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Abstract

The Weather Prediction Task (WPT) can be solved by adults using several strategies

dependent on different memory systems. One developmental study reported that 8–

12-year-old children can solveWPT-like tasks but, because of inadequate analyses, the

cognitive processes involved in solving the task have not been established. The present

study aimed to determine at what age children can first solve theWPT and identify the

strategies used by children of different ages.We tested 3–12-year-old typically devel-

oping children and 20–30-year-old adults on a modifiedWPT. We performed detailed

analyses of performance for each pattern of cue–outcome associations to decipher

the strategies used by participants. None of the 3–5.5-year-old children solved the

task. About one third of 5.5–7.5-year-old children performed above chance, relying

only on the two most predictive cues. In contrast, about 80% of 7.5–12-year-old chil-

dren performed above chance, relying on a conditional hierarchical strategy. Similar

to 20–30-year-old adults, 7.5–12-year-old children considered the highly predictive

cues primarily and the less predictive cues secondarily. These findings indicate that

the learning strategies used to solve the WPT evolve from middle to late childhood

and reflect an increasing ability to use a conditional strategy concomitant with the

development of the hippocampus-dependent memory system.
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1 INTRODUCTION

1.1 Multiple memory systems

It is well established that there are multiple parallel but functionally

distinct anddissociablememory systems in thebrain (Ashby&Maddox,

2005; Cohen et al., 1985; McDonald & White, 1993; McDonald et al.,

2004; White et al., 2013). Amongst these multiple memory systems,

the hippocampal and the striatal memory systems are often compared

as the types of memory representations that they support are func-

tionally the opposite. Although the hippocampal memory system is

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
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fundamental for creating flexible conditional or context-dependent

representations, the striatal memory system creates fixed stimulus–

response representations of behavioral actions (Chang & Gold, 2003a;

Cohen et al., 1985; Hartley et al., 2003; Packard et al., 1989; Squire,

2004; Voermans et al., 2004). Fundamental research in rodents and

nonhuman primates and neuropsychological research with patients

have been key to elucidating the function of and interactions between

these two different memory systems by assessing performance on

tasks that specifically implicate one or the other of these memory

systems. This approach has helped to define what types of memory

are fundamentally subserved by these complementary systems, but
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also how damage to one of the two systems impacts the functioning

of the other system, potentially via the release of competitive inhi-

bition (Chang & Gold, 2003a, 2003b; Hartley & Burgess, 2005; Lee

et al., 2008; Poldrack & Packard, 2003; Poldrack et al., 2001). Although

much of our understanding of the function of these different mem-

ory systems and their interaction comes from investigations employing

spatial cognitive tasks, studies have also investigated the role of dif-

ferentmemory systems in nonspatial cognitive tasks, in particular with

probabilistic classification learning tasks.

1.2 The Weather Prediction Task

The Weather Prediction Task (WPT; Knowlton et al., 1994) is a

probabilistic classification learning taskwidely used to assess striatum-

dependent learning and memory processes. The WPT requires par-

ticipants to predict the weather based on different combinations of

four tarot cards. On each trial between one and three cards, result-

ing in 14 distinct patterns or combinations of cues, are displayed with

two weather outcomes and participants must predict whether the

outcome is more likely to be sunshine or rain. Participants receive

feedback as to the correct outcome. However, just like the weather,

cue–outcome associations are probabilistic and thus not perfectly cor-

related. Although two highly predictive cues are associated with rain

or sunshine on 75% of trials and with the opposite outcome on the

remaining 25% of trials, two less predictive cues are associated with

rain or sunshine on 57% of trials and with the opposite outcome on

the remaining 43% of trials. Importantly, participants are not explic-

itly informed about the probabilistic nature of the task. Due to the

probabilistic nature of the WPT, participants were originally consid-

ered to gradually acquire implicit knowledge about the cue–outcome

associations across successive trials via striatum-dependent learning

processes (e.g., Brown et al., 2010; Fernandez et al., 2021; Knowlton

et al., 1994; but see Lagnado et al., 2006). Behavioral and neuroimag-

ing studies, however, have provided evidence that theWPT implicates

both hippocampus-dependent declarative processes and striatum-

dependent non-declarative processes (Foerde et al., 2006, 2007; Gluck

et al., 2002; Hopkins et al., 2004; Lagnado et al., 2006; Meeter

et al., 2006; Newell et al., 2007; Poldrack et al., 2001; Price, 2009),

with hippocampus-dependent processes being particularly prevalent

in the early stages of learning. Nevertheless, unduly influenced by the

early reports purporting that the WPT specifically assessed striatal-

dependent procedural learning, many researchers have persisted in

using the WPT and WPT-like tasks for the explicit purposes of char-

acterizing procedural learning and memory in typical and atypical

development (e.g., Gabay & Goldfarb, 2017; Kemeny & Lukacs, 2010;

Mayor-Dubois et al., 2010, 2016), and the behavioral consequences of

known or presumed structural or functional basal ganglia deficiencies

in children and adults with, for example, attention-deficit hyperactiv-

ity disorder (Gabay & Goldfarb, 2017), bulimia nervosa (Labouliere

et al., 2016), schizophrenia (Fernandez et al., 2021; Foerde et al., 2008;

Gomar et al., 2011; Horan et al., 2008; Karcher et al., 2019; Keri

et al., 2000; Weickert et al., 2002), Parkinson and Huntington dis-

eases (Knowlton, Mangels, et al., 1996; Knowlton, Squire, et al., 1996;

Shohamy,Myers,Grossman, et al., 2004; Shohamy,Myers,Onlaor, et al.,

2004), and Tourette syndrome (Keri et al., 2002;Marsh et al., 2004).

Consistent with the neuroimaging data showing that the WPT also

implicates hippocampus-dependent declarative memory processes

(Foerde et al., 2006; Poldrack et al., 2001), Bochud-Fragnière et al.

(2022) have recently shown that typically developed 20–30-year-old

adults solve an abridged version of the WPT (with only 100 trials)

using a flexible cognitive strategy that is likely dependent on the hip-

pocampus. In their study, they introduced new “pattern analyses” as

a more appropriate manner of characterizing the learning strategies

used to solve theWPT. First, they computed the performance of every

single participant on each of the 14 individual patterns of cues. Sec-

ond, they compared the overall performance of young adults for each

individual pattern to the performance thatwould be expected if partic-

ipants were using a particular learning strategy. Finally, they compared

the different levels of performance between the 14 patterns to char-

acterize how each individual cue influenced the participants’ choices

whenpresentedaloneor in combinationwithother cues. They found, in

accordancewith Gluck et al. (2002) andMeeter et al. (2006), that most

young adults do not use a multicue strategy to solve theWPT (i.e., pre-

dicting the correct outcome based on their implicit knowledge about

the probabilities of cue–outcome associations acquired across succes-

sive trials), as initially proposed (Knowlton et al., 1994). Instead, their

analysesdemonstrated that the responsesof youngadultsmatched the

use of a hierarchical strategy, a flexible cognitive strategy in which par-

ticipants primarily base their responses on the presence or absence

of the two most predictive cues and consider the two less predictive

cues secondarily, except when the two most predictive cues are both

present . This strategy, by which the participant determines the cor-

rect outcome following a series of hierarchical comparisons of the cues

on each trial, is akin to a context-dependent or conditional learning

strategy that has been shown to be dependent on the hippocampus

(Andersen et al., 2006; Greene et al., 2006; Ridley et al., 1995). These

findings, together with previous studies cited above, suggest that the

WPT does not necessarily assess implicit procedural learning, and that

detailed pattern analyses are required to infer the learning strategy

used to solve the task.

1.3 When and how do children solve the WPT?

To our knowledge, only one study has assessed how typically devel-

oping (TD) children solve WPT-like tasks (Mayor-Dubois et al., 2016).

Employing the Ice Cream Task (ICT; a modified version of the WPT;

Shohamy, Myers, Grossman, et al., 2004), they found that at 8 years

of age, children were already able to solve the task. They also showed

that although 8-year-old children performed as well as 10- and 12-

year-old children during the first 100 trials of the task, 12-year-old

children made more correct choices than 8-year-old children in the

last 100 trials (101–200). In order to determinewhether childrenwere

using an implicit procedural learning strategy (i.e., the multicue strat-

egy as originally presumed in Knowlton et al. (1994)), they applied
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the same types of strategy analyses proposed by Gluck et al. (2002).

