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Abstract
Rhythm is ubiquitous to human communication, coordination, and experience of music.
In this dissertation, I address three empirical questions through three different methodologies, all
of which contribute to the growing body of literature on human auditory rhythm processing. In
Chapter 2, I present a registered report detailing the results of independent conceptual
replications of Nozaradan, Peretz, Missal, & Mouraux (2011), all using the same vetted protocol.
Listeners performed the same tasks as in Nozaradan et al. (2011), with the addition of behavioral
measures of perception. In neuroscience, neural correlates to musical beat perception have been
identified, yet little to no replication of seminal findings in this area leaves room for error. Metaanalyses will estimate the true population-level effect size and examine potential moderating
variables. In Chapter 3, I examine the developmental trajectory of sustained musical beat
perception and the relation to phonology in children. While some prior research has suggested
that the beat (periodic pulse) in music can be perceived by humans as early as days after birth,
more recent work (including that presented here) suggests a more elongated trajectory of
attainment for this capacity, through adolescence. In this study, participants aged 4-23 years
completed a musical beat discrimination task and a phonology task. Results suggest that
subjective musical beat perception improves throughout middle childhood (8-9 years) and does
not reach adult-like levels until adolescence (12-14 years). Furthermore, scores on the subjective
beat task were positively related to phonology. Finally in Chapter 4, I investigate whether
children assimilate rhythms to culture-specific structures, as previously shown with adults.
Previous studies show that both adults and children can entrain their movements to a perceived
musical beat, but children tend to perform much worse than adults, and whether children
assimilate their tapping behavior to predictable rhythmic structures remains to be understood. In
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this study, children aged 6-11 years completed a rhythm perception task and a rhythm production
task. In the perception task, children showed greater sensitivity to rhythmic disruptions of
culturally familiar simple-meter than unfamiliar complex-meter songs. Overall, the results of
these three studies demonstrate one of the first pre-registered EEG replication studies in the field
of auditory neuroscience, that musical sustained beat perception develops gradually throughout
childhood, and that children’s tapping behavior demonstrates enculturation to rhythm as early as
6 years of age.
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Chapter 1 : Introduction
The human capacities to speak with a native accent or to coordinate one’s movements
during music listening depends on listeners’ ability to perceive, reproduce and synchronize with
rhythmic patterns. Most musical rhythms, defined as a pattern of temporal events (London,
2012), are composed of rich information that leads listeners to the perception of beat, or a quasiperiodic pattern of prominent timepoints (or pulses) in the rhythm. (Lerdahl & Jackendoff, 1983,
1985). Synchronous movement to music and other rhythmic stimuli is an effortless task for
adults, yet the developmental trajectory of beat remains to be understood. Listener’s experience,
both implicit (exposure to culturally-familiar rhythms) and explicit (formal music or dance
training), plays a large role in how rhythm is perceived and produced. Previous research has
shown that the intended beat periodicity of a rhythmic stimulus can be observed in periodic
neural activity, but the association is often confounded by differences in rhythmic stimuli used to
elicit different brain responses, and the initial findings remain to be replicated. To this end, there
are many unanswered questions regarding how we organize and perceive rhythmic information
in our auditory environment, such as the underlying neural mechanisms, the development of
musical rhythm capacities such as beat, and the effect of experience on how we perceive and
produce different rhythmic categories. My dissertation has three aims: 1) provide a meta-analytic
estimate of the “true” effect size underlying the relation between periodic rhythm perception and
periodic brain activity, 2) determine the developmental trajectory of sustained beat perception
from young childhood through adulthood and the relation to language capacities, and 3)
investigate whether children’s rhythm production (tapping) evidences more bias for producing
culturally-familiar rhythmic categories compared to culturally-unfamiliar rhythm categories,
similar to adults.

In Chapter 2, I detail a multi-lab Registered Replication, which was provisionally accepted
after peer-review by Advances in Methods and Practices in Psychological Science (AMPPS). In
the original study, EEG was used to show that steady state-evoked potentials (SSEPs; periodic
neural activity that synchronizes with rhythmic patterns of sound) reflect human listener’s
perception of beat in an auditory rhythm. While this seminal study has been cited over 400 times
in 9 years, the reported large effect size has never been replicated, and subsequent studies using a
similar technique have found much smaller effect sizes. In my pre-registered experiment,
participants listened to a rhythmic stimulus that has been modulated to contain little to no energy
at the beat frequencies of interest. While listening, participants were asked to imagine either a
binary (every other event is accented) or a ternary (every third event is accented) beat pattern.
Meta-analyses were used to estimate the population-level effect size from the lab-level effect
sizes. In addition to the original study, we also investigated moderating variables that may
contribute to the size of the effect (such as music training). A total of 18 labs committed to
participating in this replication, representing 3 continents and 9 different countries. The full preregistered proposal can be found on the Open Science Framework at https://osf.io/rpvde/.
In Chapter 3, I investigated children’s sustained musical beat perception (e.g., internal
continuation of a beat percept over time) and the relation to language. Adult listeners can sustain
a beat percept with ease – it is precisely this ability that allows you to predict exactly when the
beat is going to “drop”, even after a long silence. While prior studies suggest that infants are
sensitive to rhythmic deviations occurring on the beat, it is unclear when more complex aspects
of beat perception develop, such as sustaining the beat. Furthermore, while some prior research
evidences a relation between musical rhythm skills and language skills in children, findings are
mixed. To my knowledge no one has investigated the relation between sustained beat perception
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and language in children. In the current study, listeners aged 4-23 years hear a rich musical
excerpt that induces a beat pattern, followed by a prolonged ambiguous phase during which they
must sustain the beat. In a final probe phase, listeners indicate whether a drummer matched the
beat of the music. Participants also complete a measure of phonology (i.e., ability to parse
sounds in speech) to investigate the relation between sustained beat perception and language.
In Chapter 4, I investigated whether children assimilate rhythmic patterns toward familiar
structures through iterative production (tapping). While prior research suggests that adult
synchronized tapping converges on integer ratios, specifically ratios that are culturally familiar, it
remains to be studied whether children’s synchronization behavior converges on integer ratios,
and whether they reflect enculturation. Children aged 6-11 years complete a computer game
where they tap in synchrony with a rhythmic pattern five times in a row. Each time, children are
presented with what they just tapped on the previous iteration, with their tapping getting closer to
an internal rhythmic category. In addition, a subset of participants completed a perception task
that has been well-vetted in our lab to measure the effect of culture-familiar vs. cultureunfamiliar stimuli on children’s rhythm discrimination ability. Because research with children is
often limited by attention and time constraints, it is uncommon to find examinations of children’s
rhythm ability that assess more than two or three different rhythm structures. The current study
serves as the first broadly-applied assessment of children’s biases toward familiar rhythmic
categories, providing estimation of rhythmic biases across the entire human perceptual rhythm
space as opposed to only a few discrete points in this space.

3

Chapter 2 : Multi-Lab Replication & Extension on Neural Correlates to Beat
Context
Entrainment to music is a universal human behavior. The ability to accurately track
prominent timepoints in music allows one to perceive the musical beat (periodic pulse), tap
along or entrain other movements to the beat, and to even coordinate movements (dance) with a
partner. Long-standing evidence suggests that when a stimulus is presented at fixed rate,
physiological EEG recordings reveal a periodic change in the amplitude of human brain activity.
This response to periodic fluctuations tends to be stable in phase and amplitude over time, and
has thus been called a steady state-evoked potentials (SSEPs) (Regan, 1966). In the last decade,
several studies have evidenced beat-related SSEPs. SSEPs reveal selective enhancement in
rhythmic stimuli with a clearly-induced beat pattern, where the amplitude of brain activity at the
beat frequency is enhanced, compared to other frequencies present in the physical stimulus that
are not relevant to the beat periodicity (Celma-Miralles, de Menezes, & Toro, 2016; Nozaradan,
Peretz, & Keller, 2016; Nozaradan, Peretz, & Mouraux, 2012; Stupacher, Wood, & Witte, 2017).
It is presumed that beat-related SSEPs reflect the listener’s perception of the beat in the music.
However, the extent to which beat-related SSEPs reflect listener’s consciously-reported
perception of beat remains to be understood. Some adult studies have asked listeners to confirm
their perception of beat in the rhythms used during EEG recording by asking them to tap to the
beat post-recording. One recent study conducted in our lab served as the first examination of
beat-related SSEPs where listener’s perceptual responses were recorded on every trial. While the
study evidenced significant SSEPs to the listener’s sustained beat frequency, the effect size was
small in comparison to prior work on beat-related SSEPs (Nave, Hannon, & Snyder, 2021).
Furthermore, a recent study presented rhythmic sequences to anesthetized animals and showed
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that stronger on-beat than off-beat responses could be recorded from the midbrain (Rajendran,
Harper, Garcia-Lazaro, Lesica, & Schnupp, 2017), raising the possibility that stimulus-driven
(exogenous) processes, rather than top-down (endogenous) processes, might drive differential
human brain responses to on- versus off-beat events. Thus, it remains unclear to what extent
SSEPs represents repeatable evidence for conscious perception of the beat. In the current study, I
conduct a multi-lab registered report, detailing 18 conceptual replications conducted by labs
across the world of the seminal study, “Tagging the neuronal entrainment to beat and meter”, by
Nozaradan, Peretz, Missal, and Mouraux (2011). The aims of the present work were to 1)
estimate the “true” population effect size using multiple labs as data points, 2) extend the study
by collecting behavioral responses on each trial to confirm listener’s conscious percept of beat,
and 3) further extend the study to account for the potential moderating variables of music and
dance experience.

Registered Report: Replication and Extension of Nozaradan, Peretz, Missal and Mouraux (2011)

5

Proposing Authors: Karli M. Nave, Erin E. Hannon, and Joel S. Snyder
Contributing authors: <Full Author list goes here>
Protocol vetted by: [Insert Name Here]
Protocol edited by: Daniel J. Simons
Multi-lab replication and extension of: Study 1 from Nozaradan, S., Peretz, I., Missal, M., &
Mouraux, A. (2011). Tagging the neuronal entrainment to beat and meter. The Journal of
Neuroscience, 31(28), 10234-10240.
Data and registered protocols: https://osf.io/rpvde/
Citation: Nave, K.M, Hannon, E.E., Snyder, J.S. ….lastname, N.N. (provisionally accepted RR).
Registered Report: Replication and Extension of Nozaradan, Peretz, Missal and Mouraux (2011).
Advanced Methods and Practices in Psychological Science.
Keywords: frequency tagging, auditory neuroscience, music cognition, beat and meter
perception, replication, many-labs, preregistration
Address Correspondence to:
Karli Nave
karlinave@gmail.com

Provisionally accepted for publication by Advanced Methods and Practices in Psychological
Science on April 8, 2019.

