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a b s t r a c t

The ability to acquire contextual regularities is fundamental in
everyday life because it helps us to navigate the environment,
directing our attention where relevant events are more likely to
occur. Sensitivity to spatial regularities has been largely reported
from infancy. Nevertheless, it is currently unclear when children
can use this rapidly acquired contextual knowledge to guide their
behavior. Evidence of this ability is indeed mixed in school-aged
children and, to date, it has never been explored in younger chil-
dren and toddlers. The current study investigated the development
of contextual regularity learning in children aged 3 to 5 years. To
this aim, we designed a new contextual learning paradigm in
which young children were presented with recurring configura-
tions of bushes and were asked to guess behind which bush a car-
toon monkey was hiding. In a series of two experiments, we
manipulated the relevance of color and visuospatial cues for the
underlying task goal and tested how this affected young children’s
behavior. Our results bridge the gap between the infant and adult
literatures, showing that sensitivity to spatial configurations per-
sists from infancy to childhood, but it is only around the fifth year
of life that children naturally start to integrate multiple cues to
guide their behavior.
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Introduction

Natural visual scenes are richly structured and contain many statistical regularities (Field, 1994;
Saffran & Kirkham, 2018). Objects tend to occur in stable spatial locations and covary over time and
space (Chun, 2000; Chun & Jiang, 1998; Jiang & Chun, 2001). If encoded into memory, these regular-
ities help us to navigate the environment, directing our attention to where relevant events are more
likely to occur (Aly & Turk-Browne, 2017; Amso & Kirkham, 2021; Castelhano & Krzyś, 2020). For
example, without requiring conscious awareness or intentional effort, we can learn how products
are organized at our favorite supermarket and become faster at orienting our attention toward them.

The interplay between memory and attention has come under increasing interest in recent atten-
tion models of adult processing (Chun et al., 2011; Nobre & van Ede, 2023), employing a variety of
behavioral and neural indices. In adults, this phenomenon has been largely investigated by employing
the contextual cueing (CC) paradigm (Chun, 2000; Chun & Jiang, 1998). This paradigm requires partic-
ipants to find a target among distractors whose location, unbeknownst to them, is fixed across trials
(Chun & Jiang, 1998). The repeated exposure to the same visual context facilitates attentional deploy-
ment, leading to faster response times (RTs) and target detection (Chun, 2000; Chun & Jiang, 1998;
Sisk et al., 2019). This can be seen across multiple methodologies (e.g., eye movements, fixations, man-
ual reaction times; Sisk et al., 2019). Change detection tasks offer another example of memory guid-
ance over attention (Aly & Turk-Browne, 2017): When presented with the same image several times,
adults are faster at detecting new objects in old locations than at detecting new objects in new loca-
tions (Becker & Rasmussen, 2008; Rosen et al., 2014). Wang and Theeuwes (2018a, 2018b, 2018c)
recently reported a similar effect using a modified version of the additional singleton paradigm
(Theeuwes, 1991). In a series of reaction time studies, participants were asked to press a key when
they located a target among distractors. Unbeknownst to them, salient but irrelevant color singletons
were more likely to appear in one location than in all other locations on the screen. Results showed
that target search time was delayed by the presence of the singletons relative to the baseline (i.e.,
no distractors), replicating the classical attentional capture effect. Critically, this effect was attenuated
when distractors appeared in high-probability versus low-probability locations, suggesting that con-
textual regularities guide attention allocation.

Notably, these findings have been largely replicated with adult participants (Aly & Turk-Browne,
2017; Chun, 2000) but are less robust in the field of developmental psychology, with some evidence
of contextual knowledge during infancy, mixed findings in school-aged children, and no studies in tod-
dlers and young children (see Jiang et al., 2019 for a review of developmental evidence).

The infant literature reports a robust and early developing sensitivity to environmental regularities
from the first year of life (Saffran & Kirkham, 2018). For example, Saffran et al. (1996) showed that 8-
month-old infants can segment words in a continuous stream of syllables based on their statistical
properties after only 2 min of exposure. This ability extends to the tactile and visual domains (Frost
et al., 2015; Santolin & Saffran, 2018), allowing the developing brain to detect how events covary over
time (Kirkham et al., 2002) and space (Fiser & Aslin, 2002) and use this information for further pro-
cessing and learning (Aslin, 2017). Indeed, this mechanism—often referred to as statistical learn-
ing—facilitates information processing, promoting the emergence of different skills such as
language acquisition (Romberg & Saffran, 2010), motor learning (Hunnius & Bekkering, 2014;
Monroy et al., 2017), multimodal integration (Kirkham et al., 2007; Mitchel et al., 2014), and, impor-
tantly, attention allocation and spatial exploration (Bertels et al., 2017; Tummeltshammer & Amso,
2018).

Of particular interest in the study of memory-guided attention, Tummeltshammer and Amso
(2018) recently demonstrated that contextual regularities guide visual attention during infancy. In
an eye-tracking paradigm, 6- to 10-month-old infants searched for a target face hidden in random
or recurring configurations of shapes while the speed of overorienting toward the target was recorded.
Infants showed faster search times and more target anticipations when exposed to the recurring con-
figurations versus the random ones. Similarly, Bertels et al. (2017) employed a novelty preference
paradigm, inspired by the CC literature, to measure infants’ ability to learn target–context associa-
tions. Results showed that 8- to 12-month-old infants are sensitive to spatial covariations between
a visual context and a target location, as demonstrated by differences in looking times between scenes
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that respected or violated these associations. These findings confirm the presence of an early sensitiv-
ity to the visuospatial regularities embedded in our environment (Fiser & Aslin, 2002; Saffran &
Kirkham, 2018). Furthermore, they show that infants can take advantage of these regularities to sup-
port attention allocation.