Their strategy analyses suggested that the number of children who

used themulticue strategy increasedwith age, reaching around 40% in

12-year-old children. However, these strategy analyses are unable to

statistically differentiate among several of the most likely used strate-

gies and are thus inadequate to define the learning strategies used by

participants to solve the WPT (Bochud-Fragnière et al., 2022). More-

over, the youngest participant tested in the study by Mayor-Dubois

et al. (2016)was7.9 years old. Thus, it is currently unknownatwhat age

children are first able to solve tasks, such as the WPT or ICT, whether

children use a similar strategy across development, and if not when

they begin using a hierarchical strategy like adults.

Understanding when and how children solve the WPT is particu-

larly important from a theoretical viewpoint and enables comparisons

between the function and interaction of these two different memory

systems in spatial and nonspatial contexts across development. In the

spatial domain, for example, striatum-dependent spatial memory pro-

cesses have been shown to emerge early (Acredolo, 1978; Acredolo &

Evans, 1980; Cornell &Heth, 1979), whereas hippocampus-dependent

spatial memory processes exhibit a later emergence and a pro-

tracted maturation (Newcombe et al., 1998; Ribordy Lambert et al.,

2013, 2015, 2017). If findings in the spatial domain are extended

to the nonspatial domain, it is reasonable to hypothesize that if the

youngest children solve the WPT that they do so using a striatum-

dependent procedural learning strategy, whereas older children may

use a hippocampus-dependent declarative learning strategy. In con-

trast, if younger children are incapable of solving the WPT, this would

suggest that like adults, young children do not use striatum-dependent

strategies to learn how to solve theWPT.

1.4 Aim of the study

The current studywas designed to determine atwhat age children first

demonstrate the ability to solve the WPT and to identify the strate-

gies used by children of different ages. The identification of different

strategies at different stagesof developmentwould suggest that differ-

ent memory systems are implicated in solving the WPT at these ages.

We tested children from 3 to 12 years of age on an adapted, abridged

version of the WPT. To characterize the learning strategies support-

ing WPT performance in children, we performed the pattern analyses

designed by Bochud-Fragnière et al. (2022) and compared the results

obtained for children with those previously published for young adults

(Bochud-Fragnière et al., 2022).

2 MATERIALS AND METHODS

2.1 Participants

Participants were 71 French-speaking TD children (31 girls; average

age: 6.50 years; range: 3.03–11.85) and 22 French-speaking young

adults (11 females; average age: 26.29 years; range: 21.72–30.82). Of

the 71 children, one 3.59-year-old boy and one 3.70-year-old boywere

not included in the analyses because they did not finish the task.

Both children and adult participants were recruited in Switzerland

via personal connections. Consistent with the demographics of the

local population, participants were generally of Northern European

decent and of middle socioeconomic status. Exclusion criteria were

atypical development (e.g., parent- or participant-reported develop-

mental delay or high potential), neurological disorders (e.g., epilepsy),

or chronic substance use (drugs or medications). Testing took place

Monday through Saturday, between 8:00 a.m. and 6:30 p.m. Partici-

pants were tested in their homes, or for some adult participants in the

homeof the experimenter. Theonly requirement for testingwas aquiet

room with a table and two chairs. Adult participants and the parents

of children gave informedwritten consent prior to beginning the study

andall children gaveoral consent and,whenpossible, theirwritten con-

sent. Child participants received a stuffed animal and a symbolic Junior

Researcher diploma for their participation. Adult participants received

a gift card to a local retailer. Human subjects researchwas approved by

the Cantonal Ethics Commission for Human Research [Vaud, Switzer-

land; project no PB_2017-00074 (60/14)] and was in accordance with

the code of ethics of the World Medical Association (Declaration of

Helsinki) for experiments involving human subjects in research.

2.2 General procedure

The task used here with children is identical to that used to assess

WPT performance in adults in Bochud-Fragnière et al. (2022): There

were no differences in any of the parameters of the task or in the

administration of the task between children and adults. The task was

modified from the original WPT (Knowlton et al., 1994) and the ICT

used to test young children (Shohamy, Myers, Grossman, et al., 2004).

First, cartoonish sea animals were used as cues instead of tarot cards,

and two different smiley faces served as outcomes (Figure 1). Second,

to give young participants a better chance to complete the task, we

abridged the task and presented only 100 trials and the same asso-

ciative outcome probabilities as Gluck et al. (2002) and Mayor-Dubois

et al. (2016) (i.e., .20, .40, .60, .80). The number of presentations of

each pattern was adapted to respect these probabilities (Table 1). The

taskwasprogrammedwithE-Prime3.0 software (Psychology Software

Tools, Sharpsburg, PA, USA) and was presented on a computer tablet

with a tactile screen (HP Spectre x360 Convertible 13-w0XX running

withMicrosoftWindows1064-bit; Processor Intel Core i7; 8GBRAM;

13.3-in. (1920×1080); landscapeorientation). Theparticipant’s choice

was recorded automatically by E-prime when they touched one of the

two outcome stimuli.

2.3 Stimuli and detailed procedure

We used the four unique sets of four cues (cartoonish pictures of sea

animals) and two outcomes (a smiley face with sunglasses enjoying

the sun, hereafter referred to as “sun”; a smiley face wearing a knit
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F IGURE 1 (A) Example of one set of four cues (sea animals), which were associated with each outcome (sun or snow) with a fixed level of
probability across all patterns. (B) Representation of the computer screen for one trial when three animals were displayed, and the participant had
to choose between snow and sun. Note that one, two, or three animals could be displayed on any given trial; all four animals were never displayed
simultaneously.

TABLE 1 Number of occurrences of each pattern and their association with each outcome.

Cues OutcomeA Outcome B Total number of

Pattern 1 2 3 4 Snow Sun Occurrences

1 0 0 0 1 8 1 9

2 0 0 1 0 4 1 5

3 0 0 1 1 12 1 13

4 0 1 0 0 1 3 4

5 0 1 0 1 5 1 6

6a 0 1 1 0 1 2 3

7 0 1 1 1 9 1 10

8 1 0 0 0 1 8 9

9a 1 0 0 1 2 2 4

10 1 0 1 0 1 6 7

11 1 0 1 1 2 1 3

12 1 1 0 0 1 12 13

13 1 1 0 1 2 3 5

14 1 1 1 0 1 8 9

Total 7 7 7 7 50 50 100

Note: The probability that each individual cue was associatedwith each outcomewas calculated across all patterns. Seemain text for details.
aPatterns 6 and 9 predict both outcomes equally, because they combine either two cues that are highly predictive for both sun and snow (pattern 9) or two

cues that are less predictive for both sun and for snow (pattern 6). They were not included in the analyses, which thus comprised 93 trials instead of 100.

hat enjoying the snow, hereafter referred to as “snow”; Figure 1; see

also Figure S1) created by Bochud-Fragnière et al. (2022). One set was

pseudo-randomly attributed to each participant. TheWPTwas divided

into two types of trials: learning trials and cueknowledge test trials. For

both types, each trial was preceded by a fixation cross displayed for 1 s

at the center of the screen. Subsequently, the stimuli appeared. During

the learning trials, participants were required to choose which of two

outcomes (sun or snow) was predicted by the combination of one to

three cues (chosen fromamongst the four sea animals that combined to

produce 14 unique patterns; Table 1). The instructions were the same

for all participants: “Youwill see some fish, and youwill have todiscover

if they prefer to play in the sun or in the snow.” Then, the experimenter

or the participant touched the screen to begin the task. The order of

the trials and the position of the cues (each cue could appear at one

of four possible positions on the screen: left, center left, center right,

right) were randomly determined with E-prime. The positions of the

sun and snowoutcome imageswere fixed for all participants (Figure 1).

