials requiring a right response the patch was always red. If this was noticed by a
participant, it allowed her to change her decision-making strategy from selecting buttons
based on patch location to responding based on patch color. The color-button mapping was
counterbalanced across participants.

Trial types. The main task included four different trial types that involved slightly different
response requirements (Fig 1C). In standard trials, the patch and the reference frame appeared
simultaneously for 400 ms on the screen and participants could respond as instructed
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Fig 1. Stimulus and task design. (A): Stimulus response mapping in standard trials. The mapping was counterbalanced across participants. Each trial
involved one patch of colored squares inside a light reference frame as shown. The colored squares were shifted systematically from the center of the
frame and participants had to decide which corner of the grey frame the patch is closer to. (B): Block order for Experiments 1 and 2. Each block started
with a block in which stimulus color and corner were uncorrelated (“random blocks”). Without notifying participants, from block 2 on the required
response and the stimulus color had a fixed relation in all standard trials. After block 8, participants were instructed to use the color to determine their
response (“instructed blocks”). Experiments 1 and 2 differed regarding the number of instructed blocks. (C): Trial structure for standard, ambiguous,
LateGo and NoGo trials. Each row shows the onset and duration of the colored squares, the grey frame, the fixation cross and the response stimulus
interval for one condition, see labels.

https://doi.org/10.1371/journal.pone.0266253.g001

immediately after stimulus onset. In LateGo trials, the patch appeared for 2000 ms before the
reference frame appeared for 400 ms in addition to the patch. Participants were instructed to
withhold responding until the frame was displayed. NoGo trials were identical to LateGo trials,
except that the frame did not appear after 2000 ms and the task continued with the next trial.
Participants needed to withhold responding in these trials. LateGo and NoGo trials were
included to measure inhibition. Finally, on ambiguous trials, patch and frame appeared simul-
taneously, but the frame was not offset from the center. Hence the patch was not closer to any
of the four corners and responding based on relative spatial position of the patch would lead to
random choice behavior. Responding based on color, however, would lead to choices in line
with the stimuli’s colors. These trials were therefore used to asses if and when participant
began to use a color based strategy.

Color task (instructed block). Prior to block 9, participants were informed that stimulus
color and the correct response were paired. As participants were not informed about the exact
nature of the pairing, they had to find the relation themselves. The instructions stated that
once the pairing was found, participants should base their responses on the color for the
remainder of the experiment. Otherwise, the color task was identical to the main task in all
regards. Performance in the color task was used to test if participants were able in principle to
execute the strategy change of they had discovered it.

Additional covariate measures. Questionnaire. Following the main experiment, partici-
pants were asked to fill out a questionnaire containing several questions about the task. These
questions asked (1) whether the hidden color rule was noticed [yes/no], (1b) if yes, when
within the experiment it was noticed [participants indicated the proportion of elapsed time
before noticing on a clockface], (2) whether the discovered color rule was used to make deci-
sions [yes/no], (3) to report the rule by writing down which color was associated with which
corner. Due to human error, questionnaire data from one adult participant were lost. Analyses
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which considered the questionnaire data were constrained to include participants for which
task and questionnaire data was available.

Working memory test. Participants completed a digit-sorting task as a measure of working
memory (WM). For each trial, a set of numbers was verbally read out by the experimenter.
After the last number was presented, participants were asked to write down the numbers in
the ascending order on the answer sheet. A total of 15 sets of numbers divided into five levels
were used, starting from four numbers at the first level and one number was added for each
consecutive level. A set of numbers was assessed as incorrect if a number was missing or if the
sequence was not in the correct order. A maximum of fifteen points could be scored on the
task. Due to technical errors, WM data from 6 participants were lost (3 younger adults). Only
analyses which considered the WM performance were constrained to include participants for
which task and WM data was available.

Stroop test. A Stroop task was used as a measure of inhibition. The task consisted of 40 con-
gruent, 40 incongruent, and 40 neutral trials. Participants were instructed to respond accord-
ing to the font color of the stimulus word (e.g., for words shown in blue color, press the blue
key). For congruent trials, the stimulus words (“BLUE” or “YELLOW?”) in their corresponding
colors were presented on the screen. For incongruent trials, the stimulus words were shown
with non-corresponding colors. For neutral trials, the stimulus word was “XXX” and was
either shown in blue or yellow color. We computed two scores: the difference between reaction
times in neutral and in congruent trials (semantic facilitation), and the difference between
neutral and incongruent trials, the so called semantic interference score. In addition to data
from participants whose WM scores were lost, Stroop data from two additional participants
were lost. Analyses which considered Stroop performance therefore excluded two additional
participants, relative to WM analyses.