6

Abstract
Cognitive neuroscience research has attempted to disentangle stimulus-driven processing
from conscious perceptual processing for decades. Some prior evidence for neural processing of
perceived musical beat (periodic pulse) may be confounded by stimulus-driven neural activity.
Frequency tagging, which measures electrical brain activity at frequencies present in a stimulus,
showed increased brain activity at beat-related frequencies when listeners imagined a metrical
pattern while listening to an isochronous auditory stimulus (Nozaradan, Peretz, Missal, &
Mouraux, 2011). However, it is unclear whether this represents repeatable evidence for
conscious perception of the beat and whether the effect is related to relevant music experience,
such as music and dance training. This registered report details the results of XX independent
conceptual replications of Nozaradan et al. (2011), all using the same vetted protocol. Listeners
performed the same imagery tasks as in Nozaradan et al. (2011), with the addition of a
behavioral task on each trial to measure conscious perception. Meta-analyses examined the effect
of imagery condition, revealing raw effect sizes of XX µV [95% CI: XX µV to XX µV] for the
binary frequency (was/was not substantially moderated by music experience) and XX µV [95%
CI: XX µV to XX µV] for the ternary frequency (was/was not substantially moderated by music
experience). Logistic regression revealed a significant/no significant predictor(s) of behavioral
performance on individual trials [IF SIGNIFICANT: such that [predictor] predicted higher/lower
performance]. We discuss possible explanations for discrepancies between these findings and the
original study and implications of the extensions provided by this registered report.
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1. Introduction
In cognitive neuroscience research, a pervasive problem is disentangling neural activity
that reflects the processing of stimulus features from activity that reflects conscious experience
and other high-level processes. Much research has been devoted to solving this problem in
several areas of cognitive science, including visual mental representation (Kosslyn, Ball, &
Reiser, 1978; Z. W. Pylyshyn, 1981), speech perception (e.g., Dehaene-Lambertz et al., 2005)
auditory spatial orienting (e.g., Rosen et al., 1999), visual and auditory bistable perception (e.g.,
Pressnitzer & Hupé, 2006), and musical rhythm perception (e.g., Iversen, Repp, & Patel, 2009).
Musical rhythm refers to a pattern of temporal intervals arranged in a sequence, and musical beat
refers to the quasi-isochronous pattern of prominent timepoints that often results from listening
to a rhythm (Large & Palmer, 2002). Recently, a neural correlate of conscious beat perception
has been found, likely the result of activity in auditory cortical areas. Specifically, prior work
reported that human listeners had larger neural responses at beat-related frequencies than at nonbeat-related frequencies in complex rhythms (Nozaradan et al., 2016), which was interpreted as
evidence for neural correlates of endogenous, top-down musical beat perception on the part of
listeners. However, a recent study presented the same rhythmic sequences to anesthetized
animals and showed that stronger on-beat than off-beat responses could be recorded from the
midbrain (Rajendran et al., 2017), raising the possibility that stimulus-driven exogenous
processes, rather than top-down endogenous processes, might drive differential human brain
responses to on- versus off-beat events.
Attempts to differentiate exogenous and endogenous processes in the brain are not unique
to research on musical beat perception. A related controversy concerns whether mental imagery
(process of accessing perceptual information from memory) relies on the same or distinct
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processes as stimulus processing, a debate addressed by studies of visual (Kosslyn et al., 1993,
1978; Z. Pylyshyn, 2003; Z. W. Pylyshyn, 1981) and auditory mental imagery (Halpern &
Zatorre, 1999; Zatorre, Halpern, Perry, Meyer, & Evans, 1996). The distinction between bottomup, stimulus-driven and top-down, percept-driven processes is also evident in research on speech
perception. For example, under certain conditions listeners can comprehend a linguistic message
when presented with sine-wave speech, even though sine-wave speech has none of the acoustic
attributes traditionally assumed to underlie speech perception (e.g., formants, formant transitions,
fundamental frequency, etc.) (Remez, Rubin, Pisoni, & Carrell, 1981). The amplitude, latency,
and localization of brain responses are different when listeners hear the sine-wave speech as
speech than when they hear it as non-speech, even when the same physical stimulus is presented
across conditions (Dehaene-Lambertz et al., 2005). Such approaches are particularly promising
for distinguishing between stimulus processing and conscious processing because they examine
neural responses to the same physical stimulus across conditions in which the perception of that
stimulus is altered, either by context or task goals.
Musical beat is an excellent candidate for examining the distinction between stimulusdriven and perception-related electrophysiological responses in the auditory central nervous
system because its regularity is so prominent to the music listener, and it does not always depend
on continuous physical input. For some musical rhythms, two or more different yet valid
interpretations of the musical beat pattern can be heard, as with other auditory and visual bistable
stimuli (Iversen et al., 2009; Kim & Blake, 2005; Pressnitzer & Hupé, 2006). This allows for
more confident conclusions to be drawn about the higher-level processes involved in perception.
Research on rhythm perception has indeed revealed brain activity that is to some degree
isomorphic with the beat, as measured using both electroencephalography (EEG) and
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magnetoencephalography (MEG) (Fujioka, Trainor, Large, & Ross, 2009; Nozaradan, Peretz,
Missal, & Mouraux, 2011; Snyder & Large, 2005; Zanto, Snyder, & Large, 2006). According to
the Dynamic Attending Theory, listeners’ attention fluctuates at frequencies isomorphic with
rhythmic external stimuli, causing the brain to form temporal expectancies about incoming
auditory information (Jones & Boltz, 1989; Large & Jones, 1999). Similarly, Predictive Coding
Theory posits that the human brain forms predictions based on the probability of a recurring
pattern of events, such as musical beats in an auditory stimulus, specifically with the goal of
minimizing prediction error (Vuust & Witek, 2014). Auditory rhythms are presumed to not only
lead to entrainment at stimulus-related frequencies in the brain activity, but also to entrainment at
perception-related frequencies in the brain. However, it is not entirely clear whether these
previously discovered neural markers of auditory rhythm processing truly index perception, or
whether they simply reflect stimulus processing that is propagated from low-level to high-level
areas of the brain. Recent evidence suggests that that there may be significant contributions from
low-level auditory brain areas that give rise to the perception of musical beat, including scalprecorded activity that primarily arises from the brainstem (A. Tierney & Kraus, 2013) and more
direct recording of action potential firing rates from midbrain neurons (Rajendran et al., 2017).
Although studies have attempted to disentangle lower-level processes from higher-level
processes in musical beat perception, they often confound stimulus features with perception. For
example, one study compared EEG responses while participants listened to a rhythm with a beat
that was physically present or to a rhythm that required listeners to infer a beat that was not
physically present in the stimulus (Nozaradan, Schönwiesner, Keller, Lenc, & Lehmann, 2018).
Results showed that the latter beat frequency was evident in cortical brain activity but not in a
measure reflecting brainstem activity (the frequency-following response). While this finding was
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interpreted as supporting the claim that beat-related activity in the brain reflects conscious
perception of the beat, physically distinct sound stimuli were used to generate these different
brain responses. Several other studies also attempted to highlight differences between
perception-related and stimulus-evoked neural processing of musical beat, yet they used different
stimuli across conditions (e.g., Fujioka, Trainor, Large, & Ross, 2012; Nozaradan et al., 2016;
Winkler, Háden, Ladinig, Sziller, & Honing, 2009).
To our knowledge, only one study measured cortical responses at musical beat-related
frequencies by manipulating the listener perception and holding the stimulus constant.
Nozaradan et al. (2011) produced some of the first evidence that brain activity does not solely
reflect the physical characteristics of the stimulus but rather listener perception. Listeners
imagined a beat pattern (a binary or ternary periodic alternation of strong and weak events) while
listening to an ambiguous auditory stimulus (i.e., a metronome-like sequence of equal amplitude
events that could be perceived as having either beat pattern). This study used frequency tagging
by transforming the averaged event-related EEG responses from the time domain to the
frequency domain and examined the amplitude of brain activity at the beat frequencies. Higher
amplitude neural activity was observed at frequencies corresponding to the imagined beat, as
compared to non-beat frequencies. These brain responses that were isomorphic to the imagined
beat frequencies showed an effect of the listener’s imposition of a specific structure onto the
stimulus they heard.
This inspired other studies to use the frequency-tagging approach to examine music
perception (Celma-Miralles et al., 2016; Chemin, Mouraux, & Nozaradan, 2014; Cirelli, Spinelli,
Nozaradan, & Trainor, 2016; Nozaradan et al., 2012; Stupacher et al., 2017; Tal et al., 2017; A.
Tierney & Kraus, 2015). Frequency-tagging has also been used to study perception in other areas
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of auditory research, such as word, phrase, and sentence level comprehension of speech (e.g.,
Ding, Melloni, Zhang, Tian, & Poeppel, 2016) and to study the effect of attention to targets
during auditory scene analysis (e.g., Elhilali, Xiang, Shamma, & Simon, 2009). Earlier work
used this technique in the visual domain to study visual bistable perception (e.g., Silberstein,
1995; Tononi, Srinivasan, Russell, & Edelman, 1998). Despite the breadth of research using this
technique, there is little evidence, aside from the 2011 paper, indicating that frequency-related
cortical brain responses reflect the listener’s perception of the beat in music, rather than lowlevel stimulus properties.
Furthermore, it is unclear to what extent this change in brain response at the beat
frequency is influenced by other factors, such as the music training and dance training of the
listener. Prior work has suggested that not only are high-level cortical auditory evoked potentials
more reflective of beat and meter in rhythmically-trained individuals compared to nonrhythmically-trained individuals (Jongsma, Desain, & Honing, 2004), but lower-level responses
at the level of the brainstem are enhanced for musicians compared to non-musicians (ParberyClark, Skoe, & Kraus, 2009). Musicians are also more sensitive to musical meter (hierarchical
organization of strong and weak beats) than non-musicians (Palmer & Krumhansl, 1990). In
addition, dancers exhibit enhanced processing of certain aspects of natural music, such as early
neural responses to changes in the music when they are relevant to movement (Poikonen,
Toiviainen, & Tervaniemi, 2016). To our knowledge, only one study using beat-related
frequency-tagging has attempted to address the contribution of musical expertise. In this study,
significant beat-related cortical activity was observed for two different types of stimuli: a rhythm
with one clear beat pattern (quadruple meter) and a rhythm with a complex pattern comprised of
two simultaneous beat patterns (quadruple and triple meters; i.e., a 4:3 polyrhythm) (Stupacher et
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al., 2017). Both musicians and non-musicians showed significant beat-related activity during the
quadruple rhythm and the 4:3 polyrhythm. Interestingly, during a silent period following the
rhythm 4:3 polyrhythm, only musicians showed significant beat-related activity, and this activity
was correlated with their performance on a beat-matching task that followed the silent period.
This suggests that music experience may indeed moderate the processes involved in auditory
entrainment to musical rhythms. However, this study did not disentangle whether musical
experience influences entrainment processes during auditory rhythm listening; both rhythms
contained physical energy at the beat-frequencies themselves, making it impossible to dissociate
stimulus-driven activity from perception-driven activity. To date, no one has investigated the
extent to which music and dance training influence the perception-related activity demonstrated
by Nozaradan et al. (2011). Moreover, given that nearly half of participants in the original 2011
study had extensive musical expertise (15-25 years of music training), it is particularly important
to assess perception-driven brain responses in listeners with and without musical expertise.
In the current RR, we conducted a multi-lab study where we conducted a conceptual
replication of the above paper, titled “Tagging the neural entrainment to beat and meter”
(Nozaradan et al., 2011) and extended the findings to measure 1) the direct relation between the
magnitude of the endogenous beat-related brain response and conscious perception of musical
beat and 2) the relation between the magnitude of the beat-related brain response and music
training. In this project, XX labs completed independent, pre-registered studies, each using the
same RR protocol. A minimum of six labs were required for the project.
The RR had three aims. The first aim was to estimate the true sizes of the effects reported
in the original 2011 study by performing meta-analyses across research labs. The study was
conducted using methods designed to be as closely matched to the original 2011 study as
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possible, allowing for an estimate of the meta-analytic replication of the original effects reported.
All additional procedures were conducted such that they would not influence the replicated
effects. Meta-analytic estimates examined the effect of condition (binary imagery, ternary
imagery, or control task) on the amplitude of electrical brain activity in the frequency spectrum
at the binary frequency and the ternary frequency, as measured by EEG (outcomes that showed
an effect in the original study).1 We hypothesized that the true effect size estimates would be
similar to those reported by Nozaradan et al. (2011). The second aim of the RR was to improve
upon the original methods by collecting a behavioral measure of beat perception on each trial,
which allows a closer comparison between perception and brain activity and may additionally
enhance listener attention and effort during the imagination task. We hypothesized that
performance on the behavioral measure of conscious perception would be predicted by the
magnitude of the beat-related brain response. The third and final aim of this RR was to extend
our understanding of factors related to the findings of the original 2011 paper by measuring two
hypothesized covariates: music training and dance training. We hypothesized that music and
dance experience would be related to the magnitude of the beat-related brain response. By
measuring years of training for both music and dance, we aimed to account for different types of
interaction with music, which varies largely across cultures. The meta-analytic results of these
analyses are presented in the results section.
The procedure followed in this RR was specific, unbiased, and transparent. We created a
detailed study protocol, including explicit training instructions for the participant tasks,

1

Note the original study reported a One-Way ANOVA as their primary analysis, followed up by
post-hoc testing. While this RR reports these results from each individual lab in a table, the metaanalyses were conducted on raw mean differences of the amplitude of electric activity at the
meter-related frequencies among the three conditions.
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experimental materials, and a detailed experiment set-up guide. We designed a detailed analysis
protocol, MATLAB script to process the EEG data, and R scripts to conduct the meta-analyses
before viewing the data. Finally, the introduction, methods section, and results section (with
placeholders for the final statistical results) were written prior to analyzing the data. All of these
materials are publicly available on the Open Science Framework (OSF).
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Protocol Development and Requirements
Nave, Hannon, and Snyder proposed this RR project and developed the protocol. The
first author of the original study provided the stimulus that they used. The protocol is available
on the OSF project page for the RR project (https://osf.io/rpvde/).
Advanced Methods and Practices in Psychological Science publicly announced a call for
laboratories interested in participating in this RR project on Month 1, 2019. The deadline for
laboratories to submit their application to participate was Month 22, 2019 [three weeks after the
call for participation]. Data collection began on Month 1, 2019 and concluded on Month 1, 2019.
A total of XX labs applied to join the RR project, and XX from XX countries completed the
study.
Prior to conducting the study, each lab submitted a pre-registered plan for implementing
the approved protocol, and the editor reviewed each plan to ensure that it met the requirements of
the protocol. Links to these pre-registered plans of protocol implementation can be found on the
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OSF project page. Labs were required to note any deviations from the standard protocol, as well
as any departures from their pre-registration that occurred during data collection.
Experiment 1
Experiment 1 investigated audiovisual synchrony perception of rich musical stimuli
among infants between 8 and 12 months of age. We made the a priori decision to first target this
age range, because previous research suggests that during the latter part of the first year after
birth, infants begin to exhibit more specialized perceptual abilities for both musical rhythm
(Hannon et al., 2011; Hannon & Trehub, 2005b; Soley & Hannon, 2010) and audiovisual
synchrony in vocal stimuli (Grossmann et al., 2012; Lewkowicz et al., 2010; Lewkowicz &
Ghazanfar, 2006). We reasoned that if infants are capable of perceiving audiovisual synchrony in
musical stimuli, we would be most likely to observe this ability in the latter part of the first year.
2. Method
Participants
Each lab committed to testing a minimum of sixteen2 healthy volunteers (after replacing
participants who met the exclusion criteria below) between the ages of 183 and 45, with normal
hearing and no history of neurological or psychiatric disorders. While we hypothesized that the
main analyses conducted in the original study (one-way ANOVAs) may have produced large
effect sizes due to music and dance experience of the original sample, we expected that the true
effect could be smaller in non-musicians and non-dancers. An a priori power analysis using
G*Power 3.1 revealed that each lab would need 15 participants to detect a medium effect size

2

Note that labs could choose to contribute a half sample of eight participants, if necessary.
In the case that a lab had approval from their ethics board to run emancipated minors under the
age of 18, this was allowed. [This note will be removed should this not apply to any participating
labs]
3
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(partial eta squared = 0.06) at .80 power (other parameters: alpha = .05, number of conditions
=3, number of repeated measures = 10, correlation among repeated measures = 0.5,
nonsphericity correction = 1). Thus, we required 16 participants to allow us to detect a medium
to large effect size in order to capture a true effect that is smaller in size from the original study
(η2 = 0.62, η2 = 0.76).
Stimuli
The stimulus, which was 33 s in duration, was obtained directly from the first author of
Nozaradan et al. (2011). It consisted of a 333.3 Hz pure tone, which was amplitude-modulated
with a 2.4 Hz periodicity, using an asymmetrical Hanning envelope (22 ms rise time and 394 ms
fall time, amplitude modulation between 0 and 1). To create a behavioral measure of conscious
perception, we asked listeners to evaluate the fit of a probe that occurred after the initial 33 s
stimulus. To do this, 3 s of the waveform were copied from the original and appended to the end
of the stimulus and a probe was presented that occurred at a target or non-target position (relative
to the imagery condition). The probe tone was added to the original signal and was presented at
880 Hz for 40 ms. The probe tone always occurred on either a binary strong beat (34.184 s after
the beginning of the trial) or a ternary beat (33.732 s after the beginning of the trial) (See Figure
2.1). The auditory stimuli were presented binaurally through earphones at a comfortable hearing
level (approximately 65 dB SPL). [If participating labs use a different method to present the
stimuli, this will be documented here along with the number of labs using each method.]
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Figure 2-1. 10 s excerpts of the 36 s auditory stimulus (x axis: time, y axis: sound amplitude).
Note that this stimulus was extended by 3 s from the original stimulus used by Nozaradan et al.
(2011), in order to allow imagery to be maintained for the same amount of time as the original
study before introducing the probe tones. The probe tone (880 Hz) was superimposed onto the
stimulus for 40ms. A) Binary probe tone, superimposed starting at 34.184 s. B) Ternary probe
tone, superimposed starting at 33.772 s.