Traditionally, successful learning of the WPT task is assessed by

determiningwhetherparticipants chose the correct outcomesat above

chance levels on the training trials (Gluck et al., 2002; Knowlton et al.,

1994;Meeter et al., 2006). Accordingly, in our task participants had the

opportunity to learn, using trial-by-trial feedback, in which cues were

associatedprobabilisticallywithwhichoutcome.Onceparticipants had

indicated their choice by touching the screen, a congruent or incon-

gruent outcome image appeared, depending on the predetermined

probability associated with the cues. (NB: The cues remained visible

during this time.) The experimenter also provided verbal feedback that

was consistent with the visual feedback (when the visual feedback
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fits the answer of the participant: “yes,” “right,” when the visual feed-

back did not fit her or his answer: “no,” “not this one,” “it’s no big deal,”

“Oops, no”; note that the last two feedbacks were used to lessen the

impact of a series of negative feedbacks and to maintain participants’

motivation) until participants demonstrated the ability to understand

the visual feedback (as evidencedwhen participants nodded their head

or gave themselves verbal feedback). The participants then pressed a

red button at the bottom of the screen to advance to the next trial. It

is important to understand that due to the probabilistic nature of the

task, a participant can make a correct prediction but receive incongru-

ent feedback. For example, even though fish X was correlated 80% of

the time with sun, 20% of the time when fish X was shown the snow

outcome was displayed on the screen. Therefore, incongruent trials

could not be differentiated from congruent trials based on feedback,

but rather only by cumulatively considering all the feedback given for

each cue or pattern of cues across trials. For scoring, the choice was

judged as correct if it corresponded to the most probable outcome for

that pattern of cue(s), regardless of the displayed outcome. For exam-

ple, for pattern 0001, the appropriate prediction judged as correct was

always outcomeA (snow), even if in one of the trials, the given feedback

was outcome B (sun) (Table 1).

After100 training trials, four cueknowledge test trialswithout feed-

back were presented during which each cue was displayed individually

(patterns 0001, 0010, 0100, 1000) in the presence of the two possi-

ble outcomes, and participants were asked to choose which outcome

was associated with each individual cue. Once participants indicated

their choiceby touching theoutcome imageon the screen, thenext trial

began with the fixation cross. The instructions for the cue knowledge

test trials were the same for all participants: “You will see a fish on the

computer screen and youwill have to recall if it preferred to play in the

snow or in the sun.” Then, the experimenter or the participant touched

the screen to begin the cue knowledge test trials. It is important to

note that because each cue is assessed only once (for a total of four

cue knowledge test trials), and because the probability of being right

is 50% (the correct answer is either sun or snow), performance on the

cue knowledge test trials cannot be used to statistically affirm learn-

ing independently. Moreover, these four cue knowledge test trials are

not informativewith respect to determining the strategies participants

used to solve the WPT but rather inform about a participant’s ability

to explicitly access knowledge concerning the specific cue–outcome

associations. For example, previous studies have shown that although

participants performabove chanceon the training trialswhen forced to

solve the task using a striatum-based strategy, they exhibit significantly

less explicit knowledge of the cue–outcome associations (Foerde et al.,

2006, 2007).

For each trial (during learning and cue knowledge test phases), the

computer recorded the choice of the participant and the reaction time.

Although some previous studies limited response time to 5 s (Knowl-

ton et al., 1994; Knowlton, Mangels, et al., 1996; Knowlton, Squire,

et al., 1996), as because reaction time depends on self-confidence and

because limiting the time available to respond could induce impulsiv-

ity, we imposed no time restriction for our participants to respond.

Nevertheless, our participants’ average response time (children: mean

(M) = 2.59 s; SD = 1.15; adults: M = 2.62 s; SD = .55) was similar to

that observed in previous studies, and the large majority of responses

were made in under 5 s. Throughout the whole experiment, the exper-

imenter sat next to the participant and wore sunglasses to preclude

cueing participants with respect to the correct choice with their eye

gaze.

2.4 Data analysis

2.4.1 Global performance

We used two-tailed paired samples t-tests to determine whether par-

ticipants exhibited a bias toward choosing one of the two different

outcomes, sun or snow, irrespective of the cues presented. We con-

sidered only 93 trials when calculating an overall performance score,

as patterns 0110 (n = 3) and 1001 (n = 4) predicted theoretically both

outcomes equally and were thus excluded from the analyses. We nor-

malized the number of times outcome A (snow) and the number of

times outcome B (sun) were chosen by dividing them with the number

of correct “snow” and “sun” responses (i.e., 46 and 47, respectively; the

difference in the number of trials is due to the overall distribution of

cue and outcome combinations across all 100 trials). During training

trials, as a group childrendidnot choose “sun” (M=1.02, SD= .15)more

than “snow” (M = .98, SD = .16; t(68) = .894, p = .374, dz = .108). Dur-

ing the cue knowledge test trials, there was a tendency for children to

choose “sun” (M=2.14, SD= .65)more than “snow” (M=1.84, SD= .66;

t(68) = 1.947, p= .056, dz = .234). As the comparison for cue knowledge

test trials nearly reached significance,weperformed the sameanalyses

for childrenwho passed (n=24) or failed (n=45) the task to determine

whether one or both groups of children demonstrated a bias toward

a specific outcome on either training or cue knowledge test trials. As

a group, children who performed the task above chance level did not

choose “sun” (M= .96, SD= .12)more than “snow” during training trials

(M = 1.04, SD = .12; t(23) = 1.660, p = .110, dz = .339) or cue knowl-

edge test trials (“sun” M = 2.04, SD = .75; “snow” M = 1.96, SD = .75;

t(23) = .272, p = .788, dz = .056). In contrast, there was a tendency

for children who did not perform above chance level to choose “sun”

(M = 1.05, SD = .16) more than “snow” during training trials (M = .95,

SD = .17; t(44) = 1.903, p = .064, dz = .284), and during cue knowl-

edge test trials these children chose “sun” (M = 2.20, SD = .59) more

than “snow” (M = 1.78, SD = .60; t(44) = 2.406, p = .020, dz = .359). In

sum, only participantswho failed the task exhibited a slight bias toward

choosing “sun.” In contrast, participants who performed above chance

level did not exhibit any bias toward choosing one of the two different

outcomes irrespective of the cues. Becausewewere interested in char-

acterizing the strategy used by childrenwho solved theWPT, data from

participants who failed are not presented except whenmentioned.

As there was no consistent effect of gender (data not shown),

data from boys and girls were combined for analysis and presenta-

tion. To determine whether the entire group of participants performed

above chance level during training and cue knowledge test trials, we

performed a one-sample t-test comparing the mean performance of
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the entire group of participants to the theoretical mean. Individual

above chance performance during training was defined statistically

using a chi-square test as 56 correct choices out of 93 (χ2(1) = 3.882,

p = .049). Because children’s individual performance varied with age

(see Section 3), we separated the children into three age groups (3–

5.5 years (n = 25), 5.5–7.5 years (n = 25), and 7.5–12 years (n = 19))

to characterize how the performance and the learning strategies var-

ied with age. We used chi-square tests, performed on the raw number

of participants, to determine whether the number of participants who

performed above chance level differed between age groups (i.e., 3–5.5

years, 5.5–7.5 years, 7.5–12 years, and adults).

2.4.2 Pattern analyses

As discussed in Section 1, the analysis methods developed by Gluck

et al. (2002) and Meeter et al. (2006) to determine which learn-

ing strategy may be used to perform the WPT are inadequate and

potentially biased (Bochud-Fragnière et al., 2022). Nevertheless, we

included such strategy analyses in the Supporting Information sec-

tion as they replicated prior findings showing that they do not allow

statistical differentiation of the goodness of fit of the different strate-

gies (Bochud-Fragnière et al., 2022). We report the results of pattern

analyses in the main text as they are both necessary and sufficient to

determine the learning strategy used to solve theWPT.