Procedures. The experiment began with instructions for the main task. Participants were
explained that, on each trial, they should make a response based on the spatial position of the
patch within the reference frame. While children received instructions verbally to ensure cor-
rect understanding, young adults read the same instructions themselves on the screen. Instruc-
tions did neither facilitate nor discourage color use, mentioning only that “each patch will be
either red or green”. Examples for each corner were shown in both colors. A printout showing
the corner-response mapping was attached to the wall in front of the participants, allowing
them to refer to it throughout the experiment (to reduce variance due to forgetting the map-
ping). Instructions explained all trial types and were followed by a pretraining that ensured
that the rules were understood. The pretraining phase lasted for at least 50 trials and was
ended once the participant made less than 20% errors in 24 consecutive trials. Participants
received trialwise error feedback on the monitor during this part of the experiment, informing
them when the given answer was incorrect, too late, or premature. Colors changed randomly
in this part of the task.

After pretraining the main task started and lasted for 10 blocks of 180 trials each in Experi-
ment 1 (Fig 1B). Each block contained 80 standard, 32 ambiguous, 32 NoGo, 16 LateGo trials.
In order to discourage counting strategies, 12 additional trials were distributed randomly
across trial types such that number of trials per condition varied slightly between blocks. Par-
ticipants could take a short break after each block. During the main task, no trialwise feedback
was given. If the block-wise error rate exceeded 20%, a warning about too many errors was dis-
played in the break between blocks.

During the first block (“random block”), the color in left and right response trials was cho-
sen at random. This block was included to allow participants to settle into the task to a similar
level. From Block 2 on, the color was associated with the correct response as described above.
In the break before Block 9, participants were informed that the color and the response were
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paired. They were not informed about the exact nature of the pairing but rather asked to find
the relation and base their responses on the color for the remainder of the experiment
(“instructed blocks”). This block was to examine whether participants could in principle dis-
cover the alternative color strategy given a strong hint. During this break, but before receiving
instructions about the color task, participants were also asked to complete a questionnaire
assessing knowledge of the color strategy (see above). Then they completed blocks 9 and 10. A
subgroup of participants in Experiment 1 erroneously performed an additional 9th block
before performing two instructed blocks (4 children and 5 young adults). This did not affect
the first 8 blocks for those participants and data from this additional block were therefore not
analyzed. After the main task and questionnaire were completed, participants performed the
Stroop and working memory tasks. The overall duration of the experiment was approximately
160 minutes for children and 120 minutes for young adults.

Analyses. All analyses were performed using R [34], employing the Ime4’ package for
mixed effects modelling [35]. Post-hoc tests were adjusted using the Tukey method as imple-
mented in the package ‘emmeans’. T-tests were corrected for variance inhomogeneity using
the Welch test implemented in R. Unless otherwise noted, mixed effects models included a
random intercept and slope of the linear factor Block per subject as well as fixed effects for the
factors Block and Age group (‘Young Adults’ vs. ‘Children’). To determine whether partici-
pants understood the task, we tested individually whether the percentage of correct regular tri-
als in the color task was significantly different from chance (based on binomial test against
chance at o = .05). This resulted in cut-offs of min. 65% correct color-based responses, ensur-
ing that only performance of participants was analyzed who had the ability to perform the spa-
tial task in principle.

Switch point analysis. We used the CUSUM method to determine the block when partici-
pants started using the color, as in [32]. For each participant, we first calculated the average
percent of color use over all blocks. We then subtracted this overall mean from each block-
wise mean, and calculated the cumulative sum of these differences. Because the differences are
negative while the block-wise performance is below the overall mean, and positive once the
percent color use is above the mean, the cumulative sum of the differences will decrease until a
participant switches and start to increase afterwards. Switch time-points were therefore deter-
mined as the time-point at which each participants’ cumulative difference score was at its
minimum.

Results

Performance on main task: Standard trials. Errors in blocks 1-8 during standard trials
decreased with practice and consistently differed between children and young adults, as
reflected in main effects of Block (1) = 8.6, p <.001 and Age group, x*(1) = 32.3, p <.001,
respectively (see Fig 2A). Post hoc tests confirmed that the main effect of Age group was driven
by younger adults committing less errors than children (25.3% vs. 7.7%, p <.001). This differ-
ence persisted throughout the task and remained present in the last two blocks before the
color instruction (blocks 7-8), p <.001. No interaction between Age group and Block was
found. Likewise, reaction times (RTs) differed between age groups, (988ms vs 653ms, y*(1) =
38.3, p <.001) and decreased with practice,)(z(l) =41.5, ps <.001 (Fig 2B). Group differences
persisted until the last blocks as evidenced by planned comparisons of the average RT in blocks
7 and 8, p <.001.

