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A B S T R A C T

Rhythm is an omnipresent feature of our environment. Repetitive temporal patterns in sound and vision influ
ence how we pay attention to the world, move, and speak. Grasping these regularities is critical for development. 
Humans can track surrounding rhythms explicitly—like dancing to the beat of music—or implicitly, when 
rhythms guide perception and behavior without deliberate attention. Whether these abilities follow different 
developmental trajectories remains unknown. Here, we tested 98 children aged 7–13 using a novel gamified task 
measuring implicit rhythm processing, alongside assessments of explicit rhythmic abilities and cognition. We 
show that explicit and implicit rhythmic abilities follow distinct developmental trajectories: whereas explicit 
rhythmic abilities improve with age and formal musical experience, implicit rhythmic sensitivity remains 
remarkably stable throughout childhood. Implicit and explicit rhythm processing also showed distinct associa
tions with executive functioning. In addition, the relation between these two forms of rhythm processing 
appeared to depend on cognitive flexibility. These findings provide new insights into the development of 
rhythmic abilities and may inform future work on neurodevelopmental disorders and rhythm-based 
rehabilitation.

1. Introduction

Rhythmic patterns are a ubiquitous feature of our environment. 
Temporal regularities occur in music and speech, in bodily movements, 
and across many everyday activities (Doelling et al., 2023). From the 
repetitive pulse of an ambulance siren to the complex temporal structure 
of language or music, humans display remarkable sensitivity to rhythm. 
The ability to detect and track such temporal regularities -broadly 

referred to as rhythmic abilities - is partly rooted in our genetics (Alagöz 
et al., 2025; de Hoyos et al., 2025; Niarchou et al., 2022). Far beyond 
musicality, these abilities support the prediction of future events and 
help optimize perception and action in a constantly changing environ
ment (Haegens & Zion Golumbic, 2018; Nobre & van Ede, 2018). In 
childhood, rhythmic abilities contribute to core developmental domains 
(Frischen et al., 2022), such as language (Fiveash et al., 2021), social 
interaction (Kirschner & Tomasello, 2010; Trainor & Cirelli, 2015) and 
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literacy (Tierney et al., 2021). In turn, poor rhythmic abilities have been 
linked to developmental conditions like dyslexia (Bégel, Dalla Bella, 
et al., 2022) or ADHD (Puyjarinet et al., 2017), and are considered po
tential precursors of broader learning and developmental disorders 
(Ladányi et al., 2020; Lense et al., 2021).

Understanding how rhythmic abilities develop is therefore essential, 
both for identifying early signs of learning difficulties and informing 
targeted interventions. However, most developmental studies have 
focused on explicit rhythm processing (i.e., deliberate engagement with 
rhythmic patterns, typically involved when we dance or sing along with 
music). In everyday life, though, rhythm more often shapes perception 
and action implicitly. Whether reacting to traffic or engaging in con
versation, we routinely benefit from temporal regularities without 
deliberately attending to them. This study addresses a critical gap by 
examining, for the first time, the joint development of explicit and im
plicit rhythmic abilities, and their relation to cognitive functions in 
children.

Explicit rhythm processing is typically assessed using tasks that 
directly involve rhythmic structure, such as beat perception (e.g., 
judging whether a sound aligns with the underlying pulse of music) and 
beat synchronization (e.g., tapping in time with the beat). In contrast, 
implicit rhythm processing is evaluated through tasks where rhythm is 
not the focus, such as pitch discrimination, but where temporal regu
larity can still enhance performance, for example by speeding up reac
tion times (Bégel et al., 2017; Bouwer et al., 2021; Coull & Nobre, 2008). 
The distinction between implicit and explicit processing has been 
extensively studied in domains such as memory (Graf, 1990; Rugg et al., 
1998; Voss & Paller, 2008) or single duration processing (Capizzi et al., 
2022; Droit-Volet et al., 2019; Droit-Volet & Coull, 2016), but has 
received much less attention in rhythm and beat processing research. 
Emerging evidence in adults suggests that implicit and explicit rhythm 
processing may rely on distinct mechanisms. Evidence comes from dis
orders in rhythm perception (beat deafness; Palmer et al., 2014; Phillips- 
Silver et al., 2011). In a multiple case-study, three individuals with poor 
explicit rhythm perception nonetheless showed faster responses to 
temporally regular sequences in a pitch detection task (Bégel et al., 
2017). Similarly, implicit rhythm processing appears more resilient to 
age-related decline than explicit perception (Hiroyasu & Yotsumoto, 
2020). However, to our knowledge, no study has examined this 
distinction in children, and it remains unknown whether implicit and 
explicit rhythmic abilities follow separate developmental trajectories or 
emerge in tandem during childhood.

There is compelling evidence that explicit rhythmic abilities, such as 
beat perception and synchronization, improve steadily throughout 
childhood and adolescence (Drake et al., 2000; Hannon et al., 2018; 
McAuley et al., 2006; Nave-Blodgett et al., 2021; Thompson et al., 
2015). Most individuals, regardless of musical education, eventually 
acquire the ability to perceive and move to a beat (Sowiński & Dalla 
Bella, 2013; Tranchant et al., 2016). Still, substantial individual differ
ences exist (Dalla Bella, Janaqi, et al., 2024; Fiveash et al., 2022), partly 
shaped by musical experience (Dalla Bella, Janaqi, et al., 2024; Nave- 
Blodgett et al., 2021) and broader cognitive factors including cogni
tive control (Löser et al., 2024; Slater et al., 2018). In contrast, very little 
is known about the development of implicit rhythm processing. Implicit 
processes more broadly are often assumed to emerge early and to be 
largely mature by childhood (Coull & Droit-Volet, 2018; Karmiloff- 
Smith, 1994; Reber, 1992). However, the only developmental study of 
implicit rhythmic abilities, conducted in the visual modality, reported 
increasing reaction time benefits from rhythm regularity between ages 5 
and 12 (Debrabant et al., 2012). Whether similar patterns hold in the 
auditory domain remains unclear, given that studies in adults suggest 
that auditory and visual implicit rhythm processing rely on distinct 
mechanisms and show uncorrelated performance (Attout et al., 2024; 
Capizzi et al., 2024).

A key to understanding how explicit and implicit rhythmic abilities 
develop may lie in their relationship to executive functions, a set of 

higher-order cognitive control processes supporting goal-directed 
behavior, concentration, learning, and self-regulation (Diamond, 
2013). These functions develop substantially during school years 
(Brocki & Bohlin, 2004; Buttelmann & Karbach, 2017; Diamond, 2013), 
in parallel with improvements in explicit rhythmic abilities. Significant 
associations have been reported between explicit rhythmic abilities and 
various executive components, including controlled attention (Tierney 
& Kraus, 2013), inhibition (Puyjarinet et al., 2017), working memory 
(Colley et al., 2018; Kim et al., 2022), and cognitive flexibility (Bégel, 
Dalla Bella, et al., 2022). By contrast, implicit rhythmic abilities are 
thought to rely less on executive functions, operating largely automat
ically (Breska & Deouell, 2014a). Evidence from adult studies suggests 
implicit rhythm processing can occur independently of cognitive control 
(Cutanda et al., 2015, 2019), but whether this is also true in children 
remains unknown. Moreover, the cognitive predictors of implicit 
rhythmic abilities remain largely unexplored. To summarize, it remains 
unclear whether implicit and explicit rhythmic abilities follow shared or 
distinct developmental trajectories in childhood, and whether they 
relate similarly to executive functions. Clarifying these relationships is 
essential for refining theoretical models of rhythm processing and 
informing interventions targeting rhythm-related difficulties.