To perform pattern analyses, we first constructed ideal response

profiles for each strategy (Table 2). These profiles were calculated by

assuming that participants adhere strictly to this strategy throughout

the entire task or for each block of 50 trials, respectively. To compare

the performance for each pattern, we first normalized the number of

correct choices for each pattern by dividing it by the number of times

it was presented. We then performed two-tailed one-sample t-tests

to determine whether participants performed better than chance for

each pattern across the entire task. We then took into consideration

the congruence and the level of predictability of the cues and grouped

together the following patterns: 0001 and 1000 (one highly predic-

tive cue); 0010 and 0100 (one less predictive cue); 1100 and 0011

(two congruent cues); 0101 and 1010 (one highly predictive cue and

one incongruent less predictive cue); 0111 and 1110 (two congruent

cues and one incongruent less predictive cue); and 1011 and 1101

(two congruent cues and one incongruent highly predictive cue). The

normalized number of correct choices for each category of patterns

was compared with a repeated-measures general linear model analy-

sis. Post hoc analyseswere performedwith paired-sample t-testswhen

F ratios were significant, thus controlling for type I error rate (Carmer

& Swanson, 1973). Although we normalized the performance for each

pattern, participants had an equal number of chances to learn the influ-

ence of each individual cue (Table 1). These comparisons thus reflect

how participants processed each cue, whether presented alone or in

combination, and not how they processed each of the 14 patterns.

For the cue knowledge test trials, we used one-sample t-tests to

determine whether participants could identify which outcome was

associated with each cue. We also performed a paired samples t-test

to compare the participants’ performance when presented with highly

predictive cues versus less predictive cues.

We did not use corrections for multiple comparisons for individ-

ual t-tests because in our study, the risk of reporting a difference

that may not exist (type I error) is not worse than the risk of miss-

ing a difference that may exist (type II error). Accordingly, we followed

the recommendations of Rothman (1990), who argued that “not mak-

ing adjustments for multiple comparisons is preferable because it will

lead to fewer errors of interpretation when the data under evalu-

ation are not random numbers but actual observations on nature,”

and Saville (1990), who also argued that a procedure without correc-

tion is preferable because it provides greater consistency to compare

results between studies. Although some comparisons might be more

critical than others, considering all comparisons is essential to charac-

terize the behavior of participants. Themost important indicator of the

way participants considered each cue is the direction of the numerical

difference for each individual comparison.

All statistical analyses were performed with IBM SPSS Statistics

(version 27.0). Significance level was set at p < .05 for all analyses.

We reported effect size with partial eta squared (η2p) for ANOVAs,
Cohen’s ds for independent samples t-tests, and Cohen’s dz for paired

or one-sample t-tests. Data can be requested from the corresponding

author.

3 RESULTS

3.1 Individual and group performance

As a group, children (including children that did not perform above

chance level) made more correct choices than if they had chosen

randomly across training trials (Figure 2A; M = 54.06, SD = 12.49;

t(68) = 5.028, p < .001, dz = .605) and the four cue knowledge test tri-

als (Figure 2B;M = 2.49, SD = 1.22, t(68) = 3.354, p = .001, dz = .404).

However, as compared to all adults (training:M=68.95, SD=9.40; test:

M = 3.19, SD = .75), children made fewer correct choices across train-

ing trials (t(89) =5.142, p< .001, ds =1.259) and test trials (t(88) =2.476,

p= .015, ds = .617;NB: One adult did not perform the test trials).

We then evaluated each child’s ability to perform the WPT above

chance level (≥56 correct choices: all χ2(1) ≥ 3.882, p ≤ .049). Twenty-

four children between 3 and 12 years of age (34.8%) performed the

WPT above chance, and thus, reciprocally, 45 children (65.2%) failed

the task (Figure 2A). The overall performance of the 24 children who

performed the training phase above chance level was 74% of the opti-

mal score across training trials (M = 69.08 correct choices out of 93,

SD=7.49; above chance; t(23) =14.774, p< .001, dz =3.016); their per-

formance was also above chance level for the four cue knowledge test

trials (M= 3.13, SD= .80, t(23) = 6.912, p< .001, dz = 1.411).Moreover,

the performance of children who performed the task above chance

level did not differ from the performance of adults who performed

the task above chance level across training trials (adult M = 70.65,

SD=8.00; t(42) = .670, p= .507, ds = .203) and cue knowledge test trials

(adultM= 3.26, SD= .73; t(41) = .584, p= .562, ds = .179).
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8 of 18 BOCHUD-FRAGNIÈRE ET AL.

F IGURE 2 Individual performance of children between 3 and 12 years of age in theWeather Prediction Task (WPT) (closed circles: girls; open
circles: boys). (A) Number of correct choices during training trials with various combinations of cues and feedback. The upper black line represents
the number of correct choices (56/93) defined as performance above chance at the individual level, whereas the lower line represents the number
of correct choices (37/93) defined as performance below chance at the individual level (both χ2(1) = 3.882, p= .049). The two vertical lines
separate the three different age groups (3–5.5, 5.5–7.5, and 7.5–12 years) (B) number of correct choices during the four cue knowledge test trials
with individual cues and no feedback.

Of the 25 children between 3 and 5.5 years of age who com-

pleted the 100 training trials, none (0%) performed above chance level

(Figure 2A; see also Table S1). The youngest child who performed the

task above chance level was a 5.75-year-old boy. Of the 25 children

between 5.5 and 7.5 years of age, nine (36%) performed above chance

level. Finally, of the 19 children between 7.5 and 12 years of age, 15

(79%) performed above chance level. Accordingly, the proportion of

participants who performed above chance level differed between age

groups (3–5.5 years (0/25), 5.5–7.5 years (9/25), 7.5–12 years (15/19)

and 20–30 years (20/22): χ2(3) = 48.009, p < .001). More specifically,

there were differences in the number of participants who performed

above chance level between the following groups: 3–5.5 and 5.5–7.5

years, 3–5.5 and 7.5–12 years, 3–5.5 and 20–30 years, 5.5–7.5 and

7.5–12 years, 5.5–7.5 and 20–30 years (all χ2(1) > 7.808, p < .006),

but not between 7.5–12 and 20–30 years (χ2(1) = 1.167, p = .279).

Note that one 6.73-year-old boy and one 10.56-year-old boy who

failed the task did not reach the level of performance expected by

chance (Figure 2A; see also Table S1). Instead, detailed choice analy-

ses revealed that bothparticipants alternated their responses between

the two outcomes: sun and snow. The number of choices of the out-

come that was opposite to the immediately preceding outcome was

higher than chance (χ2(1) = 7.860, p= .005 and χ2(1) = 17.483, p< .001,

respectively).

In sum, although the youngest child who performed above chance

level was 5.75 years old, not all participants older than 5.75 years

solved the task. Indeed, only 36% of children between 5.5 and 7.5

years of age performed above chance, and 79% of children between

7.5 and 12 years of age performed above chance, as compared to 91%

of 20–30-year-old adults. Nevertheless, the performance of children

who performed above chance level was similar to that of young adults,

and the proportion of the oldest childrenwho performed above chance

level was not different from that of adults.

3.2 Individual patterns

Children (n= 45) and adults (n= 2) who did not perform above chance

were excluded from all subsequent analyses designed to character-

ize the strategies used to solve the WPT, except when mentioned

specifically. We therefore analyzed the performance of two groups of

successful children (i.e., one group between 5.5 and 7.5 years of age

and the other group between 7.5 and 12 years of age) and one group of

young adults for each pattern of cues. (NB:We did not analyze patterns

0110 and 1001 as they both theoretically predicted each outcome

equally; Table S2 for the analysis of the performance of children who

did not perform above chance level.) As previously shown (Bochud-

Fragnière et al., 2022), this analysis results in distinct performance

profiles that can be compared to the theoretical profile illustrating the

expected percentage of correct responses for each pattern of cues

whenusing a given strategy (Table 2). Thus, if an observedprofile corre-

sponds to a theoretical profile, this indicates that this specific strategy

was used by this group of participants.

3.2.1 5.5–7.5-year-old children

Considering all training trials, the overall group performance of chil-

dren between 5.5 and 7.5 years of age was above chance for all the

patterns, except for the two patterns that included one less predic-

tive cue (patterns 0010 and 0100) and the two patterns that included

the two highly predictive cues and one of the two less predictive cues

(patterns 1011 and 1101; Table 3). The results of the 5.5–7.5-year-old

children were thus consistent with the use of the two most predictive

cues strategy,whichenables above chanceperformance for all patterns

(i.e., 0001, 0011, 0101, 0111, 1000, 1010, 1100, and 1110), except

when the less predictive cues are necessary to determine the correct
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10 of 18 BOCHUD-FRAGNIÈRE ET AL.

answer (i.e., 0010, 0100, 1011, and 1101; Table 2; see also Table S3 for

a correspondence between pattern performance and strategies).