Investigating performance during the final instructed block revealed that adults still outper-
formed children after participants had been provided with instructions to use color: error rates
of children and adults were 10.5% vs. 2.6%, respectively (t-test: p <.001). In addition, children
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Fig 2. Performance in standard trials and alternative strategy discovery. A: Error rates as a function of block separately for children (purple) and
younger adults (yellow) in Experiment 1. Large age differences in error rates persisted throughout all blocks of the main task. Children benefited more
from color instructions provided in blocks 9-10. B: Average reaction times (RTs, in milliseconds) over blocks, also indicating sizable and persistent
differences between children and young adults. Colors as in panel A. C: Percentage of color-based choices (“Color Use”) in ambiguous trials as a
function of block in both age groups (colors as as in A). No significant differences were found. D: Percentage of color use in Blocks 7 and 8, before
instructions were given. Each dot reflects one participant. E: Proportion of participants whose behavior indicated a strategy switch towards color based
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reported discovery of the relation between colors and corners. No age group difference. G: Percentage of participants able to correctly report the color-
corner association after block 8 (before color instructions were given). H: Percentage of color use in ambiguous trials time-locked to the mini-block in
which a strategy switch was detected. To increase temporal resolution, blocks on the x-axis are split in half relative to C. Different participant numbers in
G/H vs F reflect loss of questionnaire data. Bars represent s.e.m.

https://doi.org/10.1371/journal.pone.0266253.9002

benefited more from the instructions than adults in terms of error rates, as evidenced by an
interaction between Block (7/8 vs. 9/10) and Age group, x*(1) = 8.5, p <.001. The same pattern
was found concerning RTs, i.e. we found a main effect of Age group in Blocks 9/10 and an
interaction between Block (7/8 vs 9/10) and Age group,;(z(l)>10, ps <.001. Fig 2A and 2B
shows participants performance data.

Spontaneous strategy discovery and switch. We next investigated participants’ ability to
discover and use the alternative strategy. We first assessed to what extent responses in ambigu-
ous trials were based on stimulus color. For instance, if green was paired with left responses in
standard trials, we measured the proportion of left responses in spatially ambiguous green tri-
als and vice versa. A mixed effects model revealed an increase in color-based responding over
time, i.e. a main effect of Block, y*(1) = 4.05, p = .04, see Fig 2C. There was no evidence that
children and adults differed in the extent of color use, i.e. no main effect of age group was
found, 7*(1) = 2.6, p = .10. Pairwise t-tests showed no group differences during any of the
blocks. Crucially, testing only behavior in the last 2 blocks before color instructions (i.e., mean
of blocks 7 and 8), showed no difference between age groups, with average proportion of color
based responding at 58.0% vs 63.7% in children and young adults, respectively, y*(1) = 1.28,

p = .26, see Fig 2D. Moreover, the proportion of participants who significantly used color
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(binomial test p <.05) in the last two correlated blocks was 31.8% among children (7/22),
33.3% among young adults (7/21) and not statistically different between age groups,
2°(1)=0.01, p = 1, see Fig 2E. This result was not affected by the choice of threshold (both

ps >.28 when a higher threshold of at least 75% or a lower threshold of at least 50% color use
were employed). Likewise, neither did the proportion of participants who verbally reported
that they had discovered the color strategy differ between age groups (p >.05, Fig 2F), nor did
the number of participants who could accurately report the association between color and cor-
ners in a questionnaire (p >.05, Fig 2G).

We next inferred the time point of discovery from participants’ data (see Methods). Since
no meaningful switch time could be inferred for participants who did not discover the novel
strategy, their assigned time points were sampled randomly from the same distribution
observed in switching participants. We then time-locked each participant’s time course of
color use to her/his inferred switch point. Because the distribution of switch time-points limits
the number of trials before and after the switch for which data from all participants is available,
we considered a time-window ranging from 3 half-blocks before to 4 half-blocks after the
switch. As can be seen from Fig 2H, strategy discovery was abrupt, as in [32, 33, 36]. Pairwise
tests in young adults between adjacent blocks showed no evidence of change in color use
before or after the switch, while the switch itself was characterized by a marked change (p = .02
for the comparison -1 to +1 versus ps >.2 for all other comparisons, corrected, see Fig 2H).
Importantly, the same was true in children, where we also found a significant comparison only
for blocks -1 to +1, p = .002, but not for any other blocks, ps >.8. An analysis which included
only participants who switched to color also revealed that younger adults implemented the
new strategy with greater accuracy than children. A random effects model including factors of
age group, switch group and time-period relative to switch (before versus after) revealed a sig-
nificant interaction, y*(1) = 4.2, p = 0.039, reflecting that the age groups did not differ before
the switch, p = .26, but afterwards, p = .002 (post-hoc comparisons, adjusted).

Response inhibition and working memory. Finally, we investigated age differences in
markers of executive control during task performance and in our covariate tasks. To characterize
response inhibition, we analysed false alarm rates in LateGo and NoGo trials during the main
task. This analysis showed that children and adults differed markedly in their response inhibition
ability, similarly to the performance disparity seen in standard trials. Specifically children made
significantly more premature key presses compared to younger adults (i.e., responses before the
frame was displayed, henceforth “False Alarms”) in LateGo trials (12.2% vs.1.7%, 7’(1) =115,

p <.001, Fig 3A) as well as in NoGo trials (11.5% vs. 1.4%, y*(1) = 13.1, p <.001, Fig 3B).