Task
Participants performed the same three conditions that were performed in the original
study,: a control condition, a binary meter imagery condition, and a ternary meter imagery
condition. Each condition was presented as a separate block of trials: 12 trials (control condition)
or 10 trials (imagery conditions) during which the auditory stimulus was presented after a 3 s
silence. Stimulus presentation was self-paced. First, participants completed the block of control
trials, during which they detected a very short (4 ms) sound interruption, which was inserted in
two of the trials.. The two trials containing a short interruption were excluded from analyses.
During the second and third blocks, participants completed the binary meter imagery
condition and ternary meter imagery condition, counterbalanced for order. They imagined a
binary metric structure or a ternary metric structure in the stimulus. Before participants
19

completed each of the binary and ternary meter imagery conditions, they completed a
standardized training procedure with an experimenter. During training, participants were
instructed to begin their meter imagery as soon as they heard the first beat of the stimulus, and to
maintain this imagery as consistently as possible throughout the entire trial. To help them
understand exactly how to perform the imagery conditions, participants were asked to perform
overt movements (hand tapping) and to count aloud, first with the help of the experimenter and
then alone. Participants then completed one practice trial with just imagery, in which they
practiced not moving or counting aloud while maintaining the imagery. All aforementioned
training trials could be repeated until the participant felt comfortable to move on. Finally,
participants completed two practice trials that included a response to a probe (probe task) and a
rating to indicate their success at maintaining the imagery throughout the trial (imagery success
rating). For the probe task, participants reported whether the probe tone occurred on a strong
beat or a weak beat. For the imagery success task, they indicated how well they maintained the
imagery throughout the entire trial using a 7-point rating scale, in which 1 was “Completely Got
Lost” and 7 was “Maintained the Entire Time”.4 Participants had to respond correctly on a group
of two probe trials (one “correct”, one “incorrect”) during training in order to advance to the test
trials. If the participant did not get both training trials correct, the trials were re-administered to
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Prior to conducting the RR study, the parent lab conducted a pilot behavioral experiment to test
the training instructions and listeners’ performance on the two behavioral measures. Sixteen
adult listeners with normal hearing participated in a pilot study. All participants passed training
and completed 10 test trials for both binary imagery and ternary imagery conditions. Participant
accuracy on the probe task (M = 0.67, SD = 0.18) was significantly above chance (t(15) = 3.709,
p = .002), with no effect of imagery type or probe type and no interactions (p > .05). Their
imagery success ratings (M = 5.24, SD = 1.37) were significantly above the scale midpoint (t(15)
= 3.608, p = .003), with no effect of imagery type or probe type and no interactions (p > .05).
While probe task performance and imagery success ratings demonstrated a positive correlation, it
was not statistically significant (r = 0.41, p = .119).
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the participant again in a randomized order. If the participant did not respond correctly to both
training trials after four repetitions (a total of 8 practice trials), the experiment moved on to the
test trials. However, this participant was then excluded from the main analyses. Each participant
completed ten test trials during each imagery condition. Participating labs were provided with a
detailed script for training. Finally, participants filled out a demographic questionnaire, including
questions regarding music and dance experience. The experiment, not including EEG set-up
time, took approximately 30 to 45 minutes, depending on time required to complete training with
each participant.
Experiment Script
Participating laboratories were provided with a Presentation (Neurobehavioral Systems,
Inc.) script that ran the study and collected all behavioral responses. In the case that a laboratory
did not have a Presentation software license, they were instructed to use the RR project’s specific
instruction manual on how to set the experiment up with their own software, and they were
required to upload their script to the OSF website. If necessary, labs were permitted to adapt the
experiment instructions to a language other than English. These labs were required to upload the
translated materials as well as a translator statement.
EEG Recording
Each lab used their own EEG systems to collect data while participants completed the 3
conditions described above. While participants were requested to refrain from movement during
the experiment, it was still possible that participants would engage in small micro-movements
while listening to the rhythmic auditory stimuli. Thus, in order to measure this, we requested
that participating labs measure overt rhythmic movements during all conditions by placing two
external electrodes, one over the Sternocleidomastoid Muscle (SCM) of the neck and one on the

21

First Dorsal Interosseous (FDI) muscle of the dominant hand5. Details about each lab’s EEG
equipment, number of electrodes, and electrode placement are detailed in the Individual Lab
Details (see Appendix A). According to the authors of the original study, motivation was
provided before each trial during each block. Thus, the experimenter remained in the recording
room to monitor compliance with the instructions and help motivate the participant to perform
the imagery conditions to the best of their ability.

3. Data Analysis
The data analyses were conducted by the first proposing author at University of Nevada,
Las Vegas in accordance with the preregistered analysis plan, available at the project OSF
Website (https://osf.io/4xqwu/). All participating labs sent their raw EEG data with trial event
codes indicating beginning of trial times in each of the experimental blocks in one of the
approved formats. Participating labs were required to send a detailed description of how they
generated their event code list, including how they accounted for latency issues (if any). Labs
were also required to send their log of participants’ movement, behavioral data, and survey data
in an excel workbook (see template file on OSF page).. The core meta-analyses were based on
amplitudes at the meter-related frequencies (binary: 1.2 Hz, ternary: 0.8 Hz) for the three
conditions (control task, binary imagery, ternary imagery). This RR reports the average
amplitudes, behavioral responses, and effect sizes for each lab. The official EEG data processing
steps were written without viewing the actual data and have been made publicly available.
Stopping Criteria and Exclusions

5

Recording from the neck and hand was not required for participation, in case labs were unable
to record movement activity but still wished to participate.
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As part of registering to participate in this RR and prior to beginning data collection, each
lab indicated whether it aimed to stop data collection after collecting a full sample of 16
participants or a half sample of 8 participants. The stopping criteria were designed to ensure that
each lab would meet the minimum data collection requirements for the protocol and that the
decision to end data collection would not be influenced by the results of the study.
Data were excluded if a participant did not fit the specified recruitment criteria, did not
follow instructions, did not complete the experiment, or if the experiment was administered
incorrectly for any reason (e.g., incorrect training procedures). Labs were asked to note this
explicitly at the time of the experiment in a lab testing log before examining the data for that
participant. Participants were also excluded if they were observed moving during EEG data
collection during the auditory stimulus in any way that may have affected imagery (i.e., moving
rhythmically, tapping their finger, hands, or feet, bobbing their head). Experimenters were asked
to make note of whether each participant was observed moving in a periodic manner.
EEG Analysis
All EEG analyses were performed identically to the original paper, using MATLAB (The
MathWorks), EEGLAB toolbox (Delorme & Makeig, 2004), and Letswave (Mouraux & Iannetti,
2008). Prior to collecting the full dataset, all labs were required to conduct the full study with
one pilot participant and send the data to the parent lab. These data files were used to create the
final data processing scripts, which followed the analysis plan posted to the project OSF page
during pre-registration. All data scripts were uploaded to the OSF page prior to looking at the
full dataset. This was done to eliminate any potential experimenter degrees of freedom.
All participating labs were asked to record the EEG signals with a low-pass filter of 500
Hz and a sampling rate of at least 1000 Hz. Actual low-pass filter and sampling rates for each lab
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are included in Appendix A. In order to minimize the amount of resampling conducted on the
data, labs reported their EEG system requirements and limitations prior to data collection, and
the default sampling frequency [will insert minimum sampling rate here] was set to the sampling
frequency most common among the EEG systems being utilized as of the data collection start
date. Where necessary, data were re-sampled to [default sampling rate]. Data were referenced to
the average of all EEG electrodes, and filtered using a 0.1 Hz high-pass Butterworth zero-phase
filter to remove very slow drift in the recorded signals EEG epochs began 1 s after the onset of
the stimulus and lasted 32 s. Artifacts produced by eye blinks and horizontal eye movements
were removed using independent component analysis (ICA) (Jung et al., 2000), using the runica
algorithm (Makeig, Bell, Jung, & Sejnowski, 1996). Selection of ICA components for removal
was conducted by two independent researchers in the parent lab and compared for reliability (see
the pre-registered analysis plan on the OSF page for more detail). During ICA manual selection,
researchers were blind to participant and condition. For each subject and condition, EEG epochs
were averaged across trials and transformed using a discrete Fourier transform (Frigo & Johnson,
1998) with a frequency resolution of 0.03 Hz, producing a frequency spectrum ranging from 0 to
500 Hz. The contribution of residual noise was removed by subtracting the average amplitude
measured at neighboring frequency bins (two frequency bins ranging -0.15 to -0.09 Hz and from
+0.09 to +0.15 Hz relative to each bin) at each bin of the frequency spectra [NOTE: The
frequency resolution and resulting bin size was calculated based on a default sampling frequency
of 1000 Hz. Should a different default sampling frequency be used, these numbers will be recalculated and updated]. Beat- and meter- related frequency responses were estimated by
averaging the signal amplitude measured at the three frequency bins centered on the target
frequency. The magnitude of these responses was averaged for each participant, condition, and

24

target frequency across all scalp electrodes. Recordings from overt movements made by the neck
and hand are reported and analyzed in the Exploratory Analysis section.
Meta-Analysis
The proposing lab conducted all meta-analyses. They preregistered the intended analyses
and tested them on simulated data (based on the original study results) before inspecting the data.
The RR measured the meta-analytic across-lab effect of the raw mean difference in frequencydomain amplitudes of the brain responses measured during the control task (e.g., when no
imagery took place), the binary imagery condition (e.g., when a strong beat was imagined every
two events), and the ternary imagery condition (e.g., when a strong beat was imagined every
three events). The original 2011 paper reported a statistically significant effect of condition on
the amplitude at meter-related frequencies based on the meter the participant was asked to
imagine. We used random meta-analyses to estimate four raw effect sizes, calculated as the
difference in amplitude of brain activity between the three conditions at each of the two meterrelated frequencies (e.g., 0.8 Hz and 1.2 Hz): 1) control task vs. binary imagery at the binary
frequency, 2) binary imagery vs. ternary imagery at the binary frequency, 3) control task vs.
ternary imagery at the ternary frequency, and 4) binary imagery vs. ternary imagery at the
ternary frequency. In addition, the RR implemented mixed-effects meta-analyses to test music
experience and dance experience as moderating variables. The meta-analytic estimates are
provided both with and without the moderators included. These random- and mixed-effects
meta-analyses were conducted using the R package metaphor (Viechtbauer, 2010).
The original paper also reported post-hoc tests, which revealed that both meter-related
frequencies only demonstrated higher amplitudes of the brain response when the meter-related
frequency matched the imagery performed (i.e., the binary frequency was enhanced when
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participants performed the binary imagery, but not when they performed the ternary imagery or
during the control condition). To compare the effect of condition for the three frequencies of
interest (binary, ternary, and stimulus) with the original study, these are provided for each
participating lab in Table 2.3.