3.2.2 7.5–12-year-old children

Considering all training trials, the overall group performance of chil-

dren between 7.5 and 12 years of age was above chance for all the

patterns, except for the two patterns that included the two highly pre-

dictive cues and one of the two less predictive cues (patterns 1011

and 1101) and pattern 0100 for which the p value just failed to reach

the predefined level of statistical significance (p = .085 for two-tailed,

paired Student’s t-test comparison; Table 3). These results are more

consistent with the use of the hierarchical strategy than any other

strategy. Indeed, the hierarchical strategy should enable above chance

performance for all patterns (i.e., 0001, 0010, 0011, 0100, 0101, 0111,

1000, 1010, 1100, and 1110), except when the two most predictive

cues are present simultaneously (i.e., 1011 and 1101; Table 2; see

also Table S4 for a correspondence between pattern performance and

strategies).

3.2.3 Adults

As discussed in Bochud-Fragnière et al. (2022), considering all training

trials (Table 3), the overall group performance was above chance for all

the patterns except for the two patterns that included the two highly

predictive cues and one of the two less predictive cues (patterns 1011

and 1101). These results are consistent with the use of the hierarchical

strategy, which enables above chance performance for all patterns (i.e.,

0001, 0010, 0011, 0100, 0101, 0111, 1000, 1010, 1100, and 1110),

except when the two most predictive cues are present simultaneously

(i.e., 1011 and 1101; Table 2; see also Table S5 for a correspondence

between pattern performance and strategies).

In sum, the fact that neither of the two groups of children nor

the group of adults scored above chance on all the patterns indi-

cates that they did not use the multicue strategy to solve the task

as originally hypothesized (Knowlton et al., 1994). Moreover, the

fact that 5.5–7.5-year-old children’s choices were consistent with

the two most predictive cues strategy and that 7.5–12-year-old chil-

dren’s choices were consistent with the hierarchical strategy (similar

to adults) suggests that the ability to rely on a more effective strategy

evolves gradually with age. The performance of 7.5–12-year-old chil-

dren was similar to that of 20–30-year-old adults for each pattern of

cues.

3.3 Categories of patterns

As previously demonstrated (Bochud-Fragnière et al., 2022), individual

pattern analyses can reveal howwell participants perform for eachpat-

tern of cues, but not how the different categories of cues (highly vs. less

predictive)mayhave influenced their choices.We therefore performed

an analysis of the different groups of patterns based on their congru-

ence and level of predictability for each age group. Note that we did

not include patterns 0110 and 1001 in the following analyses as they

theoretically predicted both outcomes equally.

3.3.1 5.5–7.5-year-old children

Considering the entire block of training trials, we found differences in

the normalized number of correct choices for the different categories

of patterns (Figure 3A; F(5,40) = 6.474, p< .001, η2p = .447). Group per-

formancewas above chance for all categories of patterns except for the

two patterns that consisted of only one less predictive cue (patterns

0010 and 0100) and the two patterns that included the two highly pre-

dictive cues and one of the two less predictive cues (patterns 1011 and

1101): 0001 and 1000 (one highly predictive cue; M = .81, SD = .18,

t(8) = 5.246, p= .001, dz = 1.749), 0011 and 1100 (two congruent cues;

M= .81, SD= .10, t(8) =9.071, p< .001,dz =3.024), 0101and1010 (one

highly predictive cue and one incongruent less predictive cue;M= .79,

SD = .13, t(8) = 6.565, p < .001, dz = 2.188), 0111 and 1110 (two con-

gruent cues and one incongruent less predictive cue;M= .72, SD= .14,

t(8) = 4.872, p = .001, dz = 1.624), 0010 and 0100 (one less predic-

tive cue;M = .59, SD = .17, t(8) = 1.654, p = .137, dz = .551), 1011 and

1101 (two congruent cues and one incongruent highly predictive cue;

M= .53, SD= .18, t(8) = .503, p= .629, dz = .168).

Importantly, post hoc analyses revealed that 5.5–7.5-year-old chil-

dren who performed the task above chance had a higher normalized

number of correct choices for the categories that included patterns

0001 and 1000, 0011 and 1100, and 0101 and 1010 than the cate-

gories that included patterns 0010 and 0100, and 1011 and 1101 (all

p < .05; Table 4). They also had a higher normalized number of correct

choices for the category that included patterns 0011 and 1100 than

the category that included patterns 0111 and 1110 (p < .05). These

children also exhibited a higher normalized number of correct choices

for 0001 and 1000 than 0111 and 1110 and for 0111 and 1110 than

1011 and 1101 (although these comparisons just failed to reach the

predefined level of statistical significance; p = .074 and p = .056, for

two-tailed, paired Student’s t-test comparison, respectively). No other

comparisons were statistically significant (Table 4).

In accordance with the analyses of training trials, overall group per-

formance on the four cue knowledge test trials was above chance

for the category including the highly predictive cues: 0001 and 1000

(M = 1.89, SD = .33, t(8) = 8.000, p < .001, dz = 2.667), but it failed to

reach the predefined level of statistical significance for the category

including the less predictive cues: 0010 and 0100 (M = 1.33, SD = .50,

t(8) = 2.000, p = .081, dz = .667). Moreover, 5.5–7.5-year-old chil-

dren had a higher performance for highly predictive cues than for less

predictive cues (Figure 3B; t(8) = 3.162, p= .013, dz = 1.054).

In sum, consistent with individual pattern analyses, these results

indicate that 5.5–7.5-year-old children knew the outcomes associated

with the two highly predictive cues (0001 and 1000), but not the out-

comes associated with the two less predictive cues (0010 and 0100),

and thus can be described as using the two most predictive cues

strategy.
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BOCHUD-FRAGNIÈRE ET AL. 11 of 18

TABLE 4 Post hoc comparisons among the different categories of patterns.

Values 0001 and 1000 0011 and 1100 0101 and 1010 0111 and 1110 0010 and 0100 1011 and 1101

5.5–7.5-year-old children (n= 9)

0001 and 1000 p –

dz –

0011 and 1100 p .898 –

dz .044 –

0101 and 1010 p .727 .778 –

dz .121 .097 –

0111 and 1110 p .074* .048** .185 –

dz .686 .778 .484 –

0010 and 0100 p .038** .016** .043** .153 –

dz .829 1.011 .801 .527 –

1011 and 1101 p .003** .008** .009** .056* .328 –

dz 1.369 1.175 1.146 .743 .348 –

7.5–12-year-old children (n= 15)

0001 and 1000 p –

dz –

0011 and 1100 p .863 –

dz .045 –

0101 and 1010 p .013** .022** –

dz .738 .668 –

0111 and 1110 p .008** .042** .522 –

dz .796 .579 .170 –

0010 and 0100 p .039** .025** .964 .581 –

dz .587 .649 .012 .146 –

1011 and 1101 p .003** <.001** .181 .027** .018** –

dz .927 1.347 .364 .640 .688 –

20–30-year-old adults (n= 20)

0001 and 1000 p –

dz –

0011 and 1100 p .106 –

dz .380 –

0101 and 1010 p <.001** <.001** –

dz .905 1.036 –

0111 and 1110 p <.001** <.001** .222 –

dz .921 1.451 .282 –

0010 and 0100 p .026** <.001** .685 .498 –

dz .539 .993 .092 .154 –

1011 and 1101 p <.001** <.001** .059* <.001** .004** –

dz 1.496 2.263 .449 1.194 .736 –

Note: p Values and Cohen’s dz for the post hoc paired t-test comparisons among the different categories of patterns for the three different age groups.

**p< .05 for two-tailed, paired Student’s t-test comparisons.

*p< .10 for two-tailed, paired Student’s t-test comparisons, which would be equivalent to p values< .05 for one-tailed comparisons.
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12 of 18 BOCHUD-FRAGNIÈRE ET AL.

F IGURE 3 (A) Normalized number of correct choices (NCC; mean± SE) during the training phase for each category of patterns for the
participants who performed theWeather Prediction Task (WPT) above chance level; (B) NCC (mean± SE) during the cue knowledge test phase for
each category of patterns for the participants who performed theWPT above chance level.