Our covariate working memory and Stroop tasks also indicated significant age differences.
The verbal working memory test showed that children had a lower working memory span
than younger adults (6.3 vs. 10.7 correct answers, respectively, #(30.9) = —4.3, p <.001), see
Fig 3C. Participants also performed a Stroop test in which they needed to respond to the ink
color of a written color name (e.g., 'YELLOW’ in yellow or red ink) or neutral word (XXX,
colored letters) by pressing a button. In children, RTs tended to be slower in trials with the
neutral word compared to congruent trials (where color and word agreed), although not sig-
nificantly, mean difference 25ms, #(21) = 1.9, p = .075. This was not true in young adults, mean
difference -10ms, #(19) = —0.92, p = .369. Importantly, children had greater RT effects than
adults, #(39.6) = 2.0, p = .049, Fig 3D. Note that because participants were instructed to
respond to the ink color, not respond to the written word, the semantic facilitation score
reflects processing of the irrelevant stimulus feature (the text of the congruent stimulus), and
thus a failure of cognitive control. Surprisingly, we did not find age group differences in
semantic interference (neutral—incongruent), which were -30ms and -39ms in children and
younger adults, respectively, p = .65.
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Fig 3. Response inhibition and working memory performance. A: Percentage of false alarms in LateGo trials among young adults (yellow) and
children (purple) in Experiment 1, indicating significantly less errors among young adults. B: Percentage of false alarms in NoGo. As in panel (A),
younger adults also committed less false alarms than children. C: Working memory score in a auditory digit-sorting task, reflecting the maximum
number of digits that were successfully retained and ordered by each participant. Younger adult participants had on average higher working memory
capacity compared to children. The reduced number of participants due to data loss caused by technical errors in the WM task. D: Average congruency
effect (RT neutral —RT congruent, in ms) in the Stroop task, separately for both age groups and experiments. Younger adults showed smaller
congruency effects. Each dot represents one participant, the black lines indicate boxplots. Bars represent standard error of the mean.

https://doi.org/10.1371/journal.pone.0266253.g003

Experiment 2

While Experiment 1 yielded no statistical evidence of any age differences in strategy discovery,
it had a limited sample size and was characterized by large age differences in main task perfor-
mance that led to differences in the number of participants who had to be excluded. In Experi-
ment 2 we therefore repeated Experiment 1 using a slowed-down task version that allowed
children to make less mistakes. Our aim was to confirm that no age differences exist even
when the performance gap between adults and children is reduced and the number of exclu-
sions equivalent. This allowed us to independently replicate our results from Experiment 1,
and also offered us the possibility to address power issues by combining data across both
experiments.

Methods

Participants. Twenty-eight children and 21 young adults were tested in Experiment 2.
Following the same exclusion criteria as in Experiment 1, three children and three adults were
excluded due to being unable to perform the task during the instructed block. This resulted in
an effective sample size of 25 children (10 female) with a mean age of 9.2 years (SD = 0.8,
range = 8 to 10 years), and 18 young adults (4 female) with a mean age of 26.6 years (SD = 4.6,
range = 20 to 35 years). All participants, and in the case of children their legal guardians, pro-
vided informed consent; the study received ethics approval identical to Experiment 1.

Tasks. Participants performed the same main task as in Experiment 1. To achieve better
performance in children, we increased the duration of the stimulus display from 400ms to
800ms. To accommodate for the slower task, participants only received one final instructed
block instead of two, reducing the block number from 10 to 9. All other aspects of the main
task were identical. The working memory test was identical to Experiment 1. The Stroop task
was implemented in psychoPy, but identical otherwise. Stroop data from 2 participants (1
adult) were lost due to technical error.

Procedures. Procedures were as in Experiment 1.

Analyses. Analyses followed the same principles as in Experiment 1.
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Results

Performance on main task: Standard trials. Main task results replicated our findings
from Experiment 1. Both age groups improved performance in standard trials over the course
of blocks 1-8, as reflected in a main effect of Block y*(1) = 28.3, p <.001 (see Fig 4A). We also
found a main effect of Age group, x*(1) = 12.9, p <.001 that was driven by younger adults com-
mitting less errors than children (17.6% vs. 5.5%; Post-hoc test: #(45.1) = 3.5, p <.001). Differ-
ences in error rates between age groups persisted throughout the task, remaining present in
the last two blocks before the color instruction (blocks 7-8), #(45.1) = 3.6, p <.001. No interac-
tion between Age group and Block was found.

Likewise, RTs on standard trials in Blocks 1 to 8 differed between age groups, with a longer
reaction time for children than young adults (y*(1) = 25.7, p <.001) and decreased with prac-
tice, y*(1) = 21.9, ps <.001 (see Fig 4B). Age group differences in RT persisted with consider-
able practice, as shown by planned between-group comparisons of the average RT's in blocks 7
and 8 (#(45.1) = 4.6, p <.001). After being provided with instructions to use color in Block 9,
adults still outperformed children in terms of accuracy on standard trials. Error rates for adults
were significantly lower than in children (2.7% vs. 6.9%, $(43.3) = 2.2, p = 0.03). In addition,
children benefited more from the instructions than adults, as demonstrated by an interaction
between Block (7/8 vs. 9) and age group in error rates (*(1) = 6.5, p=.011) and RTs (1) =