Surprisingly, evidence of this ability is less consistent in school-aged children, and it has been
mainly investigated through the CC paradigm (Couperus et al., 2011; Dixon et al., 2010; Merrill
et al., 2013; Vaidya et al., 2007; Yang & Merrill, 2014, 2015, 2018). Findings from the CC literature sug-
gest that the ability to learn spatial layouts is present in school-aged children but that it undergoes
significant development throughout childhood and is more susceptible to certain experimental
manipulations compared with adults (Jiang et al., 2019; Yang et al., 2020; Yang & Merrill, 2018).
Methodological factors such as the length of the task (Yang & Merrill, 2015), the apparatus used to test
children (i.e., keypress vs. touchscreen devices) (Dixon et al., 2010), the type and number of stimuli in
each display (Yang & Merrill, 2014), and the similarity between target and distractor stimuli (Yang &
Merrill, 2014) may help to explain the inconsistencies found across infant, child, and adult studies
(Nussenbaum et al., 2019).

CC paradigms are usually modeled after the adult literature, require speeded responses, and often
include complex visual scenes and long subsets of trials that might exceed young children’s cognitive
capacity, masking their sensitivity to contextual regularities (Jiang et al., 2019). In light of this, Dixon
et al. (2010) designed a simplified version of the CC paradigm to study the development of memory-
guided attention in children aged 5 to 9 years. The new paradigm was characterized by fewer trials
and fewer search displays compared with the classical CC paradigms. Furthermore, it involved a
touchscreen computer that allowed children to interact directly with the stimuli, avoiding use of
the keyboard and thus minimizing task cognitive demands. Results revealed that, as a group,
school-aged children efficiently used contextual regularities to guide spatial attention.

The role of the context for the underlying task is another critical factor to consider when comparing
studies across different age groups. In Tummeltshammer and Amso’s (2018) infancy paradigm, the
visual context cued the location of the target, but the target position was revealed only after the start
of the trial. Therefore, contextual regularities constituted central information to predict the target
location for infants. In CC paradigms, for both children and adults, the target is present in the search
display from the beginning of the trial. Hence, the spatial context supports visual search efficiency, but
it is not a prerequisite to complete the task.

In addition, it must be acknowledged that experimental paradigms with school-aged children tend
to rely on manual RTs, whereas infant paradigms generally use eye movements to target locations or
preferential looking as indices of attention deployment and learning. Even if the two indices can show
overlap in the adult and child literatures (i.e., Mooij et al., 2021; van Asselen et al., 2011; Zhao et al.,
2012), the differences in task demands can be problematic when working with developmental popu-
lations (Keen, 2003). In particular, Keen (2003) suggested that the ability to coordinate knowledge and
action planning might not be fully developed before the fifth year of life, leading to confounding
results when comparing eye behavior with tasks involving motor planning in more complex settings.

To summarize, the developmental evidence corroborates the presence of an early sensitivity to
visuospatial regularities (Saffran & Kirkham, 2018) and shows that contextual regularities can guide
attention deployment in simplified learning conditions (Bertels et al., 2017; Tummeltshammer &
Amso, 2018). However, the conflicting findings across the different age groups suggest a development
in this ability that needs systematic investigation, with attention to methodological appropriateness.
In particular, important questions remain open about young children’s sensitivity to contextual infor-
mation. What factors promote the emergence of this mechanism, and in what conditions can contex-
tual regularities help young children to navigate their complex environments? This is of particular
interest when multiple cues are available and the spatial context supports but is not essential to
the learning process itself.

To shed light on this and to extend these research questions to toddlers and preschool children, we
designed a new simplified learning paradigm building on the CC literature. In a series of two experi-
ments, we manipulated the relevance of the spatial layout for the underlying learning task and mea-
sured its impact on young children’s behavior. In Experiment 1, we examined when young children
aged 3 to 5 years begin to assimilate and use contextual regularities to guide behavior. We presented
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children with two cues to succeed in the task: the color of the stimuli and their spatial arrangements.
Although both cues alone were sufficient to complete the task, the former was more informative and
perceptually salient. This allowed us to measure the extent to which young children assimilated the
spatial context when it was marginal to a given task and further used it to guide their behavior. Build-
ing on the results of Experiment 1, in Experiment 2 we increased the behavioral relevance of the spa-
tial layout and measured how this affected children’s ability to perform the task .

Experiment 1

Experiment 1 was designed to investigate the ability to acquire contextual information between 3
and 5 years of age. Previous studies have shown that infants can take advantage of contextual regu-
larities to guide attention deployment in simplified learning conditions (Bertels et al., 2017;
Tummeltshammer & Amso, 2018). However, as reviewed above, evidence for this ability in children
is less consistent and has only been investigated from 5 years of age and up, using the CC paradigm
(Jiang et al., 2019). Although this paradigm is the gold standard to study memory-guided attention
in adults, it might not be suited for the investigation of this phenomenon in young children due to
its methodological complexity (Dixon et al., 2010; Nussenbaum et al., 2019).

In the current experiment, we presented young children with a new contextual learning task with
reduced complexity and cognitive load. Children viewed several cartoon scenes in which the color and
location of the stimuli (bushes) cued the location of a hidden target (a monkey). Importantly, we let
the children engage with the scenes without explicitly directing their attention to the spatial context.
This allowed us to get a better insight into children’s sensitivity to contextual information, simulating
everyday learning experience.

In line with the CC paradigm, the spatial context supported visual search but was not essential to
succeed in the task. However, we simplified the structure of the visual scenes compared with the clas-
sical CC paradigm (Chun, 2000), using fewer stimuli to avoid any confounding factors, and we mea-
sured accuracy instead of RTs as an index of learning. This allowed us to reduce the number of
trials compared with the classical CC paradigms and to rule out the possibility that differences in
the development of motor planning interfered with the results (Keen, 2003).

We hypothesized that participants could take advantage of the multiple hints to find the hidden
target and that this would result in better performance across trials. In the second part of the exper-
iment, we explored what cues participants used to guide their behavior, paying particular attention to
participants’ learning of contextual regularities and the developmental trajectory of this ability. The
study was preregistered at AsPredicted (https://aspredicted.org/blind.php?x=tu2nk2).