3.3.2 7.5–12-year-old children

Considering the entire block of training trials, we found differences

in the normalized number of correct choices for the different cate-

gories of patterns (Figure 3A; F(5,70) = 5.620, p < .001, η2p = .286).

Group performance was above chance for all categories of pat-

terns except when the two highly predictive cues were present

simultaneously: 0001 and 1000 (one highly predictive cue; M = .81,

SD = .12, t(14) = 9.862, p < .001, dz = 2.546), 0011 and 1100 (two con-

gruent cues; M = .81, SD = .10, t(14) = 12.501, p < .001, dz = 3.228),

0101 and 1010 (one highly predictive cue and one incongruent less

predictive cue; M = .68, SD = .19, t(14) = 3.818, p = .002, dz = .986),

0111 and 1110 (two congruent cues and one incongruent less predic-

tive cue;M= .72, SD= .13, t(14) = 6.310, p< .001, dz = 1.629), 0010 and

0100 (one less predictive cue;M= .69, SD= .18, t(14) = 4.008, p= .001,

dz = 1.035), 1011 and 1101 (two congruent cues and one incongru-

ent highly predictive cue; M = .58, SD = .20, t(14) = 1.532, p = .148,

dz = .395).

Importantly, 7.5–12-year-old children who performed the task

above chance had a higher normalized number of correct choices for

the category that included patterns 0011 and 1100 than the cate-

gories that included patterns 0101 and 1010, 0111 and 1110, 0010

and 0100, and 1011 and 1101 (all p < .05; Table 4). These results sug-

gested that congruent less predictive cues acted synergistically and

that incongruent less predictive cues acted antagonistically to influ-

ence the participants’ choices in presence of one highly predictive cue.

Although the presence of a less predictive cue congruent with a highly

predictive cue did not improve performance, as compared towhenonly

one highly predictive cue was present (0011 and 1100 vs. 0001 and

1000, p= .863), this was likely due to a ceiling effect. The predominant

influence of the two highly predictive cues was further supported by

the findings that participants exhibited a higher normalized number of

correct choices for patterns 0001and1000 than for patterns 0101and

1010, 0111 and 1110, 0010 and 0100, and 1011 and 1101 (all p< .05)

and a higher normalized number of correct choices for 0111 and 1110

than 1011 and 1101, and for 0010 and 0100 than 1011 and 1101

(both p < .05). The other comparisons were not statistically significant

(Table 4). Thus, again, the performance of 7.5–12-year-old children for

each pattern was similar to that of adults (Bochud-Fragnière et al.,

2022; Figure 3A; see also Table S4).

In accordance with the analyses of training trials, overall group per-

formance on the four cue knowledge test trials was above chance

for the category including the highly predictive cues: 0001 and 1000

(M = 1.73, SD = .59, t(14) = 4.785, p < .001, dz = 1.235), but it failed

to reach the predefined level of statistical significance for the category

including the less predictive cues: 0010 and 0100 (M = 1.33, SD = .72,

t(14) = 1.784, p= .096, dz = .461). However, a comparison of the partic-

ipants’ performance between the two different categories of patterns

did not show a statistically significant difference between highly pre-

dictive cues and less predictive cues (Figure 3B; t(14) = 1.572, p= .138,

dz = .406).

In sum, although 7.5–12-year-old children learned all the individ-

ual cue–outcome associations (i.e., for both highly and less predictive

cues), the impact of the two less predictive cues was weaker than

expected if they would have followed the multicue strategy. Indeed,

the two less predictive cues only influenced performance when one or

no highly predictive cue was present. In contrast, they did not influ-

ence performance when the two opposite highly predictive cues were

present simultaneously. This pattern of results is thus more consistent

with the hierarchical strategy: 7.5–12-year-old children based their

choices primarily on the presence or absence of the highly predictive

cues and considered the two less predictive cues secondarily.

3.3.3 Adults

As shown in Bochud-Fragnière et al. (2022), considering the entire

block of training trials, we found differences in the normalized number

of correct choices for the different categories of patterns (Figure 3A;

F(5,95) = 14.472, p < .001, η2p = .432). Group performance was above
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BOCHUD-FRAGNIÈRE ET AL. 13 of 18

chance for all categories of patterns exceptwhen the twohighly predic-

tive cueswere present simultaneously: 0011 and 1100 (two congruent

cues; M = .88, SD = .07, t(19) = 25.259, p < .001, dz = 5.648), 0001

and 1000 (one highly predictive cue;M = .83, SD = .14, t(19) = 10.174,

p < .001, dz = 2.275), 0111 and 1110 (two congruent cues and one

incongruent less predictive cue; M = .73, SD = .13, t(19) = 7.650,

p < .001, dz = 1.711), 0010 and 0100 (one less predictive cue;M= .69,

SD = .19, t(19) = 4.457, p < .001, dz = .997), 0101 and 1010 (one

highly predictive cue and one incongruent less predictive cue;M= .66,

SD= .20, t(19) =3.638, p= .002, dz = .813), 1011 and1101 (two congru-

ent cues and one incongruent highly predictive cue;M = .54, SD = .17,

t(19) = 1.010, p= .325, dz = .226).

Importantly, post hoc analyses revealed that the participants who

performed the task above chance had a higher normalized number of

correct choices for the category that included patterns 0011 and 1100

than the categories that included patterns 0111 and 1110, 0010 and

0100, 0101 and1010, and1011and1101 (all p< .001), suggesting that

congruent less predictive cues acted synergistically and that incon-

gruent less predictive cues acted antagonistically (Table 4). Although

the presence of a less predictive cue congruent with a highly predic-

tive cue did not improve performance, as compared to when only one

highly predictive cue was present (0011 and 1100 vs. 0001 and 1000,

p = .106), this was likely due to a ceiling effect. The predominant influ-

ence of the two highly predictive cues was further supported by the

findings that participants exhibited a higher normalized number of cor-

rect choices for patterns 0001 and 1000 than for patterns 0111 and

1110, 0101 and 1010, 1011 and 1101, 0010 and 0100 (all p < .05),

and a higher normalized number of correct choices for 0111 and 1110

than 1011 and 1101, and for 0010 and 0100 than 1011 and 1101 (both

p< .05). Although participants had a higher normalized number of cor-

rect choices for 0101 and 1010 than 1011 and 1101, this comparison

failed to reach the predefined level of statistical significance (p = .059,

two-tailed).

In accordance with training trials analyses, overall group perfor-

mance on the four cue knowledge test trials was above chance for

the two categories of patterns: 0001 and 1000 (M = 1.84, SD = .38,

t(18) = 9.798, p < .001, dz = 2.248) and 0010 and 0100 (M = 1.42,

SD = .61, t(18) = 3.024, p = .007, dz = .694), confirming that partic-

ipants knew the outcomes associated with the two highly predictive

cues (0001 and 1000) and the two less predictive cues (0010 and

0100).Moreover, a comparison of the participants’ performance on the

cue knowledge test trials on these two different categories of patterns

showed that participants had superior performance for highly predic-

tive cues than for less predictive cues (Figure 3B; t(18) =2.650, p= .016,

dz = .608).

Altogether, these data show that young healthy adults learned the

relationships between individual cues and outcomes, for both highly

and less predictive cues. However, the influence of the two less pre-

dictive cues was weaker than is predicted by the multicue strategy.

The two less predictive cues influenced performance when only one

or no highly predictive cue was present, but not when the two highly

predictive cues associated with the opposite outcomes were present

simultaneously. This pattern of results is thus consistent with the hier-

archical strategy: adults based their choices primarily on the presence

or absence of the highly predictive cues and considered the two less

predictive cues secondarily.