6.2,p=.013).
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Fig 4. Performance on standard trials and alternative strategy discovery in Experiment 2. A: Error rates as a function of block separately for children
(purple) and younger adults (yellow). Age differences in error rates persisted throughout all blocks. B: Average reaction times (RTs, in milliseconds) over
blocks, also indicating sizable and persistent differences between children and young adults. Colors as in panel A. C: Percentage of color-based choices
(“Color Use”) in ambiguous trials as a function of block found in young adults (yellow) and children (purple). No significant differences were found. D:
Percentage of color use in blocks 7 and 8, before instructions were given. Each dot reflects one participant. E: Proportion of participants whose behavior
indicated a strategy switch towards color-based responding by blocks 7 and 8 (>60% color use). No difference was found between age groups in this
measure. F: Percentage of participants self-reporting discovery of the relation between colors and corners; no age group difference was found. G:
Percentage of participants able to correctly report the color-corner association after block 8, but before instructions were given. H: Percentage of color
use in ambiguous trials time-locked to the mini-block in which a strategy switch was detected. Blocks on the x-axis are split in half relative to A to
increase temporal resolution. Bars represent s.e.m.

https://doi.org/10.1371/journal.pone.0266253.9004
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Spontaneous strategy discovery and switch. We next investigated participants’ ability to
discover and use the alternative strategy. We first examined the extent of alternative strategy
use, defined identically to Experiment 1 as the proportion of color-based decisions on spatially
ambiguous trials. A mixed-effects model revealed that color-based decisions increased over
time (i.e., a main effect of Block, y*(1) = 16.7, p <.001), but did not differ between children
and adults, as in Experiment 1, see Fig 4C (i.e., no main effect of Age group, 55.6% vs 56.6% in
children and young adults, respectively, y*(1) = 2.6, p = .11).

Analogous to Exp. 1, we next examined color-based responding on ambiguous trials in the
last two correlated blocks, before participants were given explicit instructions to use color.
Again, there was no difference in the mean proportion of color-based responses between age
groups (58.9% vs 57.4% in children and young adults respectively, x*(1) = 0.12, p = .74, see
Fig 4D). Further, applying the same binomial test criterion there were no differences between
age groups in the proportion of participants who exhibited statistical evidence for above-
chance color use in the last two correlated blocks (y*(1) = 0.49, p =.528), with 32% (8/25) of
children and 25% (4/16) of adults meeting this criteria (Fig 4E). No significant differences
between groups were found when the threshold for color use was increased to 75%, y*(1) =
0.61, p = .675, or decreased to 50%, y*(1) = 0.32, p = .752. Moreover, neither the proportion of
participants who self-reported to have discovered the color strategy (Fig 4F) nor the number
of participants who accurately reported the associations between corners and colors in a ques-
tionnaire differed between age groups, (ps>.05, Fig 4G and 4H).

Finally, using the same method as in Experiment 1, we examined the time points when
alternative color strategy was discovered. Among those participants who switched to the alter-
native strategy, both age groups showed the characteristic sudden onset of color use (see
Fig 4H), and adults and children did not differ in when they discovered the strategy (p = .58).
The age groups also did not differ in the extent to which they implemented the strategy before
(p = .11) nor after (p = 0.78) discovering the alternative strategy (unlike in Experiment 1). In
other words, there was no evidence in Experiment 2 that adults employed the new strategy
with greater efficiency than children.

Response inhibition and working memory. As in Experiment 1, we found age differ-
ences in cognitive control when measured in the main task as well as with separate, covariate
tasks. Main task response inhibition was assessed through false alarm rates in LateGo and
NoGo trials. Similar to Experiment 1, children and adults differed markedly in their response
inhibition ability, paralleling the performance disparity seen in standard trials. Specifically,
compared to young adults, children made significantly more premature key presses (i.e.,
responses before the frame was displayed, henceforth “False Alarms”) in LateGo trials (5.6%
vs. 0.7%, x*(1) = 8.9, p = .003, Fig 5A) as well as in NoGo trials (6.1% vs. 0.9%, y*(1) = 11.6,

p <.001, Fig 5B).

Young adults also outperformed children on our additional cognitive control tasks. Chil-
dren had a lower working memory span on the digit-sorting task compared to adults (4.6 vs.
8.7 correct answers, respectively, #(33.2) = —4.9, p <.001; see Fig 5C). On the Stroop task, chil-
dren showed a larger facilitation effect of congruent stimuli than adults, #(37.6) = 2.3, p = .029.