4. Results
The goal of this RR was to 1) provide a precise measure of the size of the effects, and 2)
extend the findings by relating the magnitude of the effect to a behavioral measure of perception
and music/dance training of the participants – by combining the results from multiple,
independently conducted studies. The results of all contributed studies are included in the
analyses reported here regardless of their outcome, providing an unbiased meta-analysis of the
effects. The analysis does not focus on null-hypothesis significance testing, but rather on the
meta-analytic effect size for each outcome along with the confidence interval around that effect
size.
Descriptive Statistics
Descriptive statistics for each contributed study are provided in Table 2.1. In addition, the
average amplitude of brain activity at the beat frequency, binary frequency, and ternary
frequency is provided for each condition, along with average performance on all behavioral
tasks. Results from the probe task and the imagery success ratings are also presented in Figure
2.2.
Beat- and Meter- Related Steady-State Evoked Potentials
Figure 2.3 shows the plot of the frequency spectrum of brain responses, plotted for each
of the three conditions. Individual lab averages are plotted in gray, and the grand mean is plotted
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in a bold colored line. [Add short description of plots. Discuss any consistencies/ inconsistencies
in the findings compared to the original study.]
NOTE: THE TABLES AND FIGURES INSERTED BELOW ARE BASED ON SIMULATED,
FAKE DATA. THESE PLOTS ARE PLACEHOLDERS AND WILL BE REPLACED BY
TABLES AND FIGURES FOR THE REAL DATA.
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Figure 2-2. [PLACEHOLDER. Results currently from behavioral pilot study. Will be replaced
with average across all participating labs]. Average performance across all participating labs on
behavioral tasks during imagery conditions. A: Average accuracy plotted as a function of
imagery condition. Performance on the duple probe is shown in dark grey and performance on
the triple probe is shown in light grey. B: Average imagery success ratings plotted as a function
of imagery condition. Ratings on trials with a duple probe are shown in dark grey, and ratings on
trials with a triple probe are shown in light grey.

Primary Result: Random-Effects Meta-Analysis
We report four primary analyses of interest. The first two meta-analyses were conducted
on the difference between the amplitude of the brain activity at the binary frequency (1.2 Hz)
among the three conditions. The second two meta-analyses were conducted on the difference
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between the amplitude of the brain activity at the ternary frequency (0.8 Hz) among the three
conditions. These analyses take the form of forest plots of raw effect sizes across labs and a
meta-analytic effect size estimate. The four forest plots are shown in Figures 2.4 and 2.5 (binary
frequency) and Figures 2.6 and 2.7 (ternary frequency).
Effect of Condition on Brain Activity at Binary Frequency
Figure 2.4 shows the point-estimate for the meta-analytic effect of condition on the
binary frequency, in which the raw effect corresponds to the difference between the control task
and the binary imagery condition. Our meta-analysis revealed an average raw mean difference
of YY, such that the amplitude of brain activity was YY µV [higher/lower] during binary
imagery compared to the control task. This effect ranged from Y1 to Y2 across the included
studies. The 95% meta-analytic confidence interval ranged from X to Y, overlapping/not
overlapping with zero. In Z1 out of XX replication attempts, the 95% confidence interval
overlapped the mean effect size from Nozaradan Study 1 (0.12); Of the Z2 out of XX intervals
that did not overlap the original effect size, Z3/Z4 were smaller/larger [switch: reported
according to which proportion, Z3 or Z4, is >50%] than the one reported in Nozaradan Study 1.
The variability in the effect size among the studies (i.e., heterogeneity) was [consistent
with/larger than] what would be expected by chance (τ = XX, I2 = XX%, H2 = X.XX, Q10 =
X.XXX, p = .XXX). [IF LARGER THAN: The significant variability among the study effect
sizes leaves open the possibility that the strength of the effect varies as a function of one or more
moderating variables. Thus, the RR proceeded to test music training and dance training as
significant moderators for the overall meta-analytic estimate of the effect size. IF CONSISTENT
WITH: The lack of unexplained variability among the study effect sizes suggests that moderating
variables may have little to no effect on the meta-analytic estimate of the effect.]
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Figure 2.4 shows that the effect of condition (control task vs. binary imagery) on the
amplitude of brain activity at the binary frequency [was/was not] substantially moderated by
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Table 2.1
Descriptives Table

Table 2-1. PLACEHOLDER. Descriptive results and general information for each of the XX participating labs. For each
participating lab, means and standard deviations (in parentheses) are provided for the amplitude of brain activity at the frequencies of
interest, as well as performance on the behavioral measures.
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Figure 2-3. Lab-level average of the beat- and meter-related steady-state EPs elicited by the 2.4
Hz auditory beat in the control condition (top), the binary meter imagery condition (middle), and
the ternary meter imagery condition (bottom). The frequency spectra represent the amplitude of
the EEG signal (in microvolts) as a function of frequency, averaged across all scalp electrodes,
after applying the noise subtraction procedure. The lab-level average frequency spectra are
shown using a thick line, while single-lab spectra are shown in thin lines.
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music training, and [was/was not] substantially moderated by dance training. [IF MODERATED
BY BOTH PREDICTORS, ALSO INCLUDE THE COMBINED MODERATING EFFECT OF
THE TWO]. [IF EITHER PREDICTOR MODERATED, DESCRIBE THE PATTERN FOR
DIFFERENT LEVELS OF TRAINING FOR THAT MODEL.]
Figure 2.5 shows the point-estimate for the meta-analytic effect of condition on the
binary frequency, in which the raw effect corresponds to the difference between the binary
imagery condition and the ternary imagery condition. Our meta-analysis revealed an average raw
mean difference of YY, such that the amplitude of brain activity was YY µV [higher/lower]
during binary imagery compared to ternary imagery. This effect ranged from Y1 to Y2 across the
included studies. The 95% meta-analytic confidence interval ranged from X to Y,
overlapping/not overlapping with zero. In Z1 out of XX replication attempts, the 95%
confidence interval overlapped the mean effect size from Nozaradan Study 1 (0.12); Of the Z2
out of XX intervals that did not overlap the original effect size, Z3/Z4 were smaller/larger
[switch: reported according to which proportion, Z3 or Z4, is >50%] than the one reported in
Nozaradan Study 1.
The variability in the effect size among the studies (i.e., heterogeneity) was [consistent
with/larger than] what would be expected by chance (τ = XX, I2 = XX%, H2 = X.XX, Q10 =
X.XXX, p = .XXX). [IF LARGER THAN: The significant variability among the study effect
sizes leaves open the possibility that the strength of the effect varies as a function of one or more
moderating variables. Thus, the RR proceeded to test music training and dance training as
significant moderators for the overall meta-analytic estimate of the effect size. IF CONSISTENT
WITH: The lack of unexplained variability among the study effect sizes suggests that moderating
variables may have little to no effect on the meta-analytic estimate of the effect.]
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Figure 2.5 shows that the overall effect of condition (binary imagery vs. ternary imagery) on the
amplitude of brain activity at the binary frequency [was/was not] substantially moderated by
music training, and [was/was not] substantially moderated by dance training. [IF MODERATED
BY BOTH PREDICTORS, ALSO INCLUDE THE COMBINED MODERATING EFFECT OF
THE TWO]. [IF EITHER PREDICTOR MODERATED, DESCRIBE THE PATTERN FOR
DIFFERENT LEVELS OF TRAINING FOR THAT MODEL.]
Effect of Condition on Brain Activity at Ternary Frequency
Figure 2.6 shows the point-estimate for the meta-analytic effect of condition on the
ternary frequency, where the raw effect corresponds to the difference between the control task
and the ternary imagery condition. Our meta-analysis revealed an average raw mean difference
of YY, such that the amplitude of brain activity was YY µV [higher/lower] during ternary
imagery compared to the control task. This effect ranged from Y1 to Y2 across the included
studies. The 95% meta-analytic confidence interval ranged from X to Y, overlapping/not
overlapping with zero. In Z1 out of XX replication attempts, the 95% confidence interval
overlapped the mean effect size from Nozaradan Study 1 (0.12); Of the Z2 out of XX intervals
that did not overlap the original effect size, Z3/Z4 were smaller/larger [switch: reported
according to which proportion, Z3 or Z4, is >50%] than the one reported in Nozaradan Study 1.
The variability in the effect size among the studies (i.e., heterogeneity) was [consistent
with/larger than] what would be expected by chance (τ = XX, I2 = XX%, H2 = X.XX, Q10 =
X.XXX, p = .XXX). [IF LARGER THAN: The significant variability among the study effect
sizes leaves open the possibility that the strength of the effect varies as a function of one or more
moderating variables. Thus, the RR proceeded to test music training and dance training as
significant moderators for the overall meta-analytic estimate of the effect size. IF CONSISTENT
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Figure 2-4. Point-estimate for the meta-analytic effect of condition (control task vs. binary
imagery) on the binary frequency. Studies are listed alphabetically by the last name of the first
author for that lab’s contribution, with the original study presented at the top. Squares indicate
each lab’s mean difference, where the size of the square corresponds to the inverse of the
standard error of the difference score, and the error bars indicate 95% confidence intervals (CI)
around the mean difference. Diamonds indicate the random-effects meta-analytic effect size
estimate, where the width represents the 95% CI. The first diamond represents a meta-analysis
with no moderators. The next three diamonds represent the meta-analytic estimate with music
training included as a moderator, and the final three diamonds represent the meta-analytic
estimate with dance training included as a moderator. Note that none of the meta-analyses
include the original Nozaradan et al. (2011) result.
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Figure 2-5. Point-estimate for the meta-analytic effect of condition (binary imagery vs. ternary
imagery) on the binary frequency. Studies are listed alphabetically by the last name of the first
author for that lab’s contribution, with the original study presented at the top. Squares indicate
each lab’s mean difference, with the size of the square corresponding to the inverse of the
standard error of the difference score, and the error bars indicate 95% confidence intervals (CI)
around the mean difference. Diamonds indicate the random-effects meta-analytic effect size
estimate, where the width represents the 95% CI. The first diamond represents a meta-analysis
with no moderators. The next three diamonds represent the meta-analytic estimate with music
training included as a moderator, and the final three diamonds represent the meta-analytic
estimate with dance training included as a moderator. Note that none of the meta-analyses
include the original Nozaradan et al. (2011) result.
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WITH: The lack of unexplained variability among the study effect sizes suggests that moderating
variables may have little to no effect on the meta-analytic estimate of the effect.]
Figure 2.6 shows that the overall effect of condition (control task vs. ternary imagery) on
the amplitude of brain activity at the ternary frequency [was/was not] substantially moderated by
music training, and [was/was not] substantially moderated by dance training. [IF MODERATED
BY BOTH PREDICTORS, ALSO INCLUDE THE COMBINED MODERATING EFFECT OF
THE TWO]. [IF EITHER PREDICTOR MODERATED, DESCRIBE THE PATTERN FOR
DIFFERENT LEVELS OF TRAINING FOR THAT MODEL.]
Figure 2.7 shows the point-estimate for the meta-analytic effect of condition on the
ternary frequency, with the raw effect corresponding to the difference between the ternary
imagery condition and the binary imagery condition. Our meta-analysis revealed an average raw
mean difference of YY, such that the amplitude of brain activity was YY µV [higher/lower]
during ternary imagery compared to binary imagery. This effect ranged from Y1 to Y2 across the
included studies. The 95% meta-analytic confidence interval ranged from X to Y,
overlapping/not overlapping with zero. In Z1 out of XX replication attempts, the 95%
confidence interval overlapped the mean effect size from Nozaradan Study 1 (0.12); Of the Z2
out of XX intervals that did not overlap the original effect size, Z3/Z4 were smaller/larger
[switch: reported according to which proportion, Z3 or Z4, is >50%] than the one reported in
Nozaradan Study 1.
The variability in the effect size among the studies (i.e., heterogeneity) was [consistent
with/larger than] what would be expected by chance (τ = XX, I2 = XX%, H2 = X.XX, Q10 =
X.XXX, p = .XXX). [IF LARGER THAN: The significant variability among the study effect
sizes leaves open the possibility that the strength of the effect varies as a function of one or more
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moderating variables. Thus, the RR proceeded to test music training and dance training as
significant moderators for the overall meta-analytic estimate of the effect size. IF CONSISTENT
WITH: The lack of unexplained variability among the study effect sizes suggests that moderating
variables may have little to no effect on the meta-analytic estimate of the effect.]
Figure 2.7 shows that the overall effect of condition (ternary imagery vs. binary imagery)
on the amplitude of brain activity at the ternary frequency [was/was not] substantially moderated
by music training, and [was/was not] substantially moderated by dance training. [IF
MODERATED BY BOTH PREDICTORS, ALSO INCLUDE THE COMBINED
MODERATING EFFECT OF THE TWO]. [IF EITHER PREDICTOR MODERATED,
DESCRIBE THE PATTERN FOR DIFFERENT LEVELS OF TRAINING FOR THAT
MODEL.]
[Insert summary statement of what the findings from these studies indicate about the
effects of condition on the brain activity at the meter-related frequencies.]
One-Way ANOVAs and Post-Hoc Tests on Effect of Condition
In the original study, the authors conducted repeated-measures one-way ANOVAS to test
the effect of condition (control, binary imagery, ternary imagery) on the amplitude of brain
activity at the beat frequency (2.4 Hz), each of the meter-related frequencies (binary:1.2 Hz,
ternary: 0.8 Hz), and the first upper harmonic of the ternary frequency (1.6 Hz). Table 2.2 shows
the resulting effect sizes (as measured by partial eta squared) of repeated measures one-way
ANOVAs conducted for each individual lab on the effect of condition (control, binary, ternary),
in which the dependent variable is the amplitude of brain activity at the frequency of interest.
The results of the original study are shown at the top, followed by all participating labs.
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Table 2.3 shows the results of post hoc t-tests conducted for each individual lab following the
one-way ANOVAs for each frequency of interest. Specifically, these post hoc tests are
conducted in accordance with the original study, such that for each lab, a t-test is conducted to
demonstrate any significant difference in amplitude of the brain activity between any two
conditions (control vs. duple imagery, control vs. triple imagery, and duple imagery vs. triple
imagery) at each of the frequencies of interest (stimulus [2.4 Hz], binary [1.2 Hz], ternary [0.8
Hz], and 1st ternary harmonic [1.6 Hz]), resulting in nine t-tests for each of the participating labs.
Results are reported for each lab, including the original study.
Relation Between Brain Activity and Other Factors
If the effects observed in the original study indeed reflect imagined meter, then it would be
expected that accuracy on the probe task would be related to the amplitude of brain activity at
meter-related frequencies. In addition, prior work suggests that musicians and dancers may have
enhanced sensitivity to rhythmic organization (Palmer & Krumhansl, 1990), and they have also
show enhanced beat-related brain responses (Jongsma et al., 2004). To test the contribution of
these factors to the size of the beat-related brain response, we conducted a logistic regression to
predict performance on the probe task on a trial by trial basis. Factors entered into the regression
included participant ID, lab ID, music experience, dance experience, imagery type, trial type
(correct vs. incorrect probe), EEG amplitude at the beat frequency, and EEG amplitude at the
stimulus frequency. Results showed that [beat-frequency amplitude], [test statistic], was a
significant predictor of trial accuracy, such that a higher magnitude of brain activity at the beatfrequency predicted higher accuracy on the probe task. [If any interaction terms are significant
predictors, those terms will be interpreted first]. The results of this logistic regression are plotted
in Figure 2.8.
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Figure 2-6. Point-estimate for the meta-analytic effect of condition (control task vs. ternary
imagery) on the ternary frequency. Studies are listed alphabetically by the last name of the first
author for that lab’s contribution, with the original study presented at the top. Squares indicate
each lab’s mean difference, where the size of the square corresponds to the inverse of the
standard error of the difference score, and the error bars indicate 95% confidence intervals (CI)
around the mean difference. Diamonds indicate the random-effects meta-analytic effect size
estimate, where the width represents the 95% CI. The first diamond represents a meta-analysis
with no moderators. The next three diamonds represent the meta-analytic estimate with music
training included as a moderator, and the final three diamonds represent the meta-analytic
estimate with dance training included as a moderator. Note that none of the meta-analyses
include the original Nozaradan et al. (2011) result.
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Figure 2-7. Point-estimate for the meta-analytic effect of condition (ternary imagery vs. binary
imagery) on the ternary frequency. Studies are listed alphabetically by the last name of the first
author for that lab’s contribution, with the original study presented at the top. Squares indicate
each lab’s mean difference, where the size of the square corresponds to the inverse of the
standard error of the difference score, and the error bars indicate 95% confidence intervals (CI)
around the mean difference. Diamonds indicate the random-effects meta-analytic effect size
estimate, where the width represents the 95% CI. The first diamond represents a meta-analysis
with no moderators. The next three diamonds represent the meta-analytic estimate with music
training included as a moderator, and the final three diamonds represent the meta-analytic
estimate with dance training included as a moderator. Note that none of the meta-analyses
include the original Nozaradan et al. (2011) result.
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In addition, correlations were conducted to investigate the relation between the
magnitude of the brain activity at the beat-related frequency, music training (in years), dance
training (in years), and ratings of imagery success and probe task accuracy. These are presented
below in Table 2.4, both for each individual lab and as a grand average.