For this purpose, we examined the developmental trajectories of 
both implicit and explicit rhythmic abilities and their links to executive 
functions in school-aged children, a key developmental window for 
cognitive control and the emergence of learning difficulties. To evaluate 
implicit rhythm processing, we developed a novel gamified task in 
which children detected pitch changes presented after regular or irreg
ular tone sequences to help a small astronaut navigate through space. 
Crucially, neither the task goals nor instructions required attention to 
rhythmic regularity. Reaction time benefits from regularity indexed 
implicit rhythm processing. To assess explicit abilities, we used beat 
perception and synchronization tasks from a standardized rhythm bat
tery (Dalla Bella et al., 2017; Dalla Bella, Janaqi, et al., 2024). Finally, 
we evaluated executive functions using established tasks of auditory 
controlled attention, inhibitory control, working memory, and cognitive 
flexibility (Manly et al., 2001; Roy et al., 2020; Wechsler, 2014). Ac
cording to our predictions, explicit rhythmic abilities would be more 
closely linked to age, formal musical experience, and executive func
tions than implicit abilities.

2. Methods

2.1. Participants

One hundred and six French-speaking children aged 7 to 13 partic
ipated in the study; 98 were included in the final analysis. They were 
recruited in Lille (France) and Montréal (Canada). All children's main 
language was French; four children also spoke fluently a second lan
guage (e.g., English, Spanish, Arabic). Language background was not a 
variable of interest in the present study, thus it was not included in the 
analyses. The following non-inclusion criteria were applied: 1) a re
ported diagnosis of a neurodevelopmental or psychiatric disorder, 2) a 
history of neurological events, 3) reported hearing impairments, and 4) 
uncorrected vision deficits. To control for general intellectual and 
sensori-motor functioning, we assessed fluid reasoning and processing 
speed using the Matrix Reasoning and Coding subtests of the Wechsler 
Intelligence Scale for Children - 5th edition (Wechsler, 2014). A below- 
threshold score (i.e., standard score < 5) on either subtest was defined as 
an exclusion criterion. Additionally, a data quality check was performed 
on the implicit rhythmic task to ensure that children adequately un
derstood and performed the task. A high number of invalid trials or 
performance close to chance level was considered an exclusion criterion 
(see section 2.4.1.).

In total, eight children were excluded: two due to a low score on one 
of the control tests, four because they did not meet the quality criteria 
for the implicit rhythmic task, and two due to behavioral issues or 
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technical problems during testing.
The final sample consisted of 98 children aged 7 to 13 (M = 10.1, SD 

= 1.6), including 62 children from France and 36 from Canada, with 
58% being female. Among them, 35 had at least one year of formal 
musical experience (for the whole group: M = 0.95 years, SD = 1.5, 
range = [0; 5]). The occupational categories reported by the children's 
parents were professionals and managers (41%), office and service 
workers (45%), skilled and unskilled manual workers (6%), and un
employed (6%).

Mean standard scores on the control tests were as follows: Matrix 
Reasoning (M = 10.5, SD = 2.53) and Coding (M = 11.5, SD = 2.31). 
Spontaneous motor tempo was also assessed using an unpaced tapping 
task administered prior to the rhythmic tasks. As this measure was not 
central to our hypotheses and did not show any significant association 
with age and implicit or explicit rhythmic performance, it is not included 
in the main analysis. For completeness, we report in Appendix A the 
distribution of mean inter-tap interval (M = 549 ms, SD = 186) and its 
coefficient of variation (Fig. A1), along with scatterplots showing no 
relationship with age (Fig. A2).

Written informed consent was obtained from all participants' par
ents, in accordance with the Declaration of Helsinki. Children also gave 
assent prior to testing. The study was approved by the ethics committees 
of the University of Montreal (CEREP-22-052-D) and the University of 
Lille (CER-2021-563-S101).

2.2. Materials and tasks

2.2.1. Implicit rhythmic task
In the implicit rhythmic task, children listened to sequences of tones 

(standard sounds of identical pitch), each followed by a target sound 
that was either identical in pitch (non-deviant) or higher in pitch 
(deviant) (Fig. 1). Children were instructed to respond as quickly as 
possible only if the target sound was deviant.

2.2.1.1. Stimulus materials. Each sequence consisted of eight standard 
sounds (600 Hz), followed by a target sound, which was either higher in 
pitch than the standard sounds (deviant, 2/3 of target sounds) or iden
tical in pitch (non-deviant, 1/3 of target sounds). The pitch deviation of 
the target sounds was individually adjusted to each child's pitch detec
tion ability (see 2.2.1.2.). All the sounds were pure tones (duration: 150 

ms, including 10 ms rise and fall times) and were computer-generated 
using the scipy.signal python library (Virtanen et al., 2020) in Python 
3.10.

2.2.1.2. Adaptation of task difficulty. An adaptive procedure was 
implemented to tailor task difficulty to each child's pitch discrimination 
ability and learning speed. At the beginning of the experiment, a brief 
staircase method (1 up, 1 down) was used to estimate each child's pitch 
discrimination threshold and define the initial pitch difference for 
deviant tones, setting the starting difficulty level. Throughout the 
experiment, task difficulty was adjusted after each block based on the 
child's performance: if accuracy exceeded 85%, the pitch difference was 
decreased to increase difficulty; if accuracy fell below 70%, the pitch 
difference was increased to make the task easier; and if accuracy 
remained between 70% and 84%, the pitch difference was left un
changed. These threshold values were determined in a pilot phase to 
ensure smooth progression of the task. This adaptive design aimed to 
maintain an optimal challenge, ensuring sustained engagement of the 
children throughout the task.

2.2.1.3. Task description and procedure. We manipulated the temporal 
regularity of the standard sound sequences. In regular trials (50%), 
standard sounds occurred at a fixed inter-onset interval (IOI) of 600 ms 
(i.e., isochronously). In irregular trials (50%), IOIs varied randomly 
between 300 and 900 ms (flat distribution). In both cases, the target 
sound followed the last standard sound after 600 ms. The task consisted 
of six blocks, each containing 20 deviant target trials and 10 non-deviant 
target trials. Each block contained 15 regular and 15 irregular trials 
presented in a randomized order.

To enhance the child's engagement and motivation, the task was 
gamified (Fig. 2). The game featured Marius, a lost astronaut navigating 
his way back to Earth using sound cues. Higher-pitched sounds indicated 
that Marius was moving away from Earth, prompting children to redi
rect him by pressing a button. Each level represented the discovery of a 
new planet. During a trial, children viewed a black screen and were 
instructed to fixate on a central red rocket while listening to the se
quences. They were asked to press a button only if the final sound in a 
sequence was higher in pitch than the preceding tones. As a warning 
signal, the red rocket turned green on the 8th sound, indicating that the 
target sound was about to be presented. Instructions emphasized 

Fig. 1. Schematic representation of the implicit rhythmic task. In this task, children were instructed to press a button when they detected a deviant pitch following an 
8-tone sequence, which could be either temporally regular or irregular. During each trial, children viewed a black screen and were asked to fixate on a red rocket at 
the center, which turned green on the last standard tone before the target appeared. Star-shaped feedback was provided after correct responses, with faster reaction 
times earning higher-level stars (from bronze to diamond). A “no-go” sign appeared following false alarms. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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responding exclusively to deviant target sounds while ignoring non- 
deviant targets and standard sounds. As the task focused on pitch 
discrimination, it did not require explicit attention to the temporal 
regularity of the sequences, and the child was not informed that rhythm 
was manipulated.

The main dependent measure was reaction time (RT) on deviant 
targets. Additionally, response types were recorded: Hits (button presses 
on deviant targets), False Alarms (FA; button presses on non-deviant 
targets), Correct Rejections (CR; correctly withholding a response to a 
non-deviant target), and Misses (failure to respond to a deviant target). 
To maintain engagement, visual feedback encouraged rapid and accu
rate responses: quick reactions were rewarded with a diamond star (RT 
< 450 ms), gold star (RT between 450 and 549 ms), silver star (RT be
tween 550 and 649 ms), or bronze star (slower RTs). False alarms trig
gered a no-go sign to discourage random button presses. At the end of 
each block, the child received feedback on their overall accuracy, rep
resented by 1, 2, or 3 stars. Regardless of performance, all children 
successfully “reached Earth” at the end of the game to ensure a positive 
and engaging experience.