4 DISCUSSION

The present study was designed to characterize the abilities and learn-

ing strategies of children between 3 and 12 years of age to solve

the WPT. As different learning strategies can enable above chance

performance (Ashby & Maddox, 2005; Bochud-Fragnière et al., 2022;

Gluck et al., 2002; Meeter et al., 2006), we implemented new pattern

analyses introduced by Bochud-Fragnière et al. (2022) to characterize

the learning strategies involved in the resolution of the task through-

out childhood. None of the 3–5.5-year-old children performed above

chance. About one third of 5.5–7.5-year-old children performed above

chance, relying on the twomost predictive cues and neglecting the two

less predictive cues. In contrast, about 80%of 7.5–12-year-old children

performed above chance, relying on a hierarchical strategy. Similar

to adults, 7.5–12-year-old children considered the highly predictive

cues primarily and the less predictive cues secondarily. Although both

the highly and the less predictive cues influenced their choices, the

highly predictive cues had a greater influence. Indeed, when the two

highly predictive cues were present simultaneously, the presence of

one of the less predictive cues did not influence their choices. In sum,

we found no evidence that any of the three groups of children relied

on striatal-dependent learning and memory strategies to solve the

task. Instead, our findings indicate that the evolution from middle to

late childhood of the learning strategies used by TD children to solve

the WPT may reflect the increasing ability to use a conditional strat-

egy associated with the development of the hippocampus-dependent

learning andmemory system.

4.1 Comparison with previous findings

Our present findings expand upon previous findings reporting that 8–

12-year-old children are able to solve the ICT (Mayor-Dubois et al.,

2016), by showing that children as young as 5.5 years of age are able

to solve the WPT. More importantly, our pattern analyses revealed

age-related differences in learning strategies. Specifically, we showed

that as a group, 5.5–7.5-year-old children relied primarily on the two

most predictive cues strategy. In contrast, as a group 7.5–12-year-

old children relied primarily on the hierarchical strategy, similar to

young adults. Mayor-Dubois et al. (2016) used the strategy analy-

ses designed by Gluck et al. (2002) and reported changes in learning

strategy from 8 to 12 years of age. However, as previously shown

by Bochud-Fragnière et al. (2022), the present findings further con-

firm that the strategy analyses developed by Gluck et al. (2002) and

Meeter et al. (2006) are inadequate to infer the learning strategies in

theWPT, because the goodness of fit of different strategies cannot be

distinguished statistically. Moreover, as strategy analyses require the

a priori definition of all possible strategies to avoid misclassification
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(Meeter et al., 2006), and as they only considered three possible learn-

ing strategies initially defined by Gluck et al. (2002), neither the two

most predictive cues strategy nor the hierarchical strategy (Bochud-

Fragnière et al., 2022) was considered by Mayor-Dubois et al. (2016).

Although about 80% of children between 7.5 and 12 years of age we

tested performed above chance level, it is possible that more subtle

differences in learning strategies exist in children of this age, as sug-

gested by Mayor-Dubois et al. (2016). However, this seems unlikely as

the learning strategy identified for this group of children in the present

study was the same as that of the young adult group. Unfortunately,

as neither the strategy analyses (Gluck et al., 2002), nor the pattern

analyses (Bochud-Fragnière et al., 2022), can be used to determine

the learning strategy at the individual level, more in-depth analyses

of individual strategies cannot be performed. Nevertheless, it would

be interesting to reanalyze the data published by Mayor-Dubois et al.

(2016) with the new pattern analyses to confirm our current findings

with a larger cohort of children between 8 and 12 years of age.

4.2 Age-related changes in performance and
strategy

Weshowed that theyoungest childwhosolved theWPTwas5.75years

old, and that there was an increase in the number of participants per-

forming above chance level with age. Importantly, the proportion of

successful 7.5–12-year-old children was not significantly lower than

that of adults. More importantly, as a group, the performance of all

children who scored above chance level was similar to the perfor-

mance of adults who scored above chance. This can likely be explained

by the fact that no participant ever performs without making any

errors across the 100 training trials, and that overall successful per-

formance is very similar irrespective of the specific learning strategy

that participants may follow (Table 2 and Supporting Information sec-

tion). Thus, as previously discussed (Bochud-Fragnière et al., 2022;

Gluck et al., 2002; Meeter et al., 2006), global performance cannot be

used to infer the cognitive processes involved in the resolution of the

WPT. In contrast, the pattern analyses designed by Bochud-Fragnière

et al. (2022) can be used to infer the learning strategy at the group

level.

4.2.1 5.5–7.5-year-old children used the two most
predictive cues strategy

Our analyses demonstrated that, as a group, successful 5.5–7.5-year-

old children learned the correct outcomes associated with all different

patterns except 0010 and 0100 and 1011 and 1101 (i.e., the pat-

terns for which the associations between the less predictive cues

and the outcomes are necessary to answer correctly). This indicates

that 5.5–7.5-year-old children learned the correct outcomes associ-

ated with the highly predictive cues, but not with the less predictive

cues. Their performance on the cue knowledge test trials supports this

interpretation.

The reliance on the two most predictive cues strategy is also

supported by comparison of the performance between the different

categories of patterns. First, 5.5–7.5-year-old children performed bet-

ter on patterns that contained only one highly predictive cue (0001

and 1000, 0011 and 1100, and 0101 and 1010) than patterns that con-

tained no highly predictive cue or both contradictory highly predictive

cues (0010 and 0100 and 1011 and 1101). The fact that 5.5–7.5-year-

old children performed quantitatively better at 0111 and 1110 than

0010 and 0100 and 1011 and 1101 also supports this view. Second,

therewas no beneficial effect of a congruent less predictive cue as 5.5–

7.5-year-old children did not perform better with patterns 0011 and

1100 than patterns 0001 and 1000 (although this could be linked to

a ceiling effect), or with patterns 0111 and 1110 than patterns 0101

and 1010. Third, there was no negative impact of an incongruent less

predictive cue on performance as they did not perform better with

patterns 0001 and 1000 or 0011 and 1100 than patterns 0101 and

1010. Nevertheless, 5.5–7.5-year-old children performed better with

patterns 0011 and 1100 than 0111 and 1110, and with a trend for

patterns 0001 and 1000 than 0111 and 1110 (p = .074). Although

this finding could suggest that incongruent less predictive cues might

have had some influence, it could also be due to the presence of three

cues, instead of one or two, which might have acted as distractors or

increased cognitive load. This latter explanation is supported by the

fact that there was no negative or positive impact of less predictive

cues in any other pattern that included only two cues. Finally, the fact

that performance on0010 and0100did not differ from1011 and1101

indicates that the less predictive cue did not influence performance

evenwhen presented alone.

Altogether, the above-described analyses show that 5.5–7.5-year-

old children relied on only the two highly predictive cues to solve the

WPT, neglecting the two less predictive cues. This two most predic-

tive cue strategy was previously identified by Bochud-Fragnière et al.

(2022) but was not identified in the strategy analyses designed by

Gluck et al. (2002)or Meeter et al. (2006), or used by Mayor-Dubois

et al. (2016).

4.2.2 7.5–12-years-old children and adults used
the hierarchical strategy

Our analyses demonstrated that most 7.5–12-year-old children and

20–30-year-old adults chose the correct outcomes associated with

all patterns except for the two patterns containing the two highly

predictive cues and one less predictive cue (1011 and 1101). Their per-

formance with patterns 0010 and 0100 across training trials showed

that they knew which outcomes were associated with the less predic-

tive cues. The fact that the performance of 7.5–12-year-old children

on pattern 0100was only tendentially associatedwith the correct out-

come suggests a progressive acquisitionof the associationbetween the

two less predictive cues and their respective outcomes. An alternative

explanation may be that they considered the less predictive cues less

consistently than adults. Nevertheless, support for their progressive

acquisition is provided by the fact that performance with the pattern

 10982302, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dev.22407 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



BOCHUD-FRAGNIÈRE ET AL. 15 of 18

0010 (i.e., the other pattern that included only one less predictive cue)

was above chance level, and the fact that incongruent less predictive

cues had a negative impact on performance. Note that wewere unable

toperformour analyses onblocksof 50 trials because therewere insuf-

ficient numbers of presentations of the different types of patterns for

statistical comparison. We were thus unable to determine whether

there may be a switch of strategies from the two most predictive cues

to the hierarchical strategy over the course of the 100 training trials for

7.5–12-year-old children.

Altogether, all our analyses suggest that both 7.5–12-year-old chil-

dren and 20–30-year-old adults employed a hierarchical strategy.