Exploratory Analyses
Effect of Micro-Movements on SSEPs to Imagined Beat
Despite the fact that labs were required to ask participants to refrain from movement
during the three conditions, it is possible that micro-movements could have contributed to the
steady state-evoked potentials measured. In order to estimate the contribution of overt movement
to the measured beat-related SSEPs, exploratory analyses investigated the presence of overt
rhythmic movement using the external electrodes placed on the SCM muscle in the neck and the
FDI muscle in the hand. We hypothesized that if micro-muscle contractions in the hand or neck
were temporally similar to the imagined beat in the imagery conditions, these movements may
provide a significant contribution to the SSEP signal. The EMG data will be analyzed using the
same procedures as used for the EEG data (see the EEG Analysis sub-section for more details).
[IF NOT PRESENT: Analysis revealed no presence of significant muscle contraction in
the FDI muscle (hand) or SDM muscle (neck) at the frequencies of interest in the auditory
stimulus in any of the conditions. {Implications will be discussed here.}] [IF PRESENT: Should
there be evidence of such micro movements from the participants, exploratory analyses
involving the measurement of such micro movements will be detailed here. {Implications will be
discussed here.}]
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Anything else that makes sense to do after seeing the data will be reported here.

General Discussion
This RR exhibited data from XX laboratories for a total of YY participants. The data
were collected by following a vetted experimental design with a preregistered analysis plan. The
overall results demonstrate that [add short summary of the results and their relation to the results
from the original study].
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One-Way Repeated Measures ANOVA

Replication Lab
Nozaradan et al.
(2011)
Replicator Name
1
Replicator Name
2
Replicator Name
3
Replicator Name
4
Replicator Name
5
Replicator Name
6
Replicator Name
7
Replicator Name
8
Replicator Name
9
Replicator Name
10

2.4 Hz
(Beat Frequency)
Partial Eta
F
Squared
F(1.6,11.5) = 0.7
(p = .494)

0.09

1.2 Hz
(Binary Frequency)
Partial Eta
F
Squared
F(1.2,13.4) = 11.5
(p = .008)

0.62

0.8 Hz
(Ternary Frequency)
Partial Eta
F
Squared
F(1.8,12.4) = 12.5
(p = .001)

0.64

1.6 Hz
(1st Ternary Harmonic)
Partial Eta
F
Squared
F(1.2,7.9) = 22.1
(p = .001)

0.76

F(2,14) = 2.84
(p = .092)

0.29

F(2,14) = 26.54
(p < .001)

0.79

F(2,14) = 28.71
(p < .001)

0.80

F(2,14) = 6.53
(p = .010)

0.48

F(2,12) = 4.43
(p = .036)

0.43

F(2,12) = 8.04
(p = .006)

0.57

F(2,12) = 52.38
(p < .001)

0.90

F(2,12) = 24.27
(p < .001)

0.80

F(2,14) = 0.54
(p = .595)

0.07

F(2,14) = 24.03
(p < .001)

0.77

F(2,14) = 25.60
(p < .001)

0.79

F(2,14) = 4.10
(p = .040)

0.37

F(2,6) = 3.02
(p = .124)

0.50

F(2,6) = 14.84
(p = .005)

0.83

F(2,6) = 4.62
(p = .061)

0.61

F(2,6) = 11.25
(p = .009)

0.79

F(2,14) = 10.20
(p = .002)

0.59

F(2,14) = 39.88
(p < .001)

0.85

F(2,14) = 26.72
(p < .001)

0.79

F(2,14) = 12.50
(p = .001)

0.64

F(2,14) = 15.96
(p < .001)

0.70

F(2,14) = 53.68
(p < .001)

0.89

F(2,14) = 92.82
(p < .001)

0.93

F(2,14) = 4.97
(p = .023)

0.42

F(2,6) = 2.87
(p = .133)

0.49

F(2,6) = 16.58
(p = .004)

0.85

F(2,6) = 3.25
(p = .111)

0.52

F(2,6) = 4.67
(p = .060)

0.61

F(2,13) = 0.61
(p = .558)

0.09

F(2,13) = 18.05
(p < .001)

0.74

F(2,13) = 11.04
(p = .002)

0.63

F(2,13) = 4.09
(p = .042)

0.39

F(2,14) = 21.12
(p < .001)

0.75

F(2,14) = 0.37
(p = .696)

0.05

F(2,14) = 58.61
(p < .001)

0.89

F(2,14) = 4.51
(p = .031)

0.39

F(2,14) = 2.96
(p = .085)

0.30

F(2,14) = 11.91
(p = .001)

0.63

F(2,14) = 35.23
(p < .001)

0.83

F(2,14) = 14.09
(p < .001)

0.67

Table 2-2. Results of Repeated Measures ANOVA for the original study and participating labs.
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Post Hoc t-tests
2.4 Hz
(Beat Frequency)
Replication
Lab
Nozaradan
et al. (2011)
Replicator
Name 1
Replicator
Name 2
Replicator
Name 3
Replicator
Name 4
Replicator
Name 5
Replicator
Name 6
Replicator
Name 7
Replicator
Name 8
Replicator
Name 9
Replicator
Name 10

1.2 Hz
(Binary Frequency)

0.8 Hz
(Ternary Frequency)

1.6 Hz
(1st Ternary Harmonic)

C vs B

C vs T

B vs T

B vs C

B vs T

T vs C

T vs B

T' vs C

T' vs B

-

-

-

t(7) = 3.4
(p = .012)

t(7) = 3.6
(p = .009)

t(7) = 4.1
(p = .005)

t(7) = 4.0
(p = .005)

t(7) = 6.1
(p < .001)

t(7) = 10.8
(p < .001)

t(15) = -2.45
(p = .027)

t(15) = -0.19
(p = .850)

t(15) = 1.30
(p = .214)

t(15) = 2.36
(p = .032)

t(15) = 5.10
(p < .001)

t(15) = 7.05
(p < .001)

t(15) = 7.39
(p < .001)

t(15) = 3.34
(p = .004)

t(15) = 3.71
(p = .002)

t(13) = 3.10
(p = 0.009)

t(13) = 0.95
(p = .360)

t(13) = -1.15
(p = .273)

t(13) = 3.18
(p = .007)

t(13) = 2.11
(p = .055)

t(13) = 8.89
(p < .001)

t(13) = 4.65
(p < .001)

t(13) = 2.90
(p = .013)

t(13) = 5.42
(p < .001)

t(15) = -1.04
(p = .316)

t(15) = -0.31
(p = .762)

t(15) = 0.62
(p = .543)

t(15) = 3.31
(p = .005)

t(15) = 5.23
(p < .001)

t(15) = 6.27
(p < .001)

t(15) = 3.96
(p = .001)

t(15) = 2.82
(p = .013)

t(15) = 2.95
(p = .010)

t(7) = 2.62
(p = .034)

t(7) = 1.44
(p = .194)

t(7) = -1.39
(p = .208)

t(7) = 5.86
(p = .001)

t(7) = 4.88
(p = .002)

t(7) = 3.09
(p = .018)

t(7) = 3.24
(p = .014)

t(7) = 3.14
(p = .016)

t(7) = 4.59
(p = .003)

t(15) = 4.49
(p < .001)

t(15) = 0.77
(p = .451)

t(15) = -4.34
(p = .001)

t(15) = 3.53
(p = .003)

t(15) = 6.56
(p < .001)

t(15) = 4.71
(p < .001)

t(15) = 6.90
(p < .001)

t(15) = 4.40
(p = .001)

t(15) = 5.17
(p < .001)

t(15) = -5.55
(p < .001)

t(15) = -2.72
(p = .016)

t(15) = 1.22
(p = .241)

t(15) = 7.74
(p < .001)

t(15) = 4.44
(p < .001)

t(15) = 11.51
(p < .001)

t(15) = 5.79
(p < .001)

t(15) = 2.71
(p = .016)

t(15) = 3.25
(p = .005)

t(7) = -1.66
(p = .141)

t(7) = -2.03
(p = .082)

t(7) = -0.60
(p = .569)

t(7) = 3.39
(p = .012)

t(7) = 4.83
(p = .002)

t(7) = 2.51
(p = .040)

t(7) = 2.71
(p = .030)

t(7) = 2.93
(p = .022)

t(7) = 3.20
(p = .015)

t(14) = 0.96
(p = .353)

t(14) = 0.90
(p = .385)

t(14) = 0.23
(p = .825)

t(14) = 4.37
(p = .001)

t(14) = 3.03
(p = .009)

t(14) = 4.49
(p = .001)

t(14) = 4.72
(p < .001)

t(14) = 2.57
(p = .022)

t(14) = 2.97
(p = .010)

t(15) = -1.70
(p = .109)

t(15) = -6.73
(p < .001)

t(15) = -4.46
(p < .001)

t(15) = 0.89
(p = .388)

t(15) = 0.74
(p = .473)

t(15) = 11.21
(p < .001)

t(15) = 7.49
(p < .001)

t(15) = 2.14
(p = .049)

t(15) = 2.96
(p = .010)

t(15) = 2.35
(p = .033)

t(15) = 1.56
(p = .139)

t(15) = -0.07
(p = .946)

t(15) = 3.46
(p = .004)

t(15) = 4.70
(p < .001)

t(15) = 7.15
(p < .001)

t(15) = 8.68
(p < .001)

t(15) = 3.93
(p = .001)

t(15) = 5.48
(p < .001)

Table 2-3. Results of post-hoc t-tests for the original study and participating labs.
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Probe Task Accuracy (1 = correct)

1

-0.1

0.9
0.8

Binary Imagery

0.7

R² = 0.0264

Ternary Imagery R² = 0.1315

0.6
0.5
0.4
0.3
0.2

0.1
0
0

0.1

0.2
0.3
0.4
Amplitude (EEG) at Beat Frequency

0.5

Figure 2-8. Results of trial-by-trial logistic regression. The significant predictor of accuracy,
[beat frequency amplitude], is plotted on the x-axis as the amplitude (in microvolts) of the EEG
signal, and the binary-scored trial-by-trial accuracy on the probe task is plotted on the y-axis (0:
incorrect response, 1: correct response).