The implicit rhythmic task was developed using PsychoPy (Peirce 
et al., 2019). Game images were sourced from Shutterstock.com
(freely available for non-commercial use) and edited using GIMP soft
ware (https://www.gimp.org/). The experiment took place in a quiet 
room, with the child being seated in front of a computer next to the 
experimenter. The child responded using their dominant hand via a 
response button (Buddy Button). The entire task, including instructions, 
training, and short breaks between blocks, lasted approximately 30 min.

2.2.2. Explicit rhythmic tasks
Explicit rhythmic tasks were selected from the mobile version of the 

Battery for the Assessment of Auditory and Sensorimotor Timing 

Abilities (BAASTA; Dalla Bella et al., 2017; Dalla Bella, Foster, et al., 
2024) and administered using a tablet with headphones. BAASTA in
cludes various tests designed to evaluate both perceptual and sensori
motor explicit rhythmic abilities. All sensorimotor tests were performed 
using the index finger of the participants' dominant hand. Instructions 
explicitly emphasized temporal regularity, and all auditory stimuli were 
computer-generated with a piano timbre. This battery was previously 
used in studies involving both typically and atypically developing chil
dren within this age range (Bégel, Bachrach, et al., 2022; Bégel, Dalla 
Bella, et al., 2022; Puyjarinet et al., 2017).

Beat perception was assessed using the Beat Alignment Test (BAT). In 
this task, children judged whether a metronome was correctly aligned 
with the beat of a musical excerpt or not. Musical excerpts were pre
sented at a tempo of 600 ms per beat. After seven beats, a metronome 
was superimposed on the music, either aligned or misaligned to the beat. 
The test contained two-thirds of misaligned trials and one-third of 
aligned trials, including both phase errors (the tones preceded or fol
lowed the beats while keeping the same tempo of the musical stimulus) 
and period errors (the tones were presented at a tempo which was slower 
or faster than the tempo of the musical stimulus).

Beat synchronization was evaluated through four paced tapping 
tasks, in which children tapped along with either isochronous sequences 
(two conditions: 450 ms and 600 ms IOIs) or musical excerpts (two 
pieces: Badinerie by Bach (music 1) and the William Tell Overture by 
Rossini (music 2), both featuring an inter-beat interval of 600 ms). Each 
task consisted of two trials.

2.2.3. Executive functions tests
The tests were selected from the Wechsler Intelligence Scale for 

Children - 5th edition (WISC-V; Wechsler, 2014), the Test of Everyday 
Attention for Children (TEA-ch; Manly et al., 2001), and the FÉE battery 

Fig. 2. Screenshots of the gamified implicit rhythmic task: (A) introduction screen; (B) screen during a trial, with a fixation point (the rocket) and positive feedback 
(the star); (C) feedback on overall performance during a block; (D) transition screen between blocks showing the discovery of a new planet; (E) transition screen 
between blocks showing end of the sixth block; (F) end of the task. In this game, children helped a small astronaut return to Earth by detecting deviant sounds. Each 
block corresponded to a game level, at the end of which a new planet was discovered. To sustain motivation, performance at each level was rewarded with one, two, 
or three stars based on overall accuracy.
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for executive function in children (Roy et al., 2020).
Auditory controlled attention was assessed using the Coups de Fusil 

task from the French version of the TEA-Ch battery. Children listened to 
ten series of sounds presented in a temporally irregular sequence. Their 
task was to silently count the number of sounds in each series (ranging 
from 9 to 15) without using their fingers. This multicomponent task taps 
into both sustained attention and executive functioning, notably audi
tory working memory and cognitive control.

Inhibitory control was assessed using the Tapping Enfant task from 
the FÉE. In this test, children were instructed to tap on the table with 
their index finger, either once or twice, depending on the experimenter's 
actions. The task consisted of three parts with increasing difficulty. In 
the first part, children simply had to reproduce the experimenter's ges
tures: tapping once when the experimenter tapped once and tapping 
twice when the experimenter tapped twice. The second part introduced 
a go/no-go paradigm, where children still had to tap once when the 
experimenter tapped once but were required to refrain from tapping if 
the experimenter tapped twice. In the third and most complex part, the 
rules were reversed: children had to tap twice when the experimenter 
tapped once and tap once when the experimenter tapped twice. Addi
tionally, if the experimenter used two fingers instead of just the index 
finger - regardless of whether they tapped once or twice - children had to 
withhold their response.

Working memory was assessed using the Mémoire des Chiffres test 
from the WISC-V. In this digit-span task, children were asked to repeat 
sequences of numbers presented aloud by the examiner. The task con
sisted of three conditions: in the forward digit span, children repeated 
the numbers in the same order as presented; in the backward digit span, 
they repeated them in reverse order; and in the ascending digit span, 
they reordered the numbers in ascending order.

Cognitive flexibility was evaluated with the task Les petits Hommes 
Verts from the French version TEA-Ch. In this task, children counted 
small green monsters appearing along burrows. Arrows placed between 
the creatures indicated the counting direction: children started by 
counting forward one by one, but whenever they encountered an arrow 
pointing downward, they had to switch directions and count backward 
until reaching the final creature.

2.2.4. Demographic questionnaires
Parents completed a demographic questionnaire including basic in

formation about the child and family (e.g., school grade, language 
background and formal musical experience). Parents were asked 
whether their child had received any formal musical training outside of 
school and, if so, for how many years. The number of years of formal 
musical training was used in the following analyses to quantify chil
dren's formal musical training.

2.3. Procedure

Children participated in two sessions, conducted either at the BRAMS 
laboratory in Montreal, Canada or in a quiet room at their school in Lille, 
France. All tasks were administered in French, by a French-speaking 
experimenter. One session focused on rhythmic abilities (implicit and 
explicit, ~1h15), while the other session assessed cognitive abilities 
(~45 min). During the rhythm session, children first completed a 
spontaneous motor tempo assessment, followed by the implicit rhythmic 
task and the perceptual and paced tapping tasks from BAASTA. In the 
cognitive session, they began with subtests from the WISC-V battery 
evaluating reasoning and processing speed, used as control measures of 
intellectual and sensory-motor efficiency, before completing tests from 
the WISC-V, TEA-CH and FÉE batteries assessing auditory controlled 
attention, inhibitory control, working memory, and cognitive flexibility. 
To minimize fatigue, sessions were scheduled on two different half-days, 
either on separate days or with one in the morning and the other in the 
afternoon. The order of the sessions was randomized, with 40% of the 
children starting with the cognitive session and 60% beginning with the 

rhythm session. No significant effect of session order was found for any 
of the variables of interest (all p > .05, lowest p = .55).

2.4. Data pre-processing and analysis

2.4.1. Implicit rhythmic task data pre-processing
The following steps outline the data pre-processing procedure 

(Lönneker et al., 2024). A quality check was performed to ensure data 
reliability. For each participant, trials were classified as valid or invalid. 
A trial was considered valid if no button press occurred before target 
onset, in line with the instruction to respond only to the target sound. 
Although a small number of invalid trials can reflect impulsive or 
anticipatory responses, a high proportion may indicate poor task 
compliance. The percentage of valid trials was computed for each 
participant (mean = 95.2%), with no significant difference between 
conditions (p = .401). Participants with fewer than 60% valid trials were 
excluded, which applied to only one participant. For the remaining 
participants, invalid trials were removed from further analyses. We then 
computed the proportion of correct responses. Participants performing 
near chance level (accuracy <60%) were excluded from the analysis (n 
= 3).