Method

Participants
In total, 83 healthy full-term children participated in the experiment: 28 3-year-olds (17 girls and

11 boys; M = 42 months, SD = 3), 30 4-year-olds (15 girls and 15 boys; M = 55 months, SD = 3), and 25
5- and 6-year-olds (15 girls and 10 boys; M = 67 months, SD = 4). The number of participants was
selected based on power analysis, estimating 80% power for detecting a medium effect size (Cohen,
1988). Due to unforeseen circumstances related to COVID-19 timings with shutting of labs, the task
was run both in the United Kingdom and in Italy, where it was translated from English into Italian.
A total of 76 children were recruited from and tested in a nursery in Italy. A subgroup of 7 3-year-
olds were recruited via birth records and tested at the [Birkbeck, University of London].1 The study
was approved by the ethical committee of the School of Sciences at Centre for Brain and Cognitive Devel-
opment, Birkbeck, University of London School of Sciences at Birkbeck, University of London.

1 Differences between the two groups of participants were inspected. None of the participants tested at [XXXX] resulted in an
outlier when data were pooled.
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Materials
The experiment was built and hosted using the Gorilla Experiment Builder (www.gorilla.sc; Anwyl-

Irvine et al., 2020) and was presented on an Apple 11-inch iPad. Interactive video instructions were
created using two cartoon characters downloaded from www.freepik.com and the voice recordings
of two children (one in Italian for the Italian participants and one in English for the English partici-
pants). The experimental stimuli were designed using Adobe Illustrator (www.adobe.com) and con-
sisted of spatial configurations of green and pink bushes. We divided the screen into 20 equal
quadrants and then generated three fixed configurations and 30 random configurations of bushes.
The fixed configurations were composed of three green bushes and one pink flowered bush, behind
which the target stimulus was always placed. To make the configurations more distinguishable, no
bush occupied the same location within and between the three fixed spatial configurations
(Fig. 1A). Each fixed configuration was presented 10 times in the first part of the experiment (the
learning phase). Random configurations were also composed of green and pink flowered bushes,
but the bushes were randomly displayed in one of the 20 quadrants. The location of the bushes in
the random configurations never overlapped with the locations of the pink bushes in the fixed
configurations.

Design and procedure
Children were tested in a quiet room either in their school or in the in the Home Lab of the Toddler

Lab at the Centre for Brain and Cognitive Development, Birkbeck University of London. They were pro-
vided with a touchscreen device and were invited to play where they felt more comfortable in the
room: either on a small children’s table or on a play mat. A researcher was present during the execu-
tion of the task. The experimental paradigm consisted of a learning phase followed by a test phase.

In the learning phase, participants were told that a monkey and an elephant were playing hide and
seek. They were invited to help the elephant find the monkey. The cartoon elephant instructed chil-
dren on how to play (i.e., to touch the bush on the screen, to get the monkey to appear from behind
it) and supervised them in three practice trials. The experimental trials then began.

At the beginning of each trial, a cartoon monkey appeared in the middle of the screen, and the par-
ticipants were asked to touch it. This acted as a central fixation point for the following response. After
an interstimulus interval (ISI) of 800 ms, one of the three fixed spatial configurations of bushes was
displayed. Participants were asked to guess the location of the hiding monkey by touching one of
the bushes. Once a bush was selected, the correct position of the monkey was revealed after 1000
ms, regardless of whether the selected bush was correct or incorrect, and remained on the screen
for 1000 ms (Fig. 1B).

Fixed spatial configurations were made of three green bushes and one pink flowered bush, held in a
constant location across trials. Importantly, the color and location of the bushes within a configuration
acted as a cue to find the target; the monkey was always behind the pink bush across all trials and
always behind the same bush within a fixed spatial configuration (Fig. 1A).

Children completed five blocks of 6 trials for a total of 30 trials. Overall, all participants saw the
same configurations of bushes, but the order of configuration appearances was randomized across
participants, with the added constraint that the same configuration could not appear more than twice
in a row. Furthermore, to make the task more engaging for young children, a video of the monkey and
the elephant dancing together was played at the end of each block for 10 s and a map with five col-
orless forests was displayed at the beginning of each block. Each forest turned green after the comple-
tion of the block.

Following the learning phase, participants completed the test phase, a preferential choice task
designed to investigate whether participants assimilated both the color and spatial cues in the learn-
ing phase. To accomplish this, we manipulated the color and location of the bushes in the fixed (famil-
iar) configurations of the learning phase and new random (unfamiliar) configurations across three
different types of trials (i.e., control, color, and spatial trials; Fig. 2A), and we asked participants to
indicate where the monkey had previously been hiding.

As in the learning phase, participants completed two practice trials and were instructed by a car-
toon character before the start of the task. At the beginning of each trial, a cartoon monkey appeared in
the upper part of the screen, and participants were asked to touch it. This acted as a fixation point for

G. Serino, D. Mareschal, G. Scerif et al. Journal of Experimental Child Psychology 238 (2024) 105795

5

http://www.gorilla.sc
http://www.freepik.com
http://www.adobe.com


the subsequent response. After an ISI of 800 ms, familiar (fixed) and unfamiliar (random) configura-
tions were simultaneously displayed side by side, and participants were asked to touch the bush
behind which the monkey was hiding before. This enabled us to examine the extent to which children
were more likely to choose the familiar or unfamiliar configuration as well as their accuracy in select-

Fig. 1. (A) Fixed spatial configurations employed in the learning phase of Experiment 1. (B) Example of learning trial in
Experiment 1. (C) Fixed spatial configurations employed in the learning phase of Experiment 2.

Fig. 2. Example of the test phase trials in Experiment 1 (A) and Experiment 2 (B).
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ing the correct bush within the familiar configurations. Following the selection of a bush, the position
of the hiding monkey was revealed and displayed on the screen for 1500 ms. The monkey was always
behind one bush in the familiar configuration, in accordance with its location during the learning
phase. No monkey was present in the unfamiliar configurations.

A video of the elephant and monkey dancing together was displayed for 10 s after the completion
of 6 trials. All participants were exposed to the same spatial configurations, but the order of presen-
tation was pseudorandomized between participants, so that the same familiar configuration could not
appear more than twice in a row.