Lab
Overall

Lab 1

Lab 2

Lab 3

Lab 4

Lab 5

Lab 6

Lab 7

Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)

Correlations
Music
Dance
(Years)
(Years)

Binary Beat
(uV)

Ternary
Beat (uV)

Imagery
Rating+

Probe
Accuracy+

-

-0.01

0.84

0.41

-0.02

0.10

-

0.48

0.24

-0.05

0.09

-

0.47

0.04

0.21

-

-0.02

-0.05

-

-0.01
-

-

0.38

0.88

0.36

-0.01

0.17

-

0.72

0.52

0.46

-0.08

-

0.51

0.41

-0.01

-

0.04

-0.50

-

-0.20
-

-

0.16

0.85

0.45

0.07

0.06

-

0.66

0.05

-0.23

-0.15

-

0.38

0.11

-0.10

-

0.21

0.00

-

-0.10
-

-

-0.25

0.82

0.69

-0.11

-0.08

-

0.35

0.10

-0.11

-0.30

-

0.72

0.07

-0.34

-

-0.17

-0.43

-

0.18

-0.54

0.33

-

0.54

0.84

0.72

-

0.91

0.48

0.00

0.36

-

0.67

-0.23

0.70

-

-0.38

0.56

-

-0.49
-

-

0.07

0.87

-0.03

0.31

-0.13

-

0.55

0.00

-0.40

0.50

-

-0.03

-0.35

0.36

-

0.19

-0.18

-

-0.39
-

-

-0.19

0.87

0.44

-0.08

0.22

-

0.32

0.62

-0.11

0.00

-

0.74

-0.08

0.14

-

0.19

0.00

-

0.25
-

-

-0.35

0.73

0.61

-0.31

0.31

-

0.38

-0.07

-0.47

0.39

-

0.55

-0.40

0.49

-

-0.60

0.28
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Lab 8

Lab 9

Lab 10

Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+
Binary Beat (uV)
Ternary Beat (uV)
Music (Years)
Dance (Years)
Imagery Rating+
Probe Accuracy+

-

0.23
-

-

-0.51

0.90

0.24

0.04

-0.12

-

-0.09

-0.02

-0.35

-0.01

-

0.26

0.37

0.10

-

-0.22

-0.28

-

0.35
-

-

-0.14

0.90

0.35

-0.03

0.08

-

0.27

0.17

0.39

-0.22

-

0.42

0.04

0.28

-

0.52

-0.09

-

-0.32
-

-

0.22

0.77

0.31

0.51

0.14

-

0.79

0.50

0.29

0.44

-

0.49

0.47

0.43

-

-0.01

0.10

-

0.39
-

Table 2-4. Results of Pearson’s correlations conducted across the entire dataset and by individual
lab among the following variables: amplitude (EEG) in microvolts at the binary beat frequency
(1.2 Hz) during binary imagery [Binary Beat], amplitude (EEG) in microvolts at the ternary beat
frequency (1.2 Hz) during ternary imagery [Ternary Beat], music training in years [Music],
dance training in years [Dance], average of imagery ratings [Imagery Rating], average of
accuracy on probe task [Probe Accuracy]. +Note that correlations conducted with imagery ratings
and probe accuracy were conducted within each respective task, such that binary beat was
correlated with probe accuracy and imagery success ratings from the binary task only (and vice
versa for ternary beat). In correlations with music, dance, or with each other, the grand average
of imagery ratings and probe accuracy were used.
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Appendix A. Individual Lab Details
[All labs will be listed in the same order as shown in the forest plot (which will be organized by
the last name of the lead author, with the exception that the lead lab is listed first)]
[EXAMPLE LAB]
Nave, K.M., University of Nevada Las Vegas; Snyder, J.S., University of Nevada Las Vegas,
Hannon, E.E., University of Nevada Las Vegas
OSF project page: https://osf.io/rpvde/; Data and Results: Link
A total of N students (n=xx female, n=xx male) were recruited from the psychology
subject pool at UNIVERSITY. Participants were tested individually using the provided
materials. EEG recordings were collected using an ActiveTwo Biosemi System (gain = 31.25
nV/bit) and 64-electrode cap placed on the scalp according to the International 10/20 system. Six
electrodes were used to monitor eye movements and other artifacts, placed on the outer canthus
of each eye, the inferior and superior areas of the left orbit, and the left and right mastoids. Two
additional electrodes were placed on the SDM muscle of the neck and on the FDI muscle of the
hand, respectively. We followed the official protocol in all respects.
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Appendix B. Online Materials at Project OSF Page
1. Home page for project OSF website: https://osf.io/rpvde/
2. Pre-registered data analysis plan: https://osf.io/4xqwu/
3. R code used to perform meta-analyses and generate forest plots: https://osf.io/fg6c5/
4. Data template file: https://osf.io/mjkhv/
5. Experiment Set-Up Materials and Training Instructions: https://osf.io/htg3u/
6. Participation manual: https://osf.io/z2f3e/
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Chapter 3 : Development of Sustained Beat
Context
It is clear from the ease of human synchronization behaviors, such as bobbing one’s head
or tapping a foot to music, that listeners are sensitive to the temporal regularities found in
auditory events, particularly when those events are arranged in a rhythmic pattern. In music,
most listeners clap or tap along with the periodic pulse often called the beat, which can be
organized into a pattern of strong and weak beats often referred to as meter (Large & Palmer,
2002; Parncutt, 1994). There are conflicting results regarding the age at which humans acquire
the ability to perceive and/or produce musical beat and meter. While some studies suggest
infants are capable of using aspects of beat and meter to discriminate rhythmic sounds (Hannon
& Johnson, 2005; Winkler, Háden, Ladinig, Sziller, & Honing, 2009), other recent work suggests
that beat and meter may not reach adult-like levels of perception until adolescence (Jessica E.
Nave-Blodgett, Snyder, & Hannon, 2021). Young children also show worse synchronization of
movement to the music, producing more variable tapping to the beat than adults (Carr, WhiteSchwoch, Tierney, Strait, & Kraus, 2014; Kirschner & Tomasello, 2009). One possibility is that
infants and young children have acquired knowledge of basic rhythmic structures, which are
often reflected by beat and meter information in the music, yet may struggle with more complex
tasks involving beat and meter. Few studies have attempted to measure more complex rhythm
abilities in children. One such ability is the ability of adult listeners to sustain the musical beat;
that is, maintain the percept of musical beat throughout a song, even when the physical
information supporting a particular beat structure is absent. Recent work has suggested adult
listeners can sustain musical beat in the absence of disambiguating stimulus features for up to 16
musical measures (20-30s) ((Nave et al., 2021). This ability has not been studied in children, and
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developmental cross-cultural studies of beat recruiting children from more than one age range
are relatively rare. To this end, the current study was conducted across seven distinct age groups
(ranging from 4 years to 24 years of age) and examined whether children are capable of
sustained beat perception.
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Research Highlights:
•

Sustained beat perception does not develop until middle childhood (8-9 years) and
continues to improve through adolescence.

•

Once the beat is found, listeners continue perceiving the same beat for a long duration (up
to 15s in our study), with no differences on performance based on length of time
sustaining the beat.

•

Children’s accuracy on the sustained beat task was predictive of phonology scores, after
controlling for age, short-term memory, and music and dance training.
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Abstract
Sensitivity to auditory rhythmic structures in music and language is evident as early as
infancy, but performance on beat perception tasks is often well below adult levels and improves
gradually with age. The capacity to sustain an internal sense of the beat is critical for various
rhythmic musical behaviors, yet very little is known about the development of this ability. In this
study, 217 participants ranging in age from 4 years to 23 years completed a musical beat
discrimination task, during which they first listened to a strongly metrical musical excerpt and
then attempted to sustain their perception of the musical beat while listening to a repeated, beatambiguous rhythm for up to 14.4 s. They then indicated whether a drum probe matched or did
not match the beat. Results suggested that the ability to identify the matching probe improved
throughout middle childhood (8-9 years) and did not reach adult-like levels until adolescence
(12-14 years). Furthermore, scores on the beat perception task were positively related to
phonological processing, after controlling for age, short-term memory, and music and dance
training. This study lends further support to the notion that children’s capacity for beat
perception is not fully developed until adolescence and suggests we should reconsider
assumptions of musical beat mastery by infants and young children.

Keywords: rhythm, beat, development, phonology, music, language
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1. Introduction
Most adult listeners can readily nod their head or tap their feet to music, behaviors that
require them to perceive the rhythm and beat of the music. Rhythm is a pattern of temporal
intervals defined by a sequence of events (Large & Palmer, 2002). When listeners synchronize
with a rhythm, they sometimes clap or tap along with the periodic pulse called the beat, a quasiisochronous pattern of prominent time points (Large & Palmer, 2002; Parncutt, 1994). In music,
the beat is one hierarchical level of meter, which comprises multiple levels of periodic structure,
with other levels of the hierarchy subdividing or multiplying the beat period (Hannon, Nave‐
Blodgett, & Nave, 2018). Because of this hierarchical structure, there is no direct
correspondence between events and beats, and in fact there are often multiple events nested
within one beat. For example, a repeating group (or measure) of six tones can be divided into
two groups of three (SWW-SWW, in 6/8 meter) yielding two beats, or three groups of two (SWSW-SW, in 3/4 meter), yielding three beats. Thus, while rhythms can have the same number of
onsets and sequence of intervals, the beat can be subjectively heard in two different ways,
corresponding to two distinct meters.
When does beat perception develop? Sensitivity to rhythmic structure is evident during
infancy, as infants have been shown to discriminate rhythmic patterns on the basis of sequential
interval structure, interval ratios, and duration and loudness variations (Chang & Trehub, 1977;
Demany, McKenzie, & Vurpillot, 1977; Lewkowicz, 2003). One study concluded that newborn
infants are also sensitive to beat and meter, based on the finding that they had larger mismatch
negativity (MMN) brain responses to omissions occurring on the downbeat (first strong beat in
each measure) of a drum pattern but not on other strong beat positions (Winkler, Háden, Ladinig,
Sziller, & Honing, 2009). Behaviorally, infants age 5 to 7 months were shown to dishabituate to
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a change in the implied meter of simple rhythms (Hannon & Johnson, 2005), to discriminate
rhythms that did or did not disrupt the beat (Hannon & Trehub, 2005), and to prefer listening to
rhythms with beat patterns that matched their prior experience being passively moved to the beat
(Phillips-Silver & Trainor, 2005). Together, the above EEG and behavioral evidence is often
taken to indicate that young infants can already perceive beat and meter (Honing, 2013).
If the capacity to perceive the beat is present during infancy, one might expect to observe
adult-like movement to music at a young age, especially because this behavior is a natural and
ubiquitous manifestation of beat perception that does not require formal music training
(Rammsayer & Altenmüller, 2006; Repp, 2010). Nevertheless, it is not until later childhood or
early adolescence that adult-like synchronization abilities have been observed. Although babies
were shown to engage in repetitive movement to music (Fujii et al., 2014; Zentner & Eerola,
2010), their movements were rarely synchronized with the beat. Likewise, young children (age
2-4 years) have been shown to move rhythmically to music (especially in the present of a social
partner) (Carr, White-Schwoch, Tierney, Strait, & Kraus, 2014; Kirschner & Tomasello, 2009),
but their movements do not approach adult-like levels of synchronization until adolescence
(McAuley et al., 2006; Tierney & Kraus, 2013). The capacity to continue tapping the beat when
the stimulus is no longer present is particularly challenging for children (McAuley et al., 2006;
Monier & Droit-Volet, 2019). This raises questions about whether production simply lags
perception, or if beat perception develops more slowly than has been previously assumed.
Despite the evidence from perceptual and EEG paradigms described above with infants,
findings from other studies cast doubt on the notion that beat perception is present early in
development. In rhythm discrimination paradigms, adult participants are better at detecting
changes in rhythms with a strong beat than those with a weak or ambiguous beat, suggesting
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adults have a ‘beat-based’ perceptual processing advantage (Grahn & Brett, 2007, 2009). By
contrast, young children (age 5-6) do not exhibit this advantage, but rather discriminate both
types of rhythms (Gordon et al., 2015; Ozernov-Palchik, Wolf, & Patel, 2018). Studies using
discrimination tasks assume listeners perform better on certain rhythms because they are utilizing
the underlying beat to keep track of the temporal intervals in the rhythm, yet it is possible that in
these tasks children are focusing on the rhythmic structure without perceiving a beat.
Other studies showed that children as young as five years old can distinguish between
metronomes that do or do not match the beat of accompanying music (Einarson & Trainor,
2016), but performance improved rather gradually during childhood and was not adult-like until
14 to 17 years of age (Nave-Blodgett, Hannon, & Snyder, 2020). This finding complements other
evidence showing that children exhibit a robust advantage for culturally familiar over culturally
unfamiliar structures in both rhythm discrimination and beat alignment paradigms (Einarson &
Trainor, 2016; Hannon, Der Nederlanden, & Tichko, 2012; Hannon & Trehub, 2005) suggesting
that beat perception may develop gradually as listeners accumulate listening experience. A
general problem is that the seemingly simple behavior of dancing or moving in synchrony with
music presumably relies on a variety of underlying perceptual processes, only some of which
may be measured in any given perceptual task.
One interesting feature of beat perception is that adult listeners can infer a beat even
when there is no current physical evidence supporting it. It is clear that listeners do use acoustic
information present in the stimulus to extract the beat, such as inter-onset interval (Povel &
Essens, 1985), loudness (Thomassen, 1982), tempo (Parncutt, 1994), pitch accents (Ellis &
Jones, 2009; Hannon, Snyder, Eerola, & Krumhansl, 2004; Thomassen, 1982), melodic or
harmonic structure (Dawe, Plait, & Racine, 1994; Järvinen & Toiviainen, 2000), event density
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(Madison, Gouyon, Ullén, & Hörnström, 2011; Toiviainen & Snyder, 2003), and syncopation
(Fitch & Rosenfeld, 2007; Toiviainen & Snyder, 2003). Yet adult listeners can also impose beat
structure in the absence of those cues. For example, adult listeners exposed to an isochronous
monotone rhythm, such as the ticking of a clock, will begin to perceive some events as being
stronger than others, despite no physical difference between the events, thus experiencing a form
of subjective beat perception (Abecasis, Brochard, Granot, & Drake, 2005; Brochard, Abecasis,
Potter, Ragot, & Drake, 2003; Parncutt, 1994). Similarly, adult listeners can sustain beat
perception during syncopation, even though there is less physical support for the beat in
syncopated rhythms due to more events being placed on weaker metrical positions (Fitch &
Rosenfeld, 2007). Research even suggests that syncopated rhythms are more enjoyable and rated
happier (Keller & Schubert, 2011), and that they induce greater feelings of groove, or the desire
to move to the music (Janata, Tomic, & Haberman, 2012), compared to unsyncopated rhythms.
We argue that the ability to sustain a beat pattern without unambiguous physical support
is a complex and important facet of musical beat processing and has been understudied. Recent
work in our lab found that adult listeners extracted the beat from musical excerpts with a clear
beat and sustained it for 16 measures of an ambiguous rhythm, which could be perceived as
having one of two different meters (Nave, Hannon, & Snyder, 2021). This suggests that
sustained beat perception is well established by adulthood. However, to our knowledge no study
has measured sustained beat perception in children. In the current study, we investigated
children’s and adolescents’ ability to experience subjective and sustained beat perception, which
we define as the ability to internally sustain a musical beat percept in the absence of acoustically
disambiguating cues.
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In addition to investigating the developmental trajectory of sustained beat perception
from young childhood to adulthood, we also investigated its relationship with language skills,
especially given recent growing evidence for positive associations between musical rhythm skills
and language skills, such as phonological awareness (e.g., Anvari, Trainor, Woodside, & Levy,
2002), grammar skills (e.g., Gordon et al., 2015), and reading ability (e.g., Holliman, Wood, &
Sheehy, 2010). This work is guided by the hypothesis that rhythmic regularities in speech
provide cues to language structure, such as syllable, word, and phrase boundaries (Tierney &
Kraus, 2014). Phonology, or the ability to parse words in speech, has been a popular target for
investigating the relation between rhythm and language because it is often considered to be a
precursor to reading (Akoglu, 2008; Coltheart, 1983; Degé, Kubicek, & Schwarzer, 2015) and it
is measurable before children learn to read or write. Evidence is nevertheless mixed, with some
studies demonstrating a significant positive association between rhythm discrimination and
phonology (Anvari et al., 2002; Banai & Ahissar, 2013; Degé & Schwarzer, 2011) and others
reporting no association (Flaugnacco et al., 2014; Gordon, Shivers, et al., 2015; Ozernov-Palchik
et al., 2018). Conflicting findings may arise from variation in the ages and age ranges examined
across studies, as well as potential third variables such as short-term memory, which is also
correlated with rhythm discrimination performance and phonology test scores (Anvari et al.,
2002; Banai & Ahissar, 2013; Degé & Schwarzer, 2011). Thus, there is a need to examine
rhythm skills, phonological skills, as well as working memory across a wide age range.
The current study therefore investigated at what age listeners become capable of
sustained beat perception, and whether this capacity is predictive of phonology after controlling
for short-term memory. First, participants completed a Sustained Beat Task requiring them to
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sustain the musical beat to perform well on the task. Secondly, we assessed the relation between
performance on the sustained beat task and performance on three phonology subtests.