Indeed, the use of a hierarchical strategy is supported by the fact that

both the highly and the less predictive cues had an impact on perfor-

mance, but the impact of the highly predictive cues was stronger than

that of the less predictive cues. First, there was a beneficial effect of a

congruent highly predictive cue as 7.5–12-year-old children and adults

performed better on 0011 and 1100 than on 0010 and 0100. In con-

trast, therewas adetrimental effect of an incongruent highly predictive

cue as both groups performed better on 0011 and 1100 than on 1011

and 1101. Second, there was a detrimental effect of incongruent less

predictive cues as 7.5–12-year-old children and adults performed bet-

ter on 0001 and 1000 than on 0101 and 1010, and better on 0011 and

1100 than on 0111 and 1110. Moreover, our data also suggest a ben-

eficial effect of a congruent less predictive cue in adults, because they

performed better on 0011 and 1100 than on 0001 and 1000, although

the difference was only tendential likely due to a ceiling effect. Third,

we showed that a highly predictive cue had a stronger impact than a

less predictive cue on participants’ choices as they performed better

on 0111 and 1110 than on 1011 and 1101. Importantly, the less pre-

dictive cues did not influence performance in a manner predicted by

themulticue strategy, as the less predictive cues failed to guide choices

in the presence of the two highly predictive cues. Nonetheless, the less

predictive cues were not treated as simple distractors, but rather cues

influencing choices, as evidenced by the fact that 7.5–12-year-old chil-

dren and 20–30-year-old adults performed better with patterns 0001

and 1000 and 0011 and 1100 thanwith patterns 0101 and 1010.

In sum, although both 7.5–12-year-old children and 20–30-year-old

adults paid attention to all four cues when responding, they processed

the cues hierarchically. They primarily based their responses on the

presence or absence of the two highly predictive cues and considered

the two less predictive cues secondarily, except when both highly pre-

dictive cues were present simultaneously. Importantly, as discussed in

Bochud-Fragnière et al. (2022), although the present data suggest a

hierarchical treatment of the cues, neither our experimental design nor

our analyses allowed us to determine whether this hierarchical treat-

ment of information follows a sequential temporal organization with

highly predictive cues being considered first, and less predictive cues

being considered second.

4.2.3 Children who did not solve the task

No child younger than 5.5 years of age and numerous older children

were unable to solve theWPT. This shows that these participants were

unable to reliably apply any of the response strategies that can be

used to perform above chance level (Table 2). There may be several

explanations for this inability. First, we showed that two participants,

who performed statistically worse than would be expected if they

chose the outcome randomly, alternated systematically between the

two outcomes (sun and snow). Second, the probabilistic nature of the

task, and thus the lack of absolute consistency in the given feedback,

may negatively impact learning in certain participants who doubt their

understanding of the cue–outcome associations or the task. Third, the

presence of multiple cues and increased cognitive load may impact the

performance of some participants who may have started learning with

a simple strategy that focused on single cues. Fourth, a tendency to

choose one particular outcome, for example, sun, irrespective of the

cues present on the screen may also lead some participants to fail the

task. In addition, as the outcome sun was always present on the right

side of the screen, this may have led to a preference to choose this

outcome because most participants (all adults and about 90% of the

children) used their right hand to perform the task. Although we could

have counterbalanced the position of the outcome to avoid this behav-

ior, this might have increased errors due to inattention when choosing

the outcome.

In sum, about one third of 5.5–7.5-year-old children solved the task

using the two most predictive cues strategy, whereas most 7.5–12-

year-old children and 20–30-year-old adults solved the task using a

hierarchical strategy. Although our experimental design and analyses

enabled us to define the learning strategies used by specific groups

of participants to solve the WPT, we did not assess which neural

substrates are associated with the different strategies. Nevertheless,

knowing the characteristics of different learning and memory systems

allows us to make assumptions regarding the neural substrates that

may contribute to successful performance on theWPT.

4.3 Hippocampus-dependent memory can
support WPT performance

If, similar to spatial response learning, the WPT specifically assessed

striatum-dependent “implicit” or procedural memory as originally pre-

sumed (Knowlton et al., 1994), young children between 3 and 5.5 years

of age should be able to solve the WPT using a stimulus-response

strategy, such as the multicue strategy. Instead, we found that the

youngest individual who solved the task was 5.75 years old, and as

a group children of this age used the two most predictive cues strat-

egy and not the striatum-dependent multicue strategy. The reasons

for this discrepancy may be manifold. First, it is possible that very

young children can use response learning in spatial and nonspatial

contexts, but that other variables such as cognitive load and proba-

bilistic feedback may negatively influence this type of learning in the

WPT. Second, the WPT may assess learning and memory capacities

that depend on other striatal circuits exhibiting a different develop-

mental profile than those implicated in spatial response learning. Third,

other strategies, such as hippocampus-dependent learning strategies,

mayunderlie above chanceperformanceon theWPT (Ashby&O’Brien,

 10982302, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dev.22407 by Schw

eizerische A
kadem

ie D
er, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16 of 18 BOCHUD-FRAGNIÈRE ET AL.

2005; Foerde et al., 2006, 2007; Newell et al., 2007; Poldrack &

Rodriguez, 2004; Price, 2009).Our pattern analyses and previouswork

on other types of hippocampus-dependent memory support this third

hypothesis (Bochud-Fragnière et al., 2022; Bostelmann et al., 2017,

2018; Bostelmann et al., 2020).

Adults andmost children 7.5 years of age and older solved theWPT

using the hierarchical strategy. To successfully implement this strategy,

participants must be able to learn and remember which of four rela-

tively similar cues is associatedwithwhich outcome, even though there

is not aone-to-oneassociationbetweencues andoutcomesas twocues

areassociatedwithoneoutcome, and theother twocueswith theother

outcome. Moreover, participants must be able to construct a condi-

tional hierarchy between the items associated with the same outcome,

recognizing that the predictive value of cues can change depending on

what other cues are present simultaneously. Finally, they must be able

to learn, or at least not be negatively impacted by the fact that the

cues are associated probabilistically, such that sometimes the correct

feedback is not given when themost likely outcome is chosen.

Numerous studies have revealed the role of thehippocampus in con-

ditional learning (Andersen et al., 2006; Greene et al., 2006; Ridley

et al., 1995; Smith&Squire, 2005; Zeithamovaet al., 2012). Conditional

learning is the ability to learn which response is appropriate based

on context and independent of its intrinsic value, for example, that

response C is correct in the context of B but incorrect in the context

of D (Hirsh, 1980; Ridley et al., 1995). In these relational representa-

tions, items can be encoded both as distinct objects and as related in a

larger schema (e.g., in scenes and events) (Cohen & Eichenbaum, 1993;

Eichenbaum & Cohen, 2014). Conditional learning thus allows the dif-

ferentiation of similar situations or items. For example, Zeithamova

et al. (2012) showed that participants who made successful inferential

judgments had greater initial engagement of the hippocampus during

the trainingof overlappingpairs of items.Correct inferential judgments

revealed that participants had learned conditionally the hierarchical

relationships between the items and thus demonstrated the role of the

hippocampus in conditional learning in humans.

In sum, the fact that the hierarchical strategy depends on condi-

tional learning suggests that thehippocampuswas implicated in solving

our abridgedWPT in most TD children older than 7.5 years of age and

young adults. Age-related improvements in hippocampus-dependent

memory processes may thus underlie the development of the abil-

ity of children to solve the WPT. Future experiments should employ

functional brain imaging to confirm the role of the hippocampus in

probabilistic classification learning in TD children.

5 CONCLUSION

Our present findings expand upon previous findings reporting that

8–12-year-old children are able to solve a modified version of the

WPT (Mayor-Dubois et al., 2016), by showing that children as young

as 5.75 years of age are able to solve the WPT. More importantly,

as different learning strategies enable above chance performance,

we implemented new pattern analyses designed by Bochud-Fragnière

et al. (2022) to characterize the learning strategies involved in the

resolution of the task throughout childhood. We showed that 5.5–

7.5-year-old children relied on the two most predictive cues strategy,

whereas 7.5–12-year-old children and adults relied on the hierarchical

strategy. Altogether, these findings indicate that the learning strate-

gies used by TD children to solve the WPT evolve from middle to late

childhood and may reflect improvements in hippocampus-dependent

processes, such as conditional learning.
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