Combined analysis
Age-differences in strategy updating versus age-differences in cognitive
control and task performance

Experiments 1 and 2 yielded no evidence for differences in strategy adaptation between young
adults and children, despite the fact that these groups differed substantially in task perfor-
mance and cognitive control. To reduce the possibility that the lack of evidence could be
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Fig 5. Response inhibition and working memory in Experiment 2. A: Percentage of false alarms in LateGo trials among young adults (yellow) and
children (purple) in Experiment 2, indicating significantly less errors among young adults. B: Percentage of false alarms on NoGo trials. As in panel (A),
younger adults also committed less false alarms than children. C: Working memory score in an auditory digit-sorting task, reflecting the maximum
number of items that were successfully retained and sorted by each participant. Younger adult participants had on average higher working memory
capacity compared to children. D: Average congruency effect (RT neutral—RT congruent, in ms) in the Stroop task, separately for both age groups.
Children showed larger congruency effects, and more variability, than adults. Each dot represents one participant, the black lines indicate boxplots. Bars
represent standard error of the mean.

https://doi.org/10.1371/journal.pone.0266253.9005

related to a lack of power, we combined data across both experiments. This resulted in a sam-
ple size of 86 participants, consisting of 47 children and 39 young adults.

An analysis of this combined sample confirmed, unsurprisingly, the considerable age-dif-
ferences in task performance, even at the beginning of the task (blocks 1-2): Error rates in reg-
ular trials differed between age groups (27.4% vs. 10.4%, main effect age group: y*(1) = 39.3,

p <.001), and the same main effect of age was found for reaction times (r*(1) = 48.4, p <.001).
Similarly, premature responses in LateGo and NoGo trials differed significantly across age
groups early on in the task (y*(1) = 11.1 and 18.4, both ps <.001) and age differences in the
working memory and Stroop tasks were also confirmed in the combined sample (both ps
<.005, see Fig 6A, left). Importantly, the same analysis did not find any evidence for differ-
ences in strategy updating. The average percentage of color use in blocks 7-8 was 58.5% in chil-
dren and 60.7% in young adults, not differing significantly between age groups (y*(1) = 0.4,

p =.51). Among children, 27.5% of participants (13 out of 47) showed significant evidence for
color use by block 7/8. Among adults, 28.2% (11/39) showed evidence for color use, which
again provided no evidence that children and adults differ ()(2(1)<0.1). We also found no evi-
dence for differences in the switch time point: the average adult switchpoint (miniblock, only
for switching adults) was 6.4, and for children it was 7.3, #(20.6) = —0.86, p = .39. Post-hoc
power tests for y*-tests revealed that with our increased sample size of 86 participants we had a
power 0f.79 to detect effect-sizes of.3, and.45 power to detect an effect-size of.2 (analyses
assuming a = .05, two-sided).

In post experimental questionnaires, 43% of children and 39% of adults reported to have
discovered the color strategy (age differences: p = .9). Forty-one percent of children versus
24% of adults reported to have used the strategy (p = .16) and 61% vs. 63% correctly reported
which color as was associated with which corner (p >.99). Fig 6A illustrates the standardized
z-scores for each age group across all measures mentioned above. Note that all measures in Fig
6 are flipped such that a positive value indicates better performance. For instance, a positive z-
score for Stroop costs indicates relatively smaller Stroop costs, while a positive value for RT
indicates relatively faster RTs etc.

PLOS ONE | https://doi.org/10.1371/journal.pone.0266253 May 31, 2022 12/18


https://doi.org/10.1371/journal.pone.0266253.g005
https://doi.org/10.1371/journal.pone.0266253

PLOS ONE Spontaneous discovery of novel task solutions in children

>
o]
()
o

Task Performance Strategy Discovery

5 2 & Cognitive Control
= - ] o (=] (=)
5 4 7 5 Adults ; Adults
§ _® Adults /" _ %7 e chiden = | ®cnidren
= @ Children / = =
0. D v / D D
2 o < Q= Kejnd
[ = . / = =
5 o 8 o *e ' 8 o 8 o * o
o _++T S o / 5 o =) o ® 0
(2] o o -
Tl oy e i o .
R 231 # 23 231
T Adults S5 353 ¥
8 B Children O, ,/°t‘ . o, Q. e
S © : - - -
g -~ o o o N U S S | r T T T 1 /| r T T T 1 I r T T T 1
T S FGEP G &P 10 05 20 35 50 -3.00 -0.90 015 1.20 21 -08 05 18 31
& K AR Q&O e (gf More Less More Errors/ Less Errors More Less
\i_@@ @\@ \,b«é\\q;\ oo ks Q‘\\'Qr? Color Use Color Use slower RTs faster RTs Interference Interference
S 2 3 i
S Q&eﬂ((,g» o Predicted Color Use Task Performance (z) Stroop Costs (z)

Fig 6. Joint analyses across Experiments 1 and 2. A: A standardized effect size (z score) was individually calculated for each performance metric for
purposes of comparison. Shown metrics reflect data reported in the manuscript in Figs 2-5. Data collapsed across Experiments 1 and 2. Effects are
flipped such that bars higher than 0 indicate that performance for the respective measure was better in one group, i.e. fewer errors, better working
memory or faster RTs all are coded as positive values). Data from children is shown in purple, and data from adults in yellow (as in Figs 2-5). Bars
represent s.e.m. B: A linear regression successfully related the logit transformed proportion of color use in Blocks 7 and 8 to the performance factors
shown in panel A, R* = .27. C: The regression model indicated several interactions between age group and cognitive performance. The scatterplot shows
task performance (better performance from left to right) is related to logit transformed color use. D: The scatterplot shows that Stroop semantic
facilitation effect (better performance, i.e. less RT costs, from left to right) also had reversed association with color use in young adults versus children.
Each dot represents one participant. Lines reflect regression slopes of simple models including only the illustrated factors.