Participants completed 30 trials in the following order: 6 control trials, 12 color trials, and 12 spa-
tial trials (Fig. 2A). In the control trials, the familiar configurations (three green bushes and one pink
flowered bush) were contrasted against random configurations that consisted only of green bushes.
This condition allowed us to test whether participants understood the task and had learned the asso-
ciation between the pink flowered bush and the target. In the spatial trials, children were told that a
bunny ate all the flowers and because of this all the bushes were now green. The employment of solely
green bushes in the familiar and unfamiliar configurations required participants to use the spatial con-
text to find the target (i.e., they could not rely on the color of the bushes anymore). But, at the same
time, it slightly changed the appearance of the fixed (familiar) configurations at the risk of affecting
participants’ ability to recognize them. To control for this, the color trials were added to the paradigm.
In these trials, the familiar configurations (three green bushes and one pink flowered bush) were con-
trasted against unfamiliar configurations in which a pink flowered bush was present. The inclusion of
a pink bush in both configurations compelled children to rely on the spatial context to find the target
while maintaining invariant the visual appearance of the familiar configurations. However, the pres-
ence of two pink bushes could also act as a confounding factor, moving children’s attention to the color
rather than the location of the bushes. For this reason, both spatial and color trials were included in
the paradigm.

In summary, the control trials allowed us to test whether children understood the task and had
learned the pink bush–target association. The color and spatial trials allowed us to test whether chil-
dren had learned the contextual regularities and could take advantage of them to deploy their atten-
tion and guide behavior when the context became the only reliable cue.

Results

Multilevel modeling was employed for data analysis due to its greater flexibility with developmen-
tal data compared with linear models (Bono et al., 2021). Multilevel models (MLMs) allow for the over-
coming of the assumptions regarding the independence of residuals and do not require listwise
deletion, so that participants with only partial responses—which is often the case in developmental
studies—can be included in the analysis. Furthermore, MLMs account for the multilevel nature of
developmental data (Boyle & Willms, 2001). They can be considered a natural extension to conven-
tional regression models for analyzing clustered and nested data. They comprise fixed effects or fixed
parameters that describe the relationship between the dependent variable and predictor variables
(similar to regression coefficients in linear models) and random effects that represent the random
deviations from the relationship described by fixed effects. As such, MLMs allow for estimating fixed
parameters while accounting for between- and within-person variability in the data (Boyle & Willms,
2001; Nezlek, 2008).

Learning phase
The probability of selecting the correct bush varied from .63 to .88 at the start of the task for 3- and

5-year-olds, respectively, and was above .95 for all age groups by the end of the learning phase
(Table 1A). To further investigate this improvement, a multilevel modeling analysis was conducted
on the dataset. Models were built using the ‘‘lme4” R package (Bates et al., 2015). First, we modeled
accuracy (the likelihood of selecting the correct target location) as a binomial variable. The intraclass
correlation coefficient (ICC) for accuracy was then calculated based on the empty model. The ICC of
accuracy was .31, indicating a substantial person-to-person variance (Nakagawa et al., 2017). In Model
1, we tested whether accuracy improved across trials and whether this effect was modulated by age.
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We fitted a generalized linear model on binomial data with trials and participants’ age as predictors.
Age was standardized and modeled as a continuous variable. Participants and trials were added as a
random intercept and slope, respectively, following a visual inspection of the data. Results showed a
main effect of trial, Wald v2(1) = 36.70, p < .001, and a main effect of age, Wald v2(1) = 9.80, p = .002.
(Regression coefficients were extracted using the Anova function from the R ‘‘car” package [Fox &
Weisberg, 2019]. For comprehensive information regarding the models, refer to Table 1 in the online
supplementary material.) In addition, results showed a significant between-person variability in the
intercepts of accuracy (variance = 1.18, SD = 1.09, 95% confidence interval [CI] with 5000 bootstrap
resamples from 0.50 to 1.53) and a partial between-person variability in the within-person trajectories
of accuracy over trials (variance = 0.02, SD = 0.13, 95% CI = [0.08, 0.19]), suggesting that learning tra-
jectories differed across participants.

Although a significant person-to-person variability was observed, in line with our hypotheses,
results showed that participants’ accuracy improved across trials, with the oldest children showing
better performance overall.

Test phase
We fitted a generalized linear model on binomial data to test whether the familiar configurations

were more likely to be selected than the unfamiliar ones (accuracy). The three types of trials (control,
color, and spatial trials) and participants’ age were modeled as predictors. Participants were added as a
random intercept. Results showed a main effect of trial type, Wald v2(2) = 172.78, p < .001, a main
effect of age, Wald v2(1) = 9.30, p = .002, a significant interaction between trial type and age, Wald
v2(1) = 7.55, p = .02, and significant between-person variability in the intercepts of accuracy (vari-

Table 1
Learning phase (A) and test phase (B) of Experiment 1

(A) Learning phase Trial

Age group N 1 5 10 15 20 25 30 Total

3 years 27 Correct bush 17 23 27 22 25 27 27 717
Wrong bush 10 4 0 5 2 0 0 93
% 62.96% 85.19% 100.00% 81.48% 92.59% 100.00% 100.00% 88.52%

4 years 30 Correct bush 20 28 28 28 29 30 29 832
Wrong bush 10 2 2 2 1 0 1 68
% 66.67% 93.33% 93.33% 93.33% 96.67% 100.00% 96.67% 92.44%

5 years 25 Correct bush 22 23 25 25 24 24 25 714
Wrong bush 3 2 0 0 1 1 0 36
% 88.00% 92.00% 100.00% 100.00% 96.00% 96.00% 100.00% 95.20%

(B) Test phase Trial type

Age group N Control (6 trials) Color (12 trials) Spatial (12 trials)

3 years 28 Familiar 152 90.48% 166 49.40% 149 44.35%
Unfamiliar 16 170 187
Correct bush 142 93.42% 158 95.18% 35 23.49%
Wrong bush 10 8 114

4 years 30 Familiar 179 99.44% 172 47.78% 154 42.78%
Unfamiliar 1 188 206
Correct bush 176 98.32% 171 99.42% 54 35.06%
Wrong bush 3 1 100

5 years 25 Familiar 146 97.33% 169 56.33% 174 58.00%
Unfamiliar 4 131 126
Correct bush 144 98.63% 167 98.82% 85 48.85%
Wrong bush 2 2 89

Note. For the learning phase (A), participants’ correct bush selection across trials and percentage of correct responses by age
group are shown. For the test phase (B), participants’ selection of familiar and unfamiliar configurations by age group, correct
bush selection within the familiar configurations, and percentage of correct responses in the control, color, and spatial trials are
shown.
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ance = 1.18, SD= 0.42, with a 95% CI from 0.026 to 0.53). (Regression coefficients were extracted using
the Anova function from the R ‘‘car” package. Refer to Table 2 in the supplementary material for com-
prehensive information regarding the model.)