2. Methods
2.1 Participants.
A total of 223 participants were recruited for this study from the Las Vegas, Nevada
community (n=221) and from the University of Nevada, Las Vegas Psychology Participant Pool
(n=20). Recruitment was conducted based on age, with seven age groups defined a priori. Table
3.1 lists the descriptive characteristics for the age group sub-samples. Of these, 51 participants
were not included in the main analyses due to exceeding the fail criteria for the catch trials in the
Sustained Beat Task (4-5 years: 38 excluded, 6-7 years: 10 excluded, 10-11 years: 2 excluded).
All child participants were parent-reported to have normal hearing, and adult participants selfreported normal hearing. Child participants received a toy and/or t-shirt for their participation.
Adolescent participants received a t-shirt and either a toy or $5 gift card for their participation.
Adult participants received course credit for participating in the study. All participants were
consented first, and parental permission and child assent were obtained for all participants under
18 years of age.
2.2 Sustained Beat Task.
The Sustained Beat Task (SBT) was presented to all participants as a game in which they
were asked to act as an assistant music teacher to a pianist, Piano Polly, who was helping a
student, Drummer Dan, to perfect his drumming skills. Thus, the participant needed to tell
Drummer Dan when he did a good job matching Piano Polly’s song, and when he did not do a
good job (see Figure 3.1). The paradigm consisted of three phases on each trial: 1) the music
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context phase, 2) ambiguous phase, and 3) probe phase (See Figure 3.2A). The music context
phase consisted of rich musical excerpts with pitch and rhythmic cues composed to induce one of
two unambiguous beat percepts (for music notation of stimuli, see Appendix A). The ambiguous
phase consisted of a beat-ambiguous rhythm, which contained physical cues that could be
consistent with either beat pattern. In the probe phase, a track of snare drum hits (hereafter
referred to as the probe) was overlaid on the ambiguous stimulus according to one of the two
beat patterns, and listeners judged whether the probe matched or did not match the previously
heard music.
2.2.1 Stimuli. All stimuli were sequenced as MIDI and sampled using the Steinway
Grand Piano and Snare Drum instruments in Logic Pro X program for Macintosh computers
(Apple, Inc., 2015). Stimuli were exported as stereo wav files. Stimuli were presented at a
comfortable listening level (~60 dB SPL). All stimuli for this project have been made publicly
available online as a part of the Open Science Framework and can be accessed at
https://osf.io/dnhv5/.
A total of 22 musical excerpts (2 demonstration stimuli, 4 practice stimuli, 16 test
stimuli) were composed for the music context phase of each trial. All excerpts were played on a
piano and had six eighth-note positions per measure, but they varied in the patterning of strong
(S) and weak (W) events. The demonstration stimuli were four measures in length, and the
practice and test stimuli were eight measures in length. All stimuli were composed in either 3/4
meter, which is a triple meter with duple subdivisions; or from 6/8 meter, which is a duple meter
with triple subdivisions. For simplicity, throughout the paper we refer to the musical excerpts
only by their subdivision patterns. Thus, in the duple beat pattern, strong beats were sub-divided
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by two eighth notes (SW-SW-SW), and in the triple beat pattern, strong beats were sub-divided
by three eighth notes (SWW-SWW). Musical excerpts were composed by authors

Table 3-1. Descriptives listed by age group. Means are displayed for age, music years, dance
years, PA (phonological awareness composite score from CTOPP-2), RN (rapid naming
composite score from CTOPP-2), and MD (memory for digits scaled score from CTOPP-2), with
standard deviations in parentheses.

EEH and KMN who are musicians with prior training in composition and western counterpoint.
Excerpts were composed such that more events, longer events, pitch accents (contour changes),
temporal and grouping accents, repetition, and tonally prominent pitches or harmonic changes
were more likely to occur at (or start at) beat positions, in line with prior research showing that
these multiple cues induce robust beat perception (Hannon et al., 2004; Lerdahl & Jackendoff,
1983; Povel & Essens, 1985). The distribution of accents and events at different beat locations
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did not give rise to any significant overall differences in the number of onsets per measure, total
number of onsets, average pitch, average pitch range, or average pitch interval between the duple
and triple excerpts. All musical notation for the stimuli can be found in Appendix A.
The ambiguous phase presented a beat-ambiguous rhythm that could be perceived as
having either a duple beat pattern (SW-SW-SW) or a triple beat pattern (SWW-SWW). The
rhythm was comprised of 5 notes, one long note (quarter note) followed by four short notes
(eighth notes) (Figure 3.2B). Importantly, while the musical excerpts in Phase 1 were carefully
composed to unambiguously support either a duple or triple beat pattern as described above, the
ambiguous rhythm could be readily assimilated to either pattern (i.e., xo-xx-xx for duple beat
pattern and xox-xxx for triple beat pattern). We assumed that once listeners inferred a beat
during the music context phase, this beat percept would be internally sustained by the listener
through the repeated presentations of the ambiguous stimulus. To assess whether this was the
case, we presented a two-measure drum probe superimposed on the beat-ambiguous rhythm in
the probe phase (Figure 3.2C). The probe that matched the duple beat pattern consisted of a snare
drum hit in every second eighth note position in the rhythm, and the probe that matched the triple
beat pattern consisted of a snare drum hit in every third eighth note position in the rhythm (see
Figure 3.2D). The drum hit was 100 ms in duration at the fast tempo and 150 ms at the slow
tempo, with a 0.5 ms decay rate (see explanation of tempo manipulation below).
In order to investigate how long individual’s sustained beat perception would last, we
varied the duration of Phase 2 (see Figure 3.2D), and we will henceforth refer to this variable as
the delay. On each trial, participants could be presented with one of four delay conditions
corresponding to the number of measures the ambiguous rhythm was presented: 0 measures
(eliminates phase 2), 2 measures, 4 measures, or 8 measures.
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To control for the potential influence of tempo, all sequences were created at a fast tempo
with an inter-onset-interval (IOI) of 200 ms per note, and a slow tempo with an IOI of 300 ms per
note. Thus, the fast tempo sequences could have a beat every 400 ms (duple beat pattern) or
every 600 ms (triple beat pattern), and slow tempo sequences could have a beat every 600 ms
(duple beat pattern) or 900 ms (triple beat pattern). Given the preference for 600 ms inter-beat
intervals (IBIs) reported in the literature (McAuley et al., 2006; Noorden & Moelants, 1999), this
tempo manipulation ensured that any bias towards 600 ms IBIs would influence the triple and
duple beat conditions equally, since a 600 ms IBI occurred in both.
Four catch trials were designed to verify that children understood the task. In these trials,
the delay length was set to 2 measures, using two fast and two slow musical excerpts from the
practice trials. The drum probes were designed to be non-rhythmic by jittering the onsets such
that they did not support any beat pattern (see Appendix A). Catch trial drum probes had either 4
or 6 event onsets, to match the number of events in test trials. In order to be included in the
analyses, participants had to reject the catch trial probe (respond “not matching”) on at least 3
out of 4 catch trials (75% accuracy). The catch trials were not presented to the adult participants;
their understanding of the task was verbally confirmed by the experimenter.
2.2.2 Apparatus. Participants completed the experiment on an iMac computer (Apple,
Inc., Cupertino, CA) booted into Windows 7 (Microsoft Corporation, Seattle, WA). Child and
adolescent participants indicated their responses by pressing one of two response buttons on a
Cedrus RB-830 response pad (Cedrus Corporation, San Pedro, CA), with a “judge box” cover
that indicated which two buttons to use (see Figure 3.1). Adult participants indicated their
responses by pressing “M” for matching and “N” for not matching on the computer keyboard.
The game would not move on to the next trial until the participant gave a response. Presentation
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software (Neurobehavioral Systems, Inc., 2016) was used to present all instructions and stimuli
to the participants and to record button presses. All participants wore over-the-ear headphones
while completing the experiment, either child-sized headphones (Kidz Gear, El Dorado Hills,
CA) or adult-sized headphones (Sony MDR 7506 headphones, Sony Electronics Inc., Park
Ridge, NJ), which were used as appropriate to the participant’s head size.
2.2.3 Procedure. Participants completed the SBT in the form of a computer game, in
which their task was to help a drummer improve his drumming skills. They were told they would
listen in on a music lesson between a drummer and a piano teacher; the teacher would play
something on her piano, and then after a while, the drummer would try to play along with her.
The participant’s job was to respond as quickly as possible and indicate whether the drummer’s
playing was "matching" the piano player’s song or was "not matching". Prior to beginning
experimental trials, participants were presented with two demonstration trials and eight practice
trials in which they heard examples of both congruent and incongruent drum probes. Half of the
participants heard a duple beat demonstration trial first, and half the participants heard a triple
beat demonstration trial first (counterbalanced for congruent and incongruent probe), to which
they did not make a response and were simply told by the program whether the drum was
matching or not matching. Then, each participant completed eight practice trials and received
feedback on each trial (e.g., “Most judges would have rated that drumming as matching”). After
the practice block, adult participants completed four blocks of experimental test trials of 16 trials
each, resulting in a total of 64 trials. The game took approximately 45 minutes to complete. To
make the game more feasible for children/adolescents, participants aged 4-17 years completed 11
trials per test block (10 test trials and 1 catch trial), resulting in a total of 40 test trials and 4 catch
trials. Participants received no feedback on test trials. The game took approximately 25 minutes
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to complete, leaving enough time to complete the other tasks in the same session. Conditions
(triple or duple context, fast or slow tempo, delay length, congruent or incongruent drum probe)
were counterbalanced and presented quasi-randomly with the constraint that the same musical
excerpt was never presented on more than two consecutive trials.
2.3 Phonology Task.
All participants except the adults completed five subtests from the Comprehensive Test
of Phonological Processing 2nd edition. These included Elision, Blending Words, Phoneme
Isolation (or Sound Matching for children aged 4-6 years), Memory for Digits, Rapid Digit
Naming and Rapid Letter Naming (or Rapid Color Naming and Rapid Object Naming for
children aged 4-6 who did not know their numbers and letters yet). From these, we calculated a
Phonological Awareness Composite Score (using the first 3 subtests) and a Rapid Symbolic
Naming Composite Score (using the last 2 subtests). Memory for digits was used as an estimate
of short-term memory ability. All CTOPP-2 measures were age-normed. This test took
approximately 25-30 minutes to administer.
2.4 Data and Code Availability.
All data for this project have been made publicly available online as a part of the Open
Science Framework and can be accessed at https://osf.io/dnhv5/. If the data are to be re-used by
another research group, the authors’ consent must be obtained. The data sharing practices
adopted by the authors complies with the requirements of the University of Nevada, Las Vegas
Institutional Review Board.
2.3 Statistical Analysis
2.3.1 Sustained Beat Task Analysis. We expected that listeners would infer the beat during the
musical context and sustain that beat percept throughout presentation of the ambiguous rhythm.
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If this occurred, we expected participants to accurately reject the drum probe when it was
incongruent with their beat percept and to accurately accept drum probes that were congruent
with their beat percept. If beat perception weakens over time in the absence of unambiguous
stimulus support, then we would expect that participants would perform better on trials with
shorter delays than longer delays. Finally, if the ability to sustain a beat percept is present early
in development, then we would expect all ages to perform above chance with no age-related
differences. Alternatively, if sustained beat perception emerges later in the developmental
timeframe, then we would expect to see effects of age group with older ages performing better
than younger ages. Sustained beat perception was examined using a 2 × 2 x 2 x 4 (Trial Type
[congruent, incongruent] x Tempo [fast, slow] x Context [duple, triple] x Delay [0m, 2m, 4m,
8m]) repeated-measures ANOVA, where the dependent measure was accuracy (proportion of
correct responses, or responding “Matching” on congruent trials and “Not Matching” on
incongruent trials), and age group (7 levels) was entered as a between-subjects variable.
Significant interactions were explored using paired-samples t-tests. Because the drum probe is
always physically matching the beat-ambiguous rhythm, we believed it was important to
understand the differences in performance on congruent and incongruent trials. To this end, we
also calculated proportion matching responses for qualitative purposes.
2.3.2 Relation Between Sustained Beat Task and Phonology. To test whether
sustained beat perception and phonology are correlated, we conducted partial correlations
controlling for age. If sustained beat perception is related to phonology, then we expected SBT
accuracy to have a positive correlation with phonology. Because the SBT relies on long trial
presentations (up to 32s), it is possible that children’s short-term memory scores will be
positively associated with performance on the SBT. We also investigated whether sustained beat
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perception was predictive of phonology by conducting a hierarchical regression to assess the
amount of variance accounted for in Phonology, after accounting for age and gender (step 1) and
music and dance training (step 2), by sustained beat task (SBT) accuracy (step 3).