In a second step, trials with outlier RTs were removed. Outliers were 
defined as RTs falling more than ±3 SD from the participant's mean RT 
(Berger & Kiefer, 2021). Outlier identification was conducted indepen
dently of conditions and included both correct responses and false 
alarms (André, 2022). Overall, 1.69% of trials were classified as outliers. 
Condition differences were examined post hoc (see Section 3.4). While 
no significant difference was found for early outliers (i.e., fast responses; 
p = .308), a slightly higher proportion of late outliers was observed in 
the irregular condition than in the regular condition (regular: 1.25%, 
irregular: 1.96%, p = .002).

Finally, for each participant and each condition (regular and irreg
ular), we computed the mean correct RT, keeping only the RTs from Hit 
trials (on average, 52.9/60 Hits and 7.3/30 FA per condition). As a 
secondary measure, accuracy was assessed using a sensitivity index (d'), 
calculated as the difference between the z-transformed Hits and FA 
rates. In accordance with Macmillan and Kaplan's correction (Macmillan 
& Kaplan, 1985), Hit and FA rates of 0 or 1 were adjusted to l/(2 N) and 
1–l/(2 N), respectively, where N corresponds to the number of signal 
(for Hits) or noise (for FA) trials.

Implicit rhythmic ability was quantified as the difference in mean 
reaction time (ΔRT) between the two conditions, with positive values 
indicating better performance (i.e., smaller RT) in the regular condition 
than the irregular one (ΔRT = RTirregular – RTregular). It is noteworthy 
that this difference did not depend on baseline reaction times, as ΔRT 
was not correlated with reaction time collapsed across conditions (r =
− 0.006, p = .950), nor with reaction times in the irregular condition (r 
= 0.14, p = .159). As a secondary measure, we computed the mean 
difference in accuracy (Δd'), where positive values also indicated better 
performance in the regular condition (Δd' = d'regular – d'irregular).

2.4.2. Explicit rhythmic tasks: calculation of the Beat Tracking Index
To obtain a composite score expressing rhythm perception and 

synchronization abilities, we computed the Beat Tracking Index, which 
combined beat perception and beat synchronization scores (Dalla Bella, 
Foster, et al., 2024; Puyjarinet et al., 2017).

The beat perception score was derived from the sensitivity index (d') 
in the BAT, calculated based on Hits (correct detections of misaligned 
metronomes) and FA rates (incorrect detections of misalignment in 
aligned metronomes). Individual d' values were converted to z-scores 
based on the full sample distribution.

The beat synchronization score was based on synchronization con
sistency across the four paced tapping tasks. Consistency reflects the 
temporal regularity of tapping intervals relative to the beat within a trial 
- that is, how stably participants maintained a periodic response pattern. 
It was computed using circular statistics (Dalla Bella et al., 2017; Dalla 
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Bella, Foster, et al., 2024) yielding values from 0 (no consistency) to 1 
(perfect consistency). To correct for the typical skewness of synchroni
zation data, consistency scores were logit-transformed (Dalla Bella, 
Foster, et al., 2024; Sowiński & Dalla Bella, 2013) producing values 
theoretically ranging from -∞ (logit(0)) to +∞ (logit(1)). These trans
formed scores were then converted into z-scores for each task and 
averaged to obtain a composite beat synchronization score.

The Beat Tracking Index was computed as the mean of each partic
ipant's beat perception and beat synchronization z-scores. For one 
participant, synchronization could not be computed due to insufficient 
tapping signal in the music trials; as such, Beat Tracking Index analyses 
include 97 participants.

We also computed synchronization accuracy using the angle of the 
resultant vector R, computed from the circular distribution of tap times 
relative to the pacing event (defined as 0). Accuracy corresponds to the 
angular deviation from 0, such that taps occurring closer in time to the 
pacing event are associated with smaller angular values and therefore 
greater accuracy. The sign of the angle indicates whether taps occurred 
before (negative values) or after (positive values) the pacing event and is 
not interpreted as reflecting better or worse performance. Accuracy was 
computed only when synchronization performance exceeded chance 
level, as determined by the Rayleigh test for circular uniformity as done 
in previous studies (Dalla Bella et al., 2017; Dalla Bella, Foster, et al., 
2024; Sowiński & Dalla Bella, 2013). As tapping accuracy was not a 
primary outcome of the present study, it was not included in the main 
analyses and is reported in the Supplementary Material for 
completeness.

2.4.3. Executive function tests
The auditory controlled attention score was derived from the raw 

score of the Coups de Fusil test, representing the number of correctly 
counted sound sequences. For the inhibition task, a raw performance 
score was computed by summing the number of correct responses across 
the three parts of the Tapping Enfant test. The auditory working memory 
score corresponded to the total raw score obtained on the Digit test, 
reflecting the number of correctly recalled sequences across all three 
conditions (forward, backward, and ascending). Finally, cognitive flex
ibility was measured using the raw accuracy score from the Les petits 
Hommes Verts test, which corresponded to the number of sequences 
correctly completed despite changes in counting direction. Executive 
function scores were then converted to z-scores for each task based on 
the distribution of the full sample. The correlations between executive 
function z-scores and age are provided in Appendix A, Fig. A3.

2.5. Statistical analyses

Data processing and statistical analyses were conducted using R 
version 4.4.0 (R Core Team, 2024). Implicit rhythmic abilities were 
assessed through pairwise comparisons of mean reaction times between 
the temporally regular and irregular conditions. Additional comparisons 
were performed on mean accuracy, measured by the sensitivity index 
(d’). Prior to analysis, variable distributions were tested for normality 
using the jmv package (Selker et al., 2023); a variable was considered 
normally distributed if both skewness and excess kurtosis fell within the 
[− 1,1] range. For normally distributed variables, two-sided paired- 
sample t-tests were used; otherwise, two-sided Wilcoxon signed-rank 
tests were applied. Effect sizes were computed using the R effectsize 
package (Ben-Shachar et al., 2020): Cohen's d for t-tests, rank-biserial 
correlation (r) for Wilcoxon tests, and partial omega squared (ω2ₚ) for 
F-tests in regressions analyses. Effect sizes were interpreted following 
established guidelines: Funder and Ozer (2019) for rank biserial r, 
Sawilowsky (2009) for Cohen's d, and Field (2013) for ω2ₚ.

To further explore reaction time differences in the implicit rhythmic 
task, we conducted mixed-effects model analysese. These analyses were 
implemented using the lmerTest (Kuznetsova et al., 2017) and lme4 
(Bates et al., 2015) R packages. The models included log10-transformed 

correct RTs per trial as the dependent variable to better normalize re
siduals. Fixed effects comprised condition (with the irregular condition 
as the reference level) and either age or the accuracy difference between 
conditions (Δd’). To account for the hierarchical structure of the data, 
we included random intercepts for participants and random slopes for 
the condition effect. Omnibus tests for main effects and interactions 
were performed using type III sum of squares, with F and p-values 
computed via the Kenward-Roger approximation for degrees of freedom 
(Halekoh & Højsgaard, 2014; Luke, 2017).

Finally, relationships between rhythmic abilities (both implicit and 
explicit) and variables such as age, formal musical experience, and ex
ecutive functions were explored using simple and multiple linear re
gressions. Models were fitted using the lm function in R, with ΔRT (from 
the implicit task) serving as the primary measure of implicit rhythmic 
abilities and Δd’ included as additional information on accuracy dif
ferences. The Beat Tracking Index was used as a measure of explicit 
rhythmic abilities. In models including measures of executive func
tioning, age was included as a covariate. All predictors were standard
ized prior to inclusion in the models, except for Δd', which was left 
unstandardized so that a value of 0 represented no difference in accu
racy between conditions. Model diagnostics were performed using the 
performance package (Lüdecke et al., 2021), and all models showed good 
fit. Because large inter-individual variability is commonly reported in 
both implicit and explicit rhythmic abilities (Capizzi et al., 2024; 
Criscuolo et al., 2023; Criscuolo et al., 2025; Dalla Bella, Janaqi, et al., 
2024; Zagala et al., 2024), the presence of outliers is expected, partic
ularly in children. As an additional robustness check, rank-based 
regression analyses were therefore conducted using rfit package 
(Kloke, 2024) to ensure that potential extreme scores did not drive the 
observed differences between implicit and explicit rhythm processing 
(Appendix B).