Preplanned contrasts showed better performance in the control trials compared with the color and
spatial trials (z = 11.79, b = 7.09, p < .001), suggesting that children relied more on the color of the
bushes than on their location to find the target position in the learning phase (Fig. 3). No difference
in accuracy was found between the color and spatial trials.

Marginal effects were then inspected to get a better understanding of the effect of age on accuracy.
The R package ‘‘ggeffects” (Lüdecke, 2018) was used to extract the predicted probabilities of the slope
of accuracy across age and trial type. Results show that all age groups were above chance level (50%) in
the control trials (Table 2A). In contrast, in the spatial and color trials (Tables 2B and 2C), predicted
probabilities were above chance level only after 54 months of age (4.5 years), suggesting that the abil-
ity to acquire contextual regularities develops over time.

Lastly, we ran the same analysis selecting only the trials in which children selected the familiar
configuration and explored whether children were more likely to select the correct bush compared
with any other bushes. The R package ‘‘ggeffects” was used to extract the predicted probabilities—
modeled as a binary variable—of selecting the correct bush within the familiar configuration in the
spatial trials. In further support of our findings, results revealed that the probability of selecting the
correct bushes increased with age in the spatial trials. In contrast, a similar increase was not observed
in the control and color trials when both the color and spatial cues were available (see Tables 3 and 4
in the supplementary material for further details).

Discussion

Experiment 1 was designed to investigate when children can assimilate and further use contextual
regularities to guide their behavior. To answer this question, we exposed 3- to 5-year-olds to fixed

Fig. 3. Predicted probabilities of selecting the familiar configurations by age and trial type. Note that participants’ age has been
modeled as a continuous variable.
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spatial configurations of bushes and asked them to guess behind which bush a monkey was hiding.
The location of the hidden monkey was cued by the color of the bushes and their location within each
configuration. In line with our hypotheses, results showed good performance overall, with improve-
ment over learning trials, indicating that children understood the task and succeeded in finding the
hidden monkey.

We then asked children to perform a preferential choice task to investigate whether they had
encoded the color cue and/or the spatial context during the learning task and whether they could
use either or both memory cues to guide their behavior. Here again, results showed ceiling perfor-
mance in the control trials, indicating that children could identify familiar configurations when both
cues were available. However, a drop in performance was observed when children were forced to use
the spatial context only. Children’s accuracy (i.e., likelihood of selecting the familiar configuration)
was above chance level at 5 years of age but not before for both the spatial and color trials. Further-
more, children’s ability to accurately locate the target within spatial configurations when spatial con-
text alone was available increased gradually from 3 to 5 years of age. This is an important finding
because it suggests that over this period children improve their ability to use information held in
memory to guide spatial attention to precise target locations. This, in turn, indicates an increasingly
efficient interplay between memory and spatial attention guidance.

Surprisingly, in contrast to the infant literature (Bogaerts et al., 2022; Jiang et al., 2019; Saffran &
Kirkham, 2018), our results did not find evidence of a sensitivity to contextual regularities in 3- and 4-
year-old children. This inconsistency might be attributed to differences in the experimental para-
digms. Infant studies are usually based on violation of expectations (Bertels et al., 2017; Keen,

Table 2
Predicted probabilities of selecting the familiar configurations across age in the control trials (A), color trials (B), and spatial trials
(C)

(A) Control trials

Age group z-Score age Predicted CI low CI high

36 months �1.67 0.88 0.78 0.94
42 months �1.15 0.92 0.87 0.95
47 months �0.59 0.95 0.93 0.97
54 months 0.03 0.97 0.95 0.98
57 months 0.29 0.98 0.96 0.99
59 months 0.46 0.98 0.96 0.99
75 months 2.04 1 0.98 1

(B) Color trials

Age group z-Score age Predicted CI low CI high

36 months �1.67 0.45 0.38 0.53
42 months �1.15 0.47 0.41 0.53
47 months �0.59 0.49 0.45 0.54
54 months 0.03 0.51 0.47 0.55
57 months 0.29 0.52 0.48 0.56
59 months 0.46 0.53 0.48 0.57
75 months 2.04 0.58 0.49 0.66

(C) Spatial trials

Age group z-Score age Predicted CI low CI high

36 months �1.67 0.39 0.32 0.46
42 months �1.15 0.42 0.36 0.47
47 months �0.59 0.45 0.40 0.49
54 months 0.03 0.48 0.44 0.52
57 months 0.29 0.50 0.45 0.54
59 months 0.46 0.50 0.46 0.55
75 months 2.04 0.59 0.50 0.67

Note. CI, confidence interval. Predicted probabilities were estimated with the R package ‘‘ggeffects” (Lüdecke, 2018).
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2003), whereas the current experiment required participants to assimilate contextual regularities and
further use them to make predictions about events. Thus, it is possible that young children did encode
the regularities but failed to actively use them to guide behavior in the test phase, leading to contrast-
ing findings. Consistent with this, a recent CC study by Yang and Merrill (2018) compared the ability of
6- and 7-year-olds and 9- and 10-year-olds to differentiate the identity and location of objects in the
environment. Unlike their older counterparts, 6- and 7-year-olds showed faster reaction times when
both the location and identity of the stimuli in the configuration remained invariant, but not when one
of the two was changed, highlighting that the ability to encode and use contextual regularities devel-
ops over time, becoming more robust to environmental perturbations.