https://doi.org/10.1371/journal.pone.0266253.9006

The sizable differences in task performance and cognitive control therefore stand in con-
trast to the lack of differences in strategy adaptation. To formally test this impression, we per-
formed a linear mixed effects model in which the z-scored performance in each measure was
treated as the dependent variable, and factors Agegroup and Cognitive Ability (cognitive con-
trol/task performance versus strategy updating, see Fig 6A) were tested. As expected, this
model indicated a clear interaction of Agegroup and the type of cognitive ability, y*(1) = 15.6,
p <.001.

We also tested whether the lack of age differences in the proportion of color use in ambigu-
ous trials could be explained by low reliability in our measures of strategy discovery. The split
half correlation between color use in odd (2, 4, 6, 8) and even (3, 5, 7) blocks was r = .84
(despite the fact that color use changed across time for some people, as we show in this paper).
Constraining the analysis only to periods after the strategy was implemented yielded a correla-
tion of r = .86. Hence, our measures of strategy adaptation appear highly reliable.

Relations between strategy discovery, task performance, working memory,
and Stroop performance

Finally, we investigated whether measures of cognitive control and task performance were
related to the use of the alternative strategy. We used a linear regression model to predict the
logit transformed proportion of color use in ambiguous trials in blocks 7 and 8, using the indi-
cators of cognitive functioning discussed above. Because the measures for standard trial per-
formance (RTs and errors) and response inhibition (premature responses in LateGo and
NoGeo trials) were highly colinear (r = .35 and r = .89, respectively), we z-scored and then aver-
aged the affected pairs of variables into singular factors (e.g. on-task performance: z-scored RT
+ z-scored Error rate). Hence the model included five factors in total: age group, on-task per-
formance, on-task response inhibition, Stroop semantic facilitation effect, and working mem-
ory capacity. All main effects were included as well as all pairwise interactions between age
group and each of the performance measures. A baseline model that included only age group
as a predictor did not indicate any main effect of age group (p = .73) and had significantly
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worse fit than the full model (#* = .27 vs. #* = .001, Akaike Information Criterion, AIC: 198 vs
207, p <.001), see Fig 6B. A stepwise model selection procedure based on AIC confirmed that
only the WM main effect and the WM interaction with age group could be removed from the
model without loss of fit (final model AIC: 196). Importantly, the full model indicated signifi-
cant interaction effects of age group and task performance (p = .02) as well as age group and
stroop semantic facilitation (p <.001) on the amount of color use. These interactions reflected
that the relationship between strategy updating and the other cognitive abilities was negative
among young adults, but positive among children. Specifically, better task performance (less
errors/faster RT's) was associated with less strategy adaptation in young adults, but the reverse
was true among children (Fig 6C, r = —.29 vs. r = .30, simple correlations are reported to illus-
trate the effect). Similarly, less Stroop RT costs were associated with less color use among
young adults, r = —.32, while the opposite was true among children, r = .35, see Fig 6D. Note,
however, that only the effect involving Stroop performance (6D), but not the effect of task per-
formance (6C), survived a reanalysis with a robust regression framework.

Discussion

In two experiments we compared children’s and adults’ ability to discover possible strategy
improvements during task execution. A strategy adaptation occurred when participants
changed how they selected their responses throughout the task although a viable response rule
was provided at the beginning of the experiment. The instructed task rule allowed error-free
task execution, no error feedback was given, and the possibility that an alternative strategy
could be found was not mentioned by the experimenters. Strategy improvements were there-
fore a product of participant’s self driven exploration of alternative stimulus-response rules.

Our results showed that strategy adaptations occurred equally often in children and adults.
This finding contrasted with the superior performance of adults in all other cognitive abilities
that were measured in the same sample, in particular in task execution, working memory, and
cognitive control abilities. Flexible strategy updating therefore presents a remarkable exception
to the well documented protracted development of decision-making relevant functions in chil-
dren such as cognitive control [7, 21], rule following [4], model based decision making [29]
and choice exploration strategies [37].

Notably, we found different associations between the amount of color use (strategy adapta-
tion) and performance in other tasks among children versus adults. Most interestingly, the
Stroop (semantic facilitation) effect correlated positively with color use among children (r =
.35, whereby larger Stroop effects indicate less interference, see Fig 6D). This hints at a ‘benefi-
cial’ effect of more cognitive control. Note, however, that we found no age differences in
semantic facilitation in our Stroop test, the reasons for which remain unclear and could sug-
gest unreliable measurement. In young adults, in contrast, we found a negative relation
between the Stroop effect and color use, r = —.32, indicating that young adults with better exec-
utive functions were less influenced by the color, see Fig 6D. The same pattern of results was
found when investigating task performance.