3. Results

3.1. Children's performance in the implicit rhythmic task

To test whether children implicitly track rhythmic regularities in 
sound sequences, i.e., even when rhythm is not directly task-relevant, 
we examined whether they responded faster to auditory targets 
(detecting a pitch difference) following regular (isochronous) versus 
irregular (temporally random) tone sequences. Fig. 3A shows RTs for 
trials with correct responses, per condition. RTs were significantly faster 
in the regular condition than in the irregular one (RTregular: M = 518.7 
ms, SD = 78.1 ms; RTirregular: M = 538.7 ms, SD = 89.0 ms; two-sided 
Wilcoxon signed rank test: V = 1083, p < .001). The very large effect 
size (rank biserial correlation, r = − 0.55) indicates a consistent influ
ence of temporal regularity on children's RTs.

To further probe this effect, we examined whether regularity also 
influenced accuracy in detecting pitch changes. Children were slightly 
less accurate in the regular condition than in the irregular condition, as 
reflected by a drop in the sensitivity index (d'regular: M = 2.43, SD = 1.16; 
d'irregular: M = 2.61, SD = 1.13; d'; t(97) = − 3.32, p = .001) with a very 
small effect size (d = − 0.16). This difference was primarily driven by an 
increase in the false alarm rate (i.e., responses to non-deviant targets, V 
= 2883.5, p < .001, r = 0.47), while the Hit rate (i.e., correct responses 
to pitch changes, V = 1929, p = .658, r = 0.47) did not differ between 
conditions. This suggests that children were more biased toward target 
detection in regular sequences (Hitregular: M = 0.930, SD = 0.09; Hitir
regular: M = 0.927, SD = 0.10; FAregular: M = 0.23, SD = 0.24; FAirregular: 
M = 0.19, SD = 0.23).

To determine whether RT benefits were robust after accounting for 
individual differences in accuracy, we fitted a linear mixed-effects model 
including condition, accuracy benefits (Δd' = d'regular - d'irregular), and 
their interaction as predictors (see Appendix B for more details). While 
the model revealed a positive Condition × Δd' interaction (β = 0.0162, 
F(1,96.5) = 5.49, p = .02) with a small effect size (ωp

2 = 0.05), it confirmed 
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a main effect of condition (β = − 0.0125, F(1,95.0) = 10.29, p = .002) with 
a moderate effect size (ωp

2 = 0.09). The effect of Δd' on RT was not 
significant (F(1,96) = 0.72, p = .40, ωp

2 = 0.00). Thus, the main benefit of 
temporal regularity is apparent in terms of response preparation and 
speed, while being accompanied by a modest cost in accuracy. Impor
tantly, RT benefits remained significant when taking into account for 
accuracy in the model, indicating a genuine facilitation of response 
speed beyond a mere speed–accuracy trade-off.

We then computed mean RT benefits from regularity on correct re
sponses (ΔRT = RTirregular - RTregular) for each participant as the main 
measure of implicit rhythmic processing for the following analyses. The 
ΔRT (M = 20.0 ms, SD = 43.1 ms) ranged from -111 ms (i.e., slowing of 
RT with regular stimuli) to +154 ms (i.e., speeding of RT with regular 
stimuli) reflecting wide interindividual variability in implicit influence 
of rhythm among children (Fig. 3B).

3.2. Children's performance in explicit rhythmic tasks

To assess children's explicit rhythmic abilities, we measured accu
racy in beat perception, i.e., the ability to detect beat misalignments in 
the BAT, as well as accuracy and consistency in a series of audio-motor 
beat synchronization tasks from the BAASTA. Appendix A presents 
descriptive statistics for raw task scores in Table A1, with score distri
butions in Fig. A4 and A5, and inter-task correlations in Fig. A6.

In the beat perception task, children were generally proficient at 
identifying beat misalignments, as reflected by a mean sensitivity index 
(d') of 1.77 (SD = 1.19). Given that d' = 0 reflects chance-level perfor
mance and values above 2 are typically considered good, this suggests 
moderately accurate beat perception, albeit with substantial individual 
variability. For beat synchronization, children were overall able to 
reliably align their movements to the beat, with a mean consistency 
score across tasks of 0.79 (SD = 0.30) (note: 0 = poor synchronization; to 
1 = perfect synchronization). Accuracy scores further revealed a ten
dency to anticipate the beat, as shown by a negative mean vector angle 
(M = − 21.9◦, SD = 39.4), indicating early taps relative to the beat onset.

As expected, beat perception and synchronization performance were 
strongly related: standardized BAT performance significantly predicted 
synchronization consistency scores (β = 0.64, p < .001), with a large 

effect size (ω2
p = 0.4) accounting for 41% of the variance (R2 = 0.41; 

Fig. 4A).
To capture individual differences in explicit rhythmic ability, we 

computed the Beat Tracking Index combining standardized performance 
in both BAT and synchronization tasks (Dalla Bella, Foster, et al., 2024; 
Puyjarinet et al., 2017). The Beat Tracking Index scores ranged from 
− 1.86 to 1.60 (M = 0.001, SD = 0.88; Fig. 4B). Note that the Beat 
Tracking Index is computed from z-scores but it is not itself a z-score; 
therefore, its mean is not exactly zero and its standard deviation is not 
exactly one. The Beat Tracking Index was used as the main index of 
explicit rhythmic abilities.

3.3. Relation between rhythmic abilities, age and formal musical 
experience

We first examined the effect of age on implicit rhythm processing 
using a mixed-effects model fitted to trial-level reaction times for correct 
responses, including condition (regular vs. irregular), age, and their 
interaction as fixed effects (Fig. 5). The model included a random 
intercept for participants and a random slope for condition, and RTs 
were log-transformed to better normalize residuals (log10(RT) ~ condi
tion × age + (condition | participant)). Results revealed a main effect of 
condition (β = − 0.015, p < .001, ω2ₚ = 0.14), as well as a main effect of 
age (β = − 0.029, p = .008, ω2ₚ = 0.07) on reaction times, but no 
interaction between condition and age (β < 0.01, p = .479, ω2ₚ < 0.01), 
indicating that the effect of temporal regularity remained stable across 
the age range:

In a second step, to test whether implicit and explicit rhythmic 
abilities follow distinct developmental trajectories, we examined how 
ΔRT in the implicit task and the Beat Tracking Index derived from 
explicit tasks varied with age and formal musical experience (Fig. 6), 
using multiple linear regression models including both variables as 
predictors.

ΔRT showed no significant association with either age (β = − 0.01, p 
= .902; ω2

p < 0.01) or formal musical experience (β = 0.05, p = .603; ω2
p 

< 0.01), both entered as predictors in the same regression model (R2 =

0.003, F(2, 95) = 0.14, p = .868). We also examined whether these var
iables predicted accuracy differences between conditions (Δd'), but we 

Fig. 3. Reaction times for correct responses in the implicit rhythmic task. (A): Mean RT for correctly detected auditory targets following temporally regular or 
irregular tone sequences. Central diamonds indicate the mean RT; error bars represent the standard error of the mean (s.e.m.). ***p < .001 (two-tailed Wilcoxon 
signed-rank test). (B): Distribution of RT benefits from temporal regularity (ΔRT = RTirregular - RTregular). Boxes show the interquartile range (IQR; 25th–75th 
percentiles) with the median as the central line; whiskers extend to 1.5 × IQR. Black dots indicate the mean with error bars representing the s.e.m.; purple dots 
represent individual observations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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found no effect of age (β = 0.14, p = .177; ω2
p = 0.01) or formal musical 

experience (β = − 0.10, p = .348; ω2
p < 0.01; R2 = 0.027; F(2, 95) = 1.32, p 

= .272). Together, these findings suggest that implicit rhythmic benefits 
remain stable across this age range and are not modulated by formal 
musical experience.