A second factor contributing to failures by the youngest children might be the relevance of context
for the underlying task. It must be recalled that in Tummeltshammer and Amso (2018) contextual reg-
ularities constituted central information to succeed in the task. In contrast, in our study the spatial
context supported visual search but was not essential for finding the target. Thus, it is possible that
the conflicting patterns observed between the infant paradigm and our task concealed the presence
of different learning strategies rather than a lack of sensitivity to contextual regularities. Previous
studies (Amso & Scerif, 2015; Matusz et al., 2015; Wu et al., 2018) have shown that factors such as
past experience with a given stimulus, stimulus familiarity, and the relevance of a stimulus for the
underlying task influence attention deployment and, consequently, what information is held in mem-
ory and accessible for further tasks. On a related note, classical attention studies (Akhtar & Enns, 1989;
Plude et al., 1994; Trick & Enns, 1998) have highlighted that feature bindings and voluntary movement
of spatial attention are not fully developed during childhood and follow a pattern of late maturation.
Therefore, it is possible that, due to immature attention skills, children focused their attention on the
most relevant cue (the color) in the learning phase. This, in turn, might have masked their sensitivity
to the spatial context. If this is the case, we reasoned that if spatial context becomes the most impor-
tant information to solve the task, children would encode it and use it to guide their behavior. To
explore this possibility, in Experiment 2 we manipulated the level of information conveyed by the
color and fixed configuration of bushes and measured how this affected young children’s encoding
and use of contextual information to guide behavior.

Experiment 2

Experiment 2 was designed to investigate whether 3- and 4-year-olds can take advantage of spatial
regularities if they are relevant for the underlying task.

Based on the literature on statistical learning (Saffran & Kirkham, 2018), we hypothesized that
young children are equipped with the ability to encode contextual regularities. In Experiment 1, we
found evidence of context sensitivity, but only in children aged 5 years, which is surprising given pre-
vious research with infants (Bertels et al., 2017; Tummeltshammer & Amso, 2018). One possible expla-
nation is that younger children may indeed have this ability, but they adopted different learning
strategies to solve the task at hand, possibly due to limited cognitive resources.

Gómez (2017) argued that the developmental trajectories of the different memory systems dictate
what regularities can be assimilated and learned. Similarly, the development of the attention system
may determine the amount of information and the speed at which external stimuli are processed
(Frost et al., 2019). Furthermore, the literature on infant development has documented a consistent
preference for stimuli of moderate complexity from the first year of life, with infants appearing to
strategically allocate their cognitive resources to optimize their learning progress (Kidd et al., 2012;
Poli et al., 2020).

Building on this, we hypothesized that, due to the immaturity of their memory and attention sys-
tems, the younger children in Experiment 1 focused their cognitive resources on the cue that maxi-
mized their chance of succeeding in the task (i.e., color) while discounting spatial regularities. To
explore this possibility, we manipulated the color of the fixed configurations in Experiment 1 so that
each configuration was composed of four bushes of a unique color (Fig. 1C). Thus, in Experiment 2, the
spatial context was the most informative cue for finding the target, whereas color was an additional
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cue that helped to discriminate the fixed configurations. Everything else remained invariant between
the two experiments.

We hypothesized that if the ability to encode contextual regularities is developed early in life,
under these conditions 3- and 4-year-olds would succeed in using the spatial context to find the
target.

Method

Participants
A total of 29 healthy full-term children aged 3 and 4 years participated in the experiment. Of these

children, 26 were recruited from and tested in a nursery in [XXXX] and 3 were recruited via birth
records and tested at the [XXXX]. Two participants were excluded from the data analysis because they
failed to understand the task instructions or did not want to take part in the study. The final sample
consisted of 27 children (17 girls and 10 boys; M = 49 months, SD = 4.81). The study was approved by
the ethical committee of the School of Sciences at [XXXX].

Materials
The experiment was built and hosted using the Gorilla Experiment Builder (www.gorilla.sc; Anwyl-

Irvine et al., 2020) and was presented on an Apple 10.2-inch iPad. The stimuli used in Experiment 1
were recolored using Adobe Illustrator (www.adobe.com) such that each fixed configuration of bushes
in Experiment 1 had a unique color in Experiment 2 (Fig. 1C). Specifically, each fixed configuration was
composed of four bushes of the same color—pink, yellow, or blue (no pink flowered bushes were pre-
sent). Random configurations were composed of four bushes of the same color. The color of the bushes
in the random configurations matched the color of the bushes in the fixed configurations (pink, yellow,
or blue) in the spatial trials but differed (brown) in the control trials (Fig. 2B). The location of the
bushes in the fixed and random configurations remained invariant across the two experiments.

Design and procedure
Children were tested in a quiet room either within their nursery or at the [XXXX]. At the beginning

of the experiment, children were presented with four bushes of different colors and were asked to tap
the yellow, pink, blue, and brown bushes, respectively. Children who made more than one mistake
were excluded from data analysis because a visual color impairment might have interfered with the
ability to complete the task. Experimental instructions and procedures were kept identical between
the two experiments. As in Experiment 1 (Fig. 1B), children were presented with fixed configurations
of bushes in the learning phase and were asked to guess behind which bush the monkey was hiding.
Importantly, the location of the bushes within each fixed configuration was kept invariant between
Experiment 1 (Fig. 1A) and Experiment 2 (Fig. 1C). However, the level of information conveyed by
the color and location of the bushes changed between the two experiments.

In Experiment 2, all the bushes within one fixed configuration had the same color (Fig. 1C). Thus,
differently from Experiment 1, the spatial context acted as the most informative cue to find the target.
The color of the bushes aided visual search but was not a determinant for locating the hiding monkey.
Participants completed five blocks of 6 trials for a total of 30 trials.

Following the learning phase, participants completed the test phase, which consisted of a prefer-
ential choice task. In the spatial trials, the fixed configurations were contrasted against new random
configurations in which bushes were randomly located but shared the same color as the fixed config-
urations (Fig. 2B). In the control trials, the bushes in the fixed and random configurations differed in
color and location (Fig. 2B).