While the present study was not designed to specifically examine the question about the fac-
tors influencing strategy discovery, the available data thus could hint at two possible explanations.
On the one hand, relatively better task and Stroop performance could reflect different mecha-
nisms in adults versus children. Whereas in adults good performance mainly reflects attentional
focus that is detrimental to strategy updating, in children relatively good task performance could
reflect different factors, such as better encoding of the instructions or better motor control.

Interestingly, selective attention is thought to be mature relative to inhibitory control
among children in the present study; 8-10 year olds have been found to show only small
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deficits on selective attention tasks, but large differences on response inhibition tasks, relative
to adults [38]. This protracted development of response inhibition is congruent with the
marked differences in task performance (e.g., on LateGo and No-Go trials) in our current
study, and suggests that it may be response inhibition, rather than attentional focus more
broadly, that contributes to the ability to spontaneously discover alternative solutions.

On the other hand, given the overall performance difference between children and adults it
also seems possible that the opposite-sign relations to strategy switching reflect an inverted U-
shaped relationship between attentional mechanisms and strategy switching. Further investi-
gations are therefore needed that shed light on the factors that facilitate and impede strategy
discovery, for instance using Bayesian models to computationally capture parameters of
exploitation and exploration directly. Furthermore, more differentiated measures of selective
attention, response inhibition, and update focused working memory measures such as n-back
or AX-CPT tasks should be utilized to tease apart the specific aspects of cognitive control that
relate to strategy switching in children and adults, respectively.

In addition, given the between subject nature of the effects, larger sample sizes that yield
higher power for detecting small difference between age groups will be needed. In addition,
note that any novel insights obtained from combining Experiments 1 and 2 ignore the fact that
doubling the stimulus display might have affected the deployment of the color strategy. Hence,
new experiments using a constant stimulus display with a larger sample size are warranted.

Which computational properties allow a decision-maker to find new solutions within previ-
ously ignored environmental structure remains an overall unsolved problem that relates to the
general question of representation learning mechanisms in the brain [39-41], a topic that has
also been considered in developmental psychology, e.g. [42]. It also remains unclear how the
high levels of flexible updating could be neurally implemented in the still developing brain.
Our own investigation in younger adults suggested that the spontaneous change in strategy
relied on a internal simulation mechanism in medial prefrontal cortex (mPFC). In children,
mPFC displays a complex structural maturation trajectory that differs between its subregions
[43], with the orbital parts following an early maturation pattern, whereas the dorsal parts fol-
low a late maturation pattern. The cluster of mPFC found in [32] corresponds to the region
that goes through structural transition between 8 and 10 years of age. This implies that our
sample of children could be characterized by substantial inter-individual differences in mPFC
structure. Direct measurement of mPFC structure could therefore be an interesting subject of
investigation.

In addition, it remains unclear whether children’s brains exhibit similar dynamics in long
range brain activity correlations that have been associated with the task used here [36], given
the marked changes in brain network segregation observed in children [3]. This may be rele-
vant insofar as prefrontal network dynamics have been linked to the balance between cognitive
stability and flexibility [44], suggesting that the stable states that correspond to task sets repre-
sentations can be thought of as basins in a potential landscape of network state. According to
this view, deeper basins are related to cognitive stability and efficient task execution, while
shallower basins imply less effort to switch but higher susceptibility to distraction. In line with
this idea it has been found that depth of the attractor state, as indexed by functional coupling
between prefrontal areas, is related to how readily individuals switch from one task state to
another in the light of ambiguous task cues [45]. Therefore, the development of attractor sta-
bility of prefrontal networks may be a useful topic for future investigations, see also [3].

Several further shortcomings of the study need to be acknowledged. First, due to limitation
in testing time of children, we did not include a comprehensive battery of cognitive control.
One may speculate that updating, another aspect of executive function [46], could be relevant
for strategy adaptation and should be included in future studies. Second, developmental
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constraints to strategy updating may stem from different reasons, namely difficulties in discov-
ering an alternative strategy vs. switching to another strategy. Our questionnaire results sug-
gest that, numerically, a higher percent of children (41%) than adults (24%) reported to have
used the strategy. While this difference was not significant and based on subjective reporting,
the lack of age difference in actual color strategy use could hint at difficulty in switching even
if the alternative strategy was discovered. In relation to this, the difficulty in switching could be
related to contextual factors such as compliance to task instruction, which may differ for par-
ticipants of different age group and will be of interest for future studies.

In summary, the present study has shown that the ability to perform strategy adaptations
presents a remarkable exception from children’s comparatively limited decision making skills,
such as executing simple task rules, holding information in working memory and inhibiting
prepotent responses. The comparatively well developed ability to discover novel strategies for
a known task in children might offer a unique opportunity for educators in fostering learning
in children. More generally, our findings highlight that the development of cognitive functions
in children might result in complex dynamics of abilities that rely on the interaction of several
cognitive functions.
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