In contrast, the Beat Tracking Index increased with both age (β =
0.32, p = .001, ω2

p = 0.13) and formal musical experience (β = 0.42, p <
.001; ω2

p = 0.19), corresponding to medium and large effect sizes, 
respectively (R2 = 0.30; F(2, 94) = 19.36, p < .001). This pattern was also 
observed when examining the perceptual and sensorimotor components 
of the Beat Tracking Index separately, indicating that the positive as
sociations were not driven by the motor demands of the tasks (see Ap
pendix A, Fig. A7).

3.4. Relation between rhythmic abilities and executive functions

We next examined how rhythmic abilities relate to executive func
tions. First, we computed Pearson correlations between executive 
function raw scores and either ΔRT or the Beat Tracking Index. Inter
estingly, RT benefits in the implicit task (ΔRT) showed an overall 
negative association pattern with executive functions, with significant 
correlations observed across all executive functions (auditory controlled 
attention: r = − 0.35, p < .001; inhibitory control: r = − 0.20, p = .049, 
working memory: r = − 0.25, p = .013; cognitive flexibility: r = − 0.23, p 
= .019).

In contrast, correlations with explicit rhythmic abilities were positive 
but less consistent across executive functions. The Beat Tracking Index 
was positively correlated with inhibitory control (r = 0.28, p = .004) and 
working memory (r = 0.26, p = .010), but not with cognitive flexibility 
(r = − 0.01, p = .922) or auditory controlled attention (r = 0.09, p =
.382). Correlation plots are displayed in Appendix A (Fig. A8).

Because executive function measures were intercorrelated and 
positively associated with age (Appendix A, Fig. A3), we then ran 
separate multiple regression models for implicit and explicit rhythmic 
abilities, including the four executive functions components and age as 
predictors, to identify the strongest contributors to each index.

For implicit rhythmic abilities, the overall model was significant (R2 

= 0.17; F(5, 92) = 3.79, p = .003), and auditory controlled attention 
emerged as the strongest predictor (β = − 0.27, p = .018, ω2ₚ = 0.12). 
The effects of age (β = 0.15, p = .156, ω2ₚ = 0.01), inhibitory control (β 
= − 0.07, p = .553, ω2ₚ < 0.01), working memory (β = − 0.15, p = .196, 
ω2ₚ < 0.01), and cognitive flexibility (β = − 0.12, p = .254, ω2ₚ = 0.01) 
were not significant (Fig. 7).

For explicit rhythmic abilities, the regression model was also sig
nificant (R2 = 0.19; F(5, 91) = 4.25, p = .002). Inhibitory control emerged 
as the strongest predictor (β = 0.26, p = .024, ω2ₚ = 0.07), whereas the 
effects of age (β = 0.21, p = .059, ω2ₚ = 0.03), auditory controlled 
attention β = − 0.08, p = .459, ω2ₚ < 0.01), working memory (β = 0.20, 
p = .099, ω2ₚ = 0.07), and cognitive flexibility (β = − 0.20, p = .061, ω2ₚ 
< 0.01) did not reach significance (Fig. 7).

To determine whether the negative association between executive 
functioning and RT benefits could be explained by a speed–accuracy 

Fig. 4. Explicit rhythmic abilities summarized in the Beat Tracking index. (A): Relationship between perceptual (BAT z-score) and sensorimotor (synchroni
zation consistency z-score) in explicit rhythmic tasks. The regression line is shown with its shaded areas representing 95% confidence intervals. (B): Distribution of 
Beat Tracking Index scores, obtained by averaging the perceptual and sensorimotor scores. Boxes show the interquartile range (IQR; 25th–75th percentiles) with the 
median as the central line; whiskers extend to 1.5 × IQR. Black dots indicate the mean with error bars representing the s.e.m.; blue dots represent individual ob
servations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Mean correct reaction times per condition in the implicit rhythmic 
task, as a function of age. Regression lines are displayed separately for each 
condition, with shaded areas representing 95% confidence intervals. Analyses 
confirmed a main effect of regularity on RTs. While a main effect of age was 
also observed, no age × condition interaction was found, indicating that the 
regularity effect remained stable across this age range.
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trade-off, we conducted a multiple regression analysis predicting ΔRT 
from accuracy differences (Δd') in the implicit task, the four executive- 
function measures, and age. While accuracy differences were not a sig
nificant predictor of RT benefits, auditory controlled attention remained 
the only significant predictor of ΔRT (see Appendix C). These results 
indicate that the negative association between executive functioning 
and RT benefits cannot be fully explained by a speed–accuracy trade-off 
and further support the role of auditory controlled attention in indi
vidual differences in implicit rhythmic benefits. To further investigate 
the possible role of attention in the implicit task, we analyzed the pro
portion of late RT outliers across conditions. This analysis revealed a 

slightly higher proportion of late responses in the irregular condition 
than in the regular (regular: M = 1.25%, SD = 1.54; irregular: M =
1.96%, SD = 1.54; V = 2312.5, p = .002).

3.5. Relation between implicit and explicit rhythmic abilities

To first assess the independence between implicit and explicit 
rhythmic abilities, we tested whether RT benefits from regularity in the 
implicit task (ΔRT) were related to explicit rhythmic abilities. A simple 
regression analysis showed that ΔRT was not significantly related to the 
Beat Tracking Index (β = 0.14, p = .185, ω2

p = 0.01; R2 = 0.02; see 

Fig. 6. Indices of implicit and explicit rhythmic processing and their relationship with age and formal musical experience. Panels (A) and (B): RT benefits in 
the implicit task (ΔRT = RTirregular – RTregular) as a function of participants' age (A) and formal musical experience (B). Panels (C) and (D): Explicit rhythmic abilities 
(Beat Tracking Index) as a function of age (C) and formal musical experience (D). Regression lines are shown with shaded areas representing 95% confidence in
tervals. p-values are derived from multiple linear regressions including both age and formal musical experience as predictors. ‘n.s.’ indicates non-significant re
lationships (p > .05).

Fig. 7. Indices of implicit and explicit rhythmic processing and their relationship with executive functions. (A) RT benefits in the implicit task (ΔRT =
RTirregular – RTregular) plotted as a function of auditory controlled attention scores, showing a significant negative association. (B) Explicit rhythmic abilities (Beat 
Tracking Index) plotted as a function of inhibitory control scores. Regression lines are displayed with shaded areas representing 95% confidence intervals. p-values 
were derived from multiple linear regressions including auditory controlled attention, inhibitory control, working memory, cognitive flexibility, and age 
as predictors.
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scatterplots in Appendix A, Fig. A9), suggesting a relative independence 
between implicit and explicit rhythmic abilities.

We then conducted exploratory analyses to examine whether the 
relationship between implicit and explicit rhythmic abilities varied 
depending on executive functioning. Because the primary goal of this 
section was to better understand interindividual variability in implicit 
rhythmic processing, we focused specifically on predictors of ΔRT. 
Separate regression models were run for each executive-function mea
sure (auditory controlled attention, inhibitory control, working mem
ory, and cognitive flexibility). In each model, ΔRT was predicted from 
Beat Tracking Index scores, the executive-function measure, their 
interaction, and age.