The control trials allowed us to test whether children understood the task, whereas the spatial tri-
als allowed us to test whether children could assimilate and take advantage of contextual regularities
to guide attention and behavior when they are relevant to a given task.
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Results

Learning phase
Children’s performance improved across the learning trials, starting with a .07 probability of select-

ing the correct bush and reaching .70 by the end of the learning phase (Table 3A). To further investi-
gate the robustness of this improvement, multilevel modeling was applied to the data.

Models were built using the ‘‘lme4” R package (Bates et al., 2015). First, we fitted a generalized lin-
ear model, modeling accuracy as a binomial variable (i.e., likelihood of selecting the correct target
location) and adding participant as a random intercept. The ICC of accuracy was .25, indicating sub-
stantial person-to-person variance (Nakagawa et al., 2017). We then fitted a generalized linear model
on binomial data with trials as predictor variables and participants as a random intercept. Results
showed a main effect of the intercept, Wald v2(1) = �3.64, B = �0.99, p < .001, 95% CI obtained by
bootstrapping 5000 resamples = [�1.55, �0.44], indicating that accuracy was below chance at the
beginning of the experiment. The main effect of trial was significant, Wald v2(1) = 43.87, B = 0.06,
p < .001, 95% CI = [0.05, 0.08], suggesting that participants’ accuracy improved across trials. (Regres-
sion coefficients were extracted using the Anova function from the R ‘‘car” package [Fox & Weisberg,
2019]. Refer to Table 5 in the supplementary material for comprehensive information regarding the
model.)

Test phase
A generalized linear model on binomial data was fitted to test whether the familiar configurations

were more likely to be selected than the unfamiliar ones (i.e., accuracy) in the test phase. The two
types of trials (control and spatial) were modeled as a predictor variable. Participants were added
as a random intercept. Results showed no difference between the two types of trials, Wald
v2(1) = 1.78, B = �0.30, p = .18, 95% CI [�0.77, 0.14], and a significant intercept, Wald
v2(1) = 3.967, B = 1.09, p < .001, 95% CI [0.56, 1.68], indicating that participants were more likely to
select the familiar configurations than the unfamiliar ones regardless of the type of trial. (Regression
coefficients were extracted using the Anova function from the R ‘‘car” package. Refer to Table 6 in the
supplementary material for comprehensive information regarding the model.)

We then compared accuracy in Experiments 1 and 2 to test the effect of training on participants’
performance. Specifically, we selected participants younger than 5 years from Experiment 1 and com-
pared performance on the spatial trials across both experiments. We fitted a generalized linear model
on binomial data with experiment type as a predictor variable and participants as a random intercept
(see Table 7 in supplementary material). Results show a main effect of experiment, v2(1) = 25.81, B

Table 3
Learning phase (A) and test phase (B) of Experiment 2

(A) Learning phase Trial number

N 1 5 10 15 20 25 30 Total

27 Correct bush 2 10 16 15 19 16 19 403
Wrong bush 25 17 11 12 8 11 8 407
% 7.41% 37.04% 59.26% 55.56% 70.37% 59.26% 70.37% 49.75%

(B) Test phase Trial type

N Control (6 Trials) Spatial (12 Trials)

27 Familiar 115 70.99% 212 65.43%
Unfamiliar 47 112
Correct bush 73 63.48% 133 62.74%
Wrong bush 42 79

Note. For the learning phase. participants’ correct bush selection and percentage of correct responses across trials are shown. For
the test phase, participants’ selection of familiar and unfamiliar configurations, correct bush selection within the familiar
configurations, and percentage of correct responses in the control and spatial trials are shown. Each familiar configuration is
composed of 4 bushes; the probability of selecting the correct bush by chance was 25%.
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= 0.97, p < .001, 95% CI [0.60, 1.35], with better performance in Experiment 2 than in Experiment 1
(Fig. 4).

Discussion

Experiment 2 was designed to investigate whether 3- and 4-year-olds can use contextual regular-
ities to guide their behavior when these are relevant to a given task. To answer this question, we pre-
sented young children with fixed configurations of bushes and asked them to guess where a cartoon
monkey was hiding. Each configuration had a unique color and was composed of four bushes. Unbe-
knownst to participants, the location of the monkey was fixed within each configuration. Results high-
lighted an improvement in performance across trials in the learning phase, suggesting the presence of
an early sensitivity to spatial regularities. To confirm this hypothesis, we then presented children with
familiar (fixed) and unfamiliar (random) configurations of the same colors (spatial trials) or different
colors (control trials) and asked them to indicate where the monkey was hiding before. As predicted,
children’s performance was above chance level in the spatial trials. In addition, no difference was
found between the control and spatial trials. In line with the infant statistical learning literature, these
findings show that a sensitivity to visuospatial regularities is at play early in life and that young chil-
dren can use this information to guide their behavior. Furthermore, they reveal that this sensitivity
may depend on the information value conveyed by the environmental cues. Indeed, young children
took advantage of contextual regularities to guide behavior in Experiment 2 when it was the only
cue relevant to solving the task.

General discussion

The current study investigated the developmental trajectory of children’s sensitivity to contextual
regularities between 3 and 5 years of age. To address this research question, we devised a new con-
textual learning paradigm and manipulated the relevance of color and spatial cues in two experi-
ments. In Experiment 1, the color served as the most informative cue for the underlying task goal,
whereas spatial context supported learning but was not necessary for task success. Children of all

Fig. 4. Predicted probabilities of selecting the familiar configurations in the spatial trials in Experiment 1 and Experiment 2.
Only data from participants younger than 5 years were included in the analysis.
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age groups performed proficiently when both cues were available. They were able to extract and use
these visual cues to guide behavior. However, only 5-year-olds solved the task when the spatial con-
text became the only cue available in the test phase. In contrast, 3- and 4-year-olds did not perform
above chance level. Furthermore, the ability to accurately localize targets within configurations
increased steadily over the 3- to 5-year period.