Beat Tracking Index scores significantly predicted ΔRT in models 
controlling for inhibitory control and working memory. The effect was 
marginal when controlling for auditory controlled attention (Table 1). In 
addition, the relationship between Beat Tracking Index scores and ΔRT 
significantly varied as a function of cognitive flexibility, as revealed by a 
positive interaction (Table 1). These results suggest that links between 
implicit and explicit rhythmic abilities emerge when executive func
tioning is taken into account. The positive interaction further suggests 
that these links may become stronger as cognitive flexibility increases.

4. Discussion

Understanding how rhythmic abilities develop and shape sensitivity 
to environmental regularities requires disentangling their implicit and 
explicit components. In this study, we directly compared implicit and 
explicit rhythmic processing in 98 children aged 7 to 13, a critical 
window for cognitive maturation and learning (Brocki & Bohlin, 2004; 
Diamond, 2013). We found that explicit, deliberate rhythm processing 
improves markedly with age and formal musical experience, whereas 
implicit rhythm sensitivity remains remarkably stable across develop
ment. Although implicit and explicit rhythmic abilities were not directly 
associated, exploratory analyses suggested that links between the two 
processes may emerge when accounting for executive functioning. 
Together, these findings provide new insights into the boundaries and 
potential interactions between implicit and explicit cognition during 
development.

This study examined the development of both implicit and explicit 
rhythm processing, shedding new light on how rhythmic abilities 
emerge and interact during childhood. Previous developmental studies 
have primarily focused on explicit, deliberate rhythm processing, which 
relies on cognitive control to direct attention toward rhythm, maintain 
an internal beat, and align actions accordingly. However, rhythm often 
influences behavior in more subtle ways (Nobre & van Ede, 2018). In 
everyday contexts, rhythm per se is rarely the focus of attention, yet it 

can implicitly shape perception, prediction, and response to events 
(Haegens & Zion Golumbic, 2018; Saberi & Hickok, 2022; Schwartze & 
Kotz, 2013). Unlike explicit tasks, our novel implicit task did not require 
participants to attend to rhythm. Instead, children played a gamified 
task in which they had to detect pitch changes to help a small astronaut 
navigate through space. Crucially, children were faster to detect pitch 
targets when these followed temporally regular sequences, revealing 
implicit sensitivity to rhythm, even when rhythm was not directly 
relevant to the task.

A pivotal finding of this study is the clear dissociation in develop
mental trajectories. Explicit rhythmic abilities improved with age and 
formal musical experience, consistent with previous findings (Drake 
et al., 2000; McAuley et al., 2006; Nave-Blodgett et al., 2021; 
Thompson et al., 2015), whereas implicit rhythm sensitivity remained 
remarkably stable between ages 7 and 13. This lack of age or training 
effects was observed in a relatively large sample size for this develop
mental window. It suggests that the ability to process environmental 
rhythmic regularities is already well established by early childhood, 
much earlier than is typically reported in developmental studies of 
rhythm. Thus, the prolonged developmental trajectory of rhythmic 
abilities reported across childhood and adolescence may largely reflect 
the reliance of most tasks on explicit rhythm processing. Explicit tasks, 
similar to those commonly used in adults, require sufficient cognitive 
control and conscious access to temporal regularities in order to 
voluntarily attend to them, judge them, or produce movements syn
chronized with them. In contrast, implicit rhythm processing does not 
require voluntary engagement or explicit awareness of temporal regu
larities and can capture attention in a more automatic manner. In this 
sense, this more basic form of temporal processing may be closer to the 
behavioral or physiological measures typically used in early infancy, 
which often rely on passive listening paradigms without an explicit 
temporal goal. Consistent with this view, EEG work in preterm infants 
suggests that neural markers of rhythmic entrainment emerge during 
gestation (Edalati et al., 2023) and are already comparable to those 
observed in adults at term (Saadatmehr et al., 2025). Implicit rhythmic 
abilities may thus be functional from birth, potentially supporting early 
learning processes such as language acquisition.

Our results contrast with prior work reporting age-related increases 
in visual implicit rhythmic effects (Debrabant et al., 2012). A likely 
explanation lies in the used modality: humans show greater sensitivity to 
rhythmic regularity in the auditory modality (Attout et al., 2024), and 
auditory rhythms engage stronger auditory-motor coupling than visual 
rhythms (Comstock & Balasubramaniam, 2018; Grahn, 2012; Repp & 
Penel, 2004). Notably, auditory beat perception is already observable 
in premature newborns (Edalati et al., 2023; Saadatmehr et al., 2025). 
Infants are then exposed to the rhythmic structure of lullabies, nursery 
rhymes, and speech prosody (Cirelli et al., 2016; Trehub, 2003), which 
may accelerate implicit auditory rhythm processing relative to visual 
rhythms, contributing to the auditory advantage reported in adults 
(Attout et al., 2024). Future research directly comparing auditory and 
visual modalities using matched paradigms will be needed to test this 
hypothesis. Nevertheless, our findings echo results from other domains 
such as memory (Graf, 1990) or auditory single-duration processing 
(Droit-Volet & Coull, 2016), where implicit processes appear more sta
ble across development than explicit ones.

Another intriguing finding is that implicit and explicit rhythmic 
abilities, despite following distinct developmental trajectories, appeared 
to be associated when executive functioning was taken into account. 
Exploratory analyses further suggested that this relationship was 
modulated by cognitive flexibility. Such findings raise questions about a 
strict dichotomy between implicit sensitivity to temporal regularities 
and voluntary, explicit rhythm processing. Instead, they are consistent 
with a more dynamic framework in which the two systems partly rely on 
shared mechanisms and may interact depending on individual cognitive 
profiles. These findings suggest the possibility that, at least during 
childhood, individuals with higher cognitive flexibility may be more 

Table 1 
Regression models predicting implicit rhythmic benefits (ΔRT) from explicit 
rhythmic abilities (Beat Tracking Index) and executive functions.

Beat Tracking 
Index

Executive 
Function

Interaction R2

β p β p β p

Auditory 
controlled 
attention

0.19 0.065 − 0.36
<

0.001 0.13 0.199 0.17

Inhibitory control 0.22 0.041 − 0.23 0.047 0.13 0.190 0.10
Working memory 0.21 0.041 − 0.34 0.003 0.19 0.056 0.14
Cognitive 

flexibility 0.09 0.403 − 0.22 0.030 0.23 0.026 0.12

Note. Separate regression models were conducted for each executive-function 
measure. Each model included age as a covariate; age was not a significant 
predictor in any model. Interaction refers to the Beat Tracking Index × Executive 
Function interaction term. Bold values highlight significant effects involving 
Beat Tracking Index scores (main effects or interactions). Italic values highlight 
marginal effects.
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likely to recruit strategies or mechanisms typically associated with 
explicit rhythm processing, even when rhythmic processing is not 
explicitly required to perform the task. Dynamic links between implicit 
and explicit abilities have also been reported in the processing of single 
durations, with the nature of these associations differing between 
younger and older adults (Otsuka et al., 2023), although these links have 
not yet been related to executive functioning. Given the exploratory 
nature of our findings, future studies should test this possibility directly 
and clarify the mechanisms linking cognitive flexibility to implicit- 
explicit rhythm interactions.

Perhaps most intriguingly, executive functions showed distinct pat
terns of association with implicit and explicit rhythm processing. Ana
lyses revealed that inhibitory control positively predicted explicit 
rhythmic abilities when age and the other executive-function measures 
were taken into account. This finding is consistent with previous work 
showing that inhibition is associated with explicit rhythmic abilities in 
both children and adults (Jamey et al., 2025; Löser et al., 2024; 
Puyjarinet et al., 2017), and supports the view that explicit rhythm 
processing relies on high level, goal-directed mechanisms engaging ex
ecutive resources. In contrast, implicit reaction-time benefits showed 
broadly negative correlations across executive-function measures. In 
particular, auditory controlled attention emerged as the strongest pre
dictor of RT benefits in the implicit task when the four executive- 
function measures and age were considered simultaneously. These 
findings suggest that implicit rhythmic processing may not operate 
entirely independently of higher-level cognitive functions, as is often 
suggested in adult studies describing it as largely automatic and bottom- 
up (Cutanda et al., 2015; de la Rosa et al., 2012). Taken together, these 
results highlight distinct relationships between executive functioning 
and implicit versus explicit rhythmic abilities, and raise important 
questions regarding how executive control interacts with the develop
ment of implicit rhythm processing.