Given the nature of our paradigm in Experiment 1, it is difficult to disentangle whether 3- and 4-
year-olds simply did not acquire the invariant relationships between the location of the bushes and
the fixed configurations in the learning phase or whether they were sensitive to these relationships
but failed to use them to guide behavior. Nevertheless, given that previous evidence has reported a
robust sensitivity to contextual regularities during infancy (Bogaerts et al., 2022; Saffran &
Kirkham, 2018), we argued that young children must be equipped with this same ability, but the
degree to which contextual information is processed depends on several factors, among which are
the relevance of the context for the underlying task and the amount of competing information. To test
our hypothesis, in Experiment 2 we manipulated the information conveyed by the visual cues. In fact,
the spatial context became the only cue to succeed in the task, whereas the color of the stimuli sup-
ported learning but was not informative in finding the target. Under these conditions, 3- and 4-year-
olds were able to solve the task.

Taken together, our results suggest that the ability to encode, store, and use contextual regularities
to guide attention and behavior is present in children as young as 3 years. However, as shown by
Experiment 1, this ability is not fully mature at this stage and continues to develop throughout child-
hood. Only around 5 years of age do children naturally begin to integrate contextual regularities to
guide their behavior in complex environments, where multiple cues are available, and the spatial con-
text supports but is not essential to the learning process itself. This can be seen as a form of graded
representation account of development (Mareschal et al., 2007). Indeed, rather than an ‘‘on/off”
switch-type mechanism, our results highlight that sensitivity to contextual knowledge develops over
time.

Although our study demonstrated that children’s sensitivity to contextual information improves
between 3 and 5 years of age, it does not identify the mechanisms that promote the emergence of this
ability. One possible explanation can be found in the concurrent development of the attention system
during this age period (Matusz et al., 2015; Pozuelos et al., 2014; Remington et al., 2014; Shimi et al.,
2014; Wu et al., 2018). As highlighted in the existing literature, attentional capacity for perception and
awareness is limited (Aly & Turk-Browne, 2017; Chun et al., 2011; Hutchinson & Turk-Browne, 2012)
and undergoes developmental changes with age (Matusz et al., 2015; Remington et al., 2014; Shimi
et al., 2014; Wu et al., 2018). This capacity is indispensable in daily life because it governs which stim-
uli are prioritized, leading to better encoding and further recollection of important information. How-
ever, it comes with the drawback that unattended stimuli may be missed (e.g., Cherry, 1953; Simons &
Chabris, 1999) or remain inaccessible in memory (i.e., Jiang & Chun, 2001). Studies on limited atten-
tional capacity have demonstrated that under high cognitive load, perceptual processing becomes
selective, filtering out task-irrelevant information (Bruckmaier et al., 2020; Forster & Lavie, 2016;
Lavie & Dalton, 2014; Lavie et al., 2004; Remington et al., 2014). In line with this account, it is possible
that the limited attention capacity hindered the 3-and 4-year-olds’ ability to encode both color and
spatial cues in Experiment 1, thereby preventing the creation of visuospatial templates for the location
of the bushes. Conversely, shifting their attention to the spatial cue in Experiment 2 might have helped
to prioritize the spatial context, resulting in improved performance.

Another factor that may explain why children prioritized color information over spatial informa-
tion in Experiment 1 is the utility of the color cue for the underlying task goal. Previous studies have
suggested that environmental variables, such as the level of surprise of a stimulus (Kidd et al., 2012)
and the overall predictability of the environment (Poli et al., 2020), determine what information will
be attended to. For instance, Kidd et al. (2012) showed that even infants as young as 8 months focus
their attention on stimuli with an intermediate level of complexity and avoid allocating their cognitive
resources to stimuli that are either too simple or too complex. Similarly, in a recent study, Poli et al.
(2020) showed that infants focus their cognitive resources on stimuli that maximize learning progress.
Thus, it is possible that in our study children directed their attentional resources to the cue that max-
imized success in the task, namely the color cue in Experiment 1 and the spatial cue in Experiment 2,
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while disregarding potential superfluous information. In addition, previous research has shown that
differential expertise with the to-be-attended stimuli can influence attention deployment. For exam-
ple, in Matusz et al. (2019), 6-year-olds, 11-year-olds, and young adults were asked to find a target
number while distractor number words or digits were presented peripherally. Unlike older children
and young adults, 6-year-olds’ RTs were not affected by the presence of distractor number words
and audiovisual stimuli, possibly due to their limited experience with these categories. Thus, it is plau-
sible that familiarity-dependent constraints facilitated the encoding of the color cues over the spatial
cues in Experiment 1.

The development of memory systems could also contribute to the observed differences in perfor-
mance. Working memory resources are necessary for encoding visual information, maintaining con-
textual information available during visual search, and capturing attention by contexts retrieved
from memory (Chun, 2011; Manginelli, Baumgartner, et al., 2013). For example, it has been reported
that concurrent visual working memory load impairs attentional capture by repeated contexts in CC
paradigms (Travis et al., 2013). In addition, evidence showed that working memory plays a significant
role in the ‘‘expression of learning,” specifically in the retrieval of visual information to guide visual
search (Manginelli, Langer, et al., 2013; Pollmann, 2019).

Thus, further investigation is required to identify more precisely what factors promote the ability
to acquire contextual regularities, helping young children to navigate their environment.

To conclude, this study bridges the gap between the infant and adult literatures, showing that
although sensitivity to both color and spatial configurations is present from infancy, the ability to
use both to guide behavior emerges around the fifth year of life, when presumably children are
equipped with more robust cognitive skills. These findings are in line with recent models of atten-
tional guidance in older children and adults, in which the interplay between cognitive control mech-
anism and memory representations plays a central role in guiding attention over time and in space
(Amso & Scerif, 2015; Chun et al., 2011; Nobre & van Ede, 2023). Furthermore, they shed light on
the active role of the learner in sampling information to efficiently navigate the environment, accord-
ing to the task goals and the limitations originating from the developing memory and attention system
(Frost et al., 2019; Mareschal et al., 2007; Munakata, 2001).

Data availability

Data will be made available on request.
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