One possible explanation for the broad pattern of negative associa
tions with executive functioning is that, when rhythm is incidental as in 
our implicit task, stronger executive functioning may reduce reliance on 
implicit temporal regularities. According to entrainment models 
(Lakatos et al., 2019; Saberi & Hickok, 2022), particularly the Dynamic 
Attending Theory (Jones, 1976; Jones et al., 2002; Large & Jones, 1999), 
rhythmic temporal regularity facilitates perception by aligning internal 
neural oscillations with external periodicities (Fujioka et al., 2012; 
Nozaradan, 2014; Nozaradan et al., 2015). Although typically mainly 
automatic and bottom-up (Breska & Deouell, 2014a), entrainment can 
be modulated by top-down control depending on task demand 
(Farahbod et al., 2020; Haegens & Zion Golumbic, 2018). One possi
bility is that children with higher executive functions rely less on 
spontaneous entrainment or actively override it in favor of more 
controlled strategies. In our task, they may have selectively focused on 
pitch changes, resisting the influence of the preceding rhythmic 
sequence, whereas children with lower executive functioning may have 
been more readily entrained, leading to greater RT benefits in the reg
ular condition. Such top-down modulation may be relevant in everyday 
environments, where rhythm-based cues are not always informative 
(Breska & Deouell, 2016).

Alternatively, the broad pattern of negative associations with exec
utive functioning may reflect a relationship with a more central execu
tive process, given that executive functions are highly interrelated and 
build upon one another during development (Diamond, 2013). Sup
porting this account, auditory controlled attention emerged as the 
strongest negative predictor of RT benefits. This pattern may suggest 
that auditory rhythmic regularity exerts a more general, non-specific 
effect on attentional engagement, without necessarily relying exclu
sively on entrainment mechanisms (Pomper et al., 2023; Román- 
Caballero et al., 2024). Supporting this interpretation, irregular trials 
elicited more late outlier responses, suggesting possible greater atten
tional disengagement under temporal uncertainty. These findings are 
consistent with the idea that unpredictability imposes a higher cognitive 

cost (Román-Caballero et al., 2024). Such mechanisms could partly 
explain why larger RT differences were observed in children with 
weaker executive functioning, a possibility that future studies should 
investigate further.

Another contributing factor may be a strategic shift toward speed 
over accuracy in children with weaker executive functions. Overall, 
children produced more false alarms following regular sequences, sug
gesting that temporal regularity may promote a greater tendency to 
respond rapidly at the expense of accuracy. Recent studies have simi
larly suggested that temporal regularity may increase impulsivity 
(Cannon et al., 2023; Korolczuk et al., 2018). However, the negative link 
between executive functions and RT benefits remained significant after 
controlling for accuracy differences, suggesting that impulsivity alone 
does not fully explain this relationship. Further studies should never
theless investigate whether these negative associations are specific to 
certain types of implicit rhythmic paradigms or task demands. Taken 
together, these explanations are not mutually exclusive. The variability 
in RT benefits likely reflects a dynamic interplay between cognitive 
control, individual strategies, and sensitivity to temporal regularities. 
Substantial inter-individual variability has also been reported in adults 
(Capizzi et al., 2024; Criscuolo et al., 2023; Criscuolo et al., 2025; Henry 
et al., 2025), and our findings extend this perspective developmentally.

Variability is a hallmark of the human sense of rhythm (Criscuolo 
et al., 2023; Dalla Bella, Janaqi, et al., 2024; Grahn & Schuit, 2012), 
and understanding why and how individuals do or do not rely on 
rhythmic regularities in their environment is a compelling avenue for 
future research (Zagala et al., 2024). A limitation in this field is that 
implicit and explicit paradigms have historically developed along partly 
independent methodological traditions, often relying on different 
behavioral indices. As a result, implicit and explicit tasks, such as those 
used in the present study, differ not only in their cognitive demands but 
also in the type of measures they involve. A promising direction for 
future research would be to compare implicit and explicit rhythmic 
processing using closely matched paradigms and materials, varying only 
task instructions (Herbst et al., 2022). Such an approach would help 
disentangle potentially distinct yet complementary roles of implicit and 
explicit rhythmic abilities in development and learning, particularly 
given evidence linking implicit rhythmic processing to learning out
comes (Schultz et al., 2013; Selchenkova et al., 2014).

Other promising directions include the development of paradigms 
that dissociate general attentional benefits from entrainment-specific 
effects, as well as the use of neurophysiological methods to probe the 
temporal dynamics of rhythm-related facilitation across development 
(Breska & Deouell, 2014b; Criscuolo et al., 2023; Criscuolo et al., 2025). 
Critically, extending this work to neurodevelopmental conditions such 
as ADHD or speech and language disorders known to involve explicit 
rhythm deficits (Bégel, Dalla Bella, et al., 2022; Guinamard et al., 2022; 
Ladányi et al., 2020; Lense et al., 2021; Puyjarinet et al., 2017) could 
help determine whether implicit rhythm processing is similarly affected, 
and how such impairments impact everyday functioning. These ques
tions are not only theoretically important but hold translational prom
ise. Some studies suggest that training explicit rhythmic abilities may 
lead to transfer effects on executive functioning in children (Bégel, 
Bachrach, et al., 2022; Frischen et al., 2019; Jamey et al., 2025; 
Jamey et al., 2026). Whether implicit rhythmic abilities can also be 
trained remains an open question, but video games embedding rhythmic 
regularities without explicitly directing attention to time may represent 
a promising tool (Foerster et al., 2022). Investigating whether such 
training can yield broader cognitive benefits constitutes an exciting di
rection for future research.

5. Conclusions

In this study, we show that explicit and implicit rhythmic abilities 
follow distinct developmental trajectories. Explicit rhythmic skills 
improve with age and formal musical training, whereas behavioral 
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benefits from implicit rhythm processing remain remarkably stable 
throughout childhood. Nonetheless, these two forms of rhythm pro
cessing may not be entirely independent: their relationship appears to be 
modulated by executive functions. Notably, implicit and explicit 
rhythmic abilities showed distinct patterns of association with executive 
functioning, pointing to partially dissociable underlying cognitive 
mechanisms. Together, these findings provide a new perspective on 
rhythm processing in childhood, highlighting potential links between 
controlled and more automatic forms of rhythmic behavior. They 
further suggest that cognitive control may shape the implicit tracking of 
temporal regularities in the environment. These insights have both 
theoretical and applied implications, particularly for understanding the 
interplay between rhythm and cognition in typical and atypical devel
opment. More broadly, the dissociation between implicit and explicit 
rhythmic processing may open new avenues for investigating the origins 
of human musicality.
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André, Q. (2022). Outlier exclusion procedures must be blind to the researcher's 
hypothesis. Journal of Experimental Psychology. General, 151(1), 213–223. https:// 
doi.org/10.1037/xge0001069

Attout, L., Capizzi, M., & Charras, P. (2024). Enhancing rhythmic temporal expectations : 
The dominance of auditory modality under spatial uncertainty. Attention, Perception 
& Psychophysics, 86(5), 1681–1693. https://doi.org/10.3758/s13414-024-02898-3
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Román-Caballero, R., Martín-Arévalo, E., Martín-Sánchez, P., del, C., Lupiáñez, J., & 
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