3. Results
3.1 Sustained Beat Task
Univariate ANOVAs revealed no significant differences among age groups on the basis
of phonological awareness composite score or rapid naming composite score (p > .05), although
there was an effect of age group on Memory for Digits (MD) (F(5,191)=3.698, p = .003), such
that children in the 10-11 year and 12-14 year age groups have slightly lower MD scores than the
other groups (see Table 3.1). For accuracy, we found a main effect of Age Group
(F(6,165)=15.41, p < .001, ηp² = .27) and a significant Beat x Tempo interaction (F(1,165) =
46.23, p < .001, ηp² = .22). There was no main effect of or interactions with Delay6 (p>.05), and
there were no other significant main effects or interactions. Independent sample t-tests
comparing performance for consecutive age groups revealed two significant differences. The
first significant difference was between 6- to 7-year-olds and 8- to 9-year-olds, such that the 8- to
9-year-olds performed significantly better than the 6-7 years group, t(56) = -2.23, p = 0.030. The
second significant difference was between 10-11 years and 12-14 years, such that the 12-14
years group performed significantly better than the 10-11 years group, t(57) = -2.72, p = 0.009.

6

To investigate whether introducing even longer delay conditions would affect accuracy on the
SBT, adult listeners (n=20) completed the rhythm task described above, with the change to the
delay conditions such that 8, 12, and 16 measure delays were used. While performance was
above chance (p < .001), a repeated measures ANOVA indicated no main effects of delay,
tempo, or beat, and no interactions (p > .05).
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This suggests that there is a significant increase in sustained beat perception skills around 8.5
years of age and again around 13 years of age, as shown in overall accuracy (see Figure 3.3B).
All other independent t-tests among consecutive age groups were not statistically significant
(p>.05).
Figure 3.4 displays the results of the significant Beat x Tempo interaction. At the slow
tempo, listeners performed better when sustaining a duple beat than a triple beat (t = 3.67, p <
.001). At the fast tempo, listeners performed better when sustaining a triple beat than a duple
beat (t = 5.18, p < .001). Conversely when comparing tempos across beat pattern, listeners
performed better on slow trials than fast trials when the beat was duple (t = 5.74, p < .001), and
they performed better on fast trials than slow trials when the beat was triple (t = 6.40, p < .001).
Ultimately this suggests performance was best in the duple slow and triple fast conditions, both
of which have an inter-beat-interval (IBI) of 600 ms. This suggests that sustained beat perception
may be optimal near the typical adult’s preferred tempo, which has been suggested to be around
500-700 ms IBI (London, 2012; Parncutt, 1994; Zuk, Carney, & Lalor, 2018).

3.2 Phonology and Rhythm.
3.2.1 Partial Correlations. As a reminder, adult participants did not complete the
CTOPP-2 and thus were not included in these analyses. After controlling for age, significant
positive correlations were revealed between Sustained Beat Task accuracy and composite
phonological awareness scores (r(141) = 0.29, p < .001), between the Sustained Beat Task
accuracy and composite rapid naming scores (r(141) = 0.24, p = .004), between Sustained Beat
Task accuracy and music training (r(141)=0.41, p < .001) and dance training (r(141)=0.21, p
<.01), and between music training and dance training (r(141)=0.27, p < .001). SBT accuracy and
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memory for digits were not correlated (r(141) = 0.04, p = .672). See Table 3.2 for a summary of
all correlation coefficients.
3.2.2 Regression. Prior to conducting a hierarchical multiple regression, the relevant
assumptions of this statistical analysis were tested. Firstly, a sample size of 157 was deemed
adequate given five independent variables to be included in the analysis (Tabachnick, Fidell, &
Ullman, 2019). The assumption of singularity was also met as the independent variables (Age,
Music Years, Dance Years, SBT) were not a combination of other independent variables. An
examination of correlations (see Table 3.2) revealed that no independent variables were highly

SBT

MD

PA

RSN

Music

Dance

SBT
MD

0.035

PA

0.294*** 0.382***

RSN

0.243** 0.148

0.353***

Music

0.408*** 0.150

0.203*

0.130

Dance

0.212** 0.062

-0.013

0.003

0.265***

Table 3-2. Partial correlations among variables measured, controlling for age. Beat = accuracy on
SBT. MD = Memory for Digits score from CTOPP-2. PA = composite phonological awareness
score from CTOPP-2. RSN=composite rapid symbol naming score from CTOPP-2. Music =
years of formal music training. Dance = years of formal dance training.
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correlated (all coefficients were under r = 0.50). As the collinearity statistics (i.e., Tolerance and
VIF) were all within accepted limits, the assumption of non-multicollinearity was deemed to
have been met (Coakes, 2005; Hair et al., 1998). An examination of the Mahalanobis distance
scores indicated 11 multivariate outliers, so these were excluded from the regression analysis.
Residual and scatter plots indicated the assumptions of normality, linearity and homoscedasticity
were all satisfied (Hair et al., 1998; Pallant, 2001). Intercorrelations between the multiple
regression variables are in Table 3.2 and the regression statistics are in Table 3.3.
The hierarchical multiple regression revealed that in Model 1, Age contributed significantly to
the regression model, F (1,133) = 16.46, p < .001) and accounted for 19.8% of the variation in
PA. In Model 2, introducing the Music Years and Dance Years variables explained an additional
2.6% of variation in PA, but this change in R² was not statistically significant, Fchange (2,131) =
2.19, p = .116. Finally, adding Sustained Beat Task Scores to the regression model in Model 3
explained an additional 6.0% of the variation in PA, and this change in R² was statistically
significant, Fchange (1,130) = 10.83, p = .001. When all five independent variables were included
in stage three of the regression model, neither Music Years nor Dance Years were significant
predictors of PA. Together the five independent variables accounted for 28.4% of the variance in
PA.
4. Discussion
In the current study, we studied sustained beat perception by presenting listeners with a beatambiguous rhythm after they heard a musical excerpt with a clear beat and asking them to
indicate whether a drum probe matched or did not match the beat of the music. Our findings
indicate that by 8- to 9- years-old, children are capable of internally sustaining a musical beat
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Predictor Variables

Model 1

Model 2

Model 3

Age

- 0.18*

- 0.23**

- 0.33***

Memory for Digits

0.38***

0.36***

0.36***

Music Years

0.18*

0.07

Dance Years

-0.08

-0.11

SBT Accuracy

0.308**

R2

.198

.224

.284

ΔR2

.198

.026

.060

ΔF

16.46***

2.19

10.83**

Table 3-3. Results of hierarchical regression, where the dependent variable is composite
phonological awareness scores from the CTOPP-2 (phonology). Model 1: entered age and
memory for digits scores from CTOPP-2. Model 2: entered music years (number years formal
training) and dance years (number years formal training). Model 3: entered accuracy on SBT.
For each model R2, ΔR2, and ΔF are given. * = p < .05, ** = p < .01, *** = p < .001.

percept; furthermore, this ability continues to develop through early adolescence, and is
predictive of phonology. Interestingly, there was no effect of delay on the Sustained Beat Task,
which suggests that once a beat was inferred, the listener continued to hear the same beat pattern
regardless of how long they are asked to do so (up to 8 musical measures or 14.4 seconds in the
slow condition). Adult listeners perform above chance when completing the Sustained Beat Task
with a 16-measure delay (Nave et al., 2021), so it seems likely that listeners tend to sustain the
same beat pattern until the ambiguous stimulus either disappears or until they encounter
substantial counterevidence to the internally-sustained beat pattern. This makes sense, because in
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the case of syncopation the listener needs to sustain the beat through the absence of physical
support for the beat, often for multiple measures in the music (Fitch & Rosenfeld, 2007). Other
research suggests that counterevidence to a particular rhythmic pattern, such as occurs in
syncopation, is often interpreted as “groovy” and more enjoyable to the listener (Foster Vander
Elst, Vuust, & Kringelbach, 2021; Janata et al., 2012; Stupacher, Hove, & Janata, 2016). Future
work should examine the stability of sustained beat perception in the presence of
counterevidence, particularly in the case of syncopation.
Listener’s performance on the Sustained Beat Task was a statistically significant
predictor of phonology scores, while music and dance training were not. This is interesting,
given that many research studies suggest that music training may have a positive effect on
language abilities, including phonological awareness (Gordon, Fehd, & McCandliss, 2015). Our
data suggest that the relation between beat perception and language perception may be driven by
individual beat perception abilities, rather than the amount of music training. One possible
explanation for the predictive power of beat perception skills on phonology is that the Sustained
Beat Task relies on an individual’s ability to track rhythmic events over time and make internal
predictions about the upcoming rhythmic structure. This ability may be related to phonological
awareness because both capacities likely rely on neural tracking of periodic and semi-periodic
structures, such as musical notes or linguistic phonemes, albeit on different time scales (Gordon,
Fehd, et al., 2015; Goswami, 2018; Patel, 2011). Future studies should investigate the relation
between phonology and other traditional measures of beat perception skills, including rhythm
discrimination tasks that presumably rely on the listener’s ability to perceive the beat structure,
metronome matching/beat alignment tasks, as well as tapping tasks (synchronization,
continuation).
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It should be noted that our Sustained Beat Task may have been too difficult for younger
children, which is suggested by the high rate of failure on catch trials in 4- to 5-year-olds (38 out
of 58 were excluded) and 6- to 7-year-olds (10 out of 36 were excluded). In this current study,
we made a point to make no mention of “beat” during the task instructions; we were interested in
keeping the experience of listening to the music as natural as possible and did not want to
accidentally prime effortful beat-keeping strategies, such as tapping. Even though young children
struggled in this task, it is possible they could have sustained a musical beat if they were
explicitly encouraged to find the beat and keep it throughout the music. Future studies should
address whether younger children can sustain a musical beat if instructed or trained to do so.
An important feature of the Sustained Beat Task is the use of naturalistic, ecologicallyvalid stimuli for inducing musical beat perception. Previous work has often used monotone
percussive sounds organized in a repeating pattern to induce rhythmic expectancies, which often
support a clear underlying beat pattern. Such stimuli have been used to suggest that newborns are
sensitive to beat structure (Winkler et al., 2009), children use beat to discriminate rhythms
(Gordon, Shivers, et al., 2015), and that children’s ability to tap to a “beat” develops through
adolescence (Carr et al., 2014; Tierney & Kraus, 2014). However, these conclusions are based on
responses to relatively simple stimuli with very few acoustic cues to beat, while in natural music
there are a multitude of cues, such as loudness (Thomassen, 1982), pitch accents (Ellis & Jones,
2009; Hannon et al., 2004; Thomassen, 1982), melodic or harmonic structure (Dawe et al., 1994;
Järvinen & Toiviainen, 2000), and event density (Madison et al., 2011; Toiviainen & Snyder,
2003). Using naturalistic stimuli expands the scope of such findings to generalize more readily to
natural musical beat perception.
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The current findings suggest that we should reconsider the notion that infants and young
children already possess the ability to perceive beat and meter. On the one hand, young children
could be using the limited acoustic features of monotone repeating rhythm structures to infer a
metrical hierarchy. Alternatively, infants’ and children’s grasp of musical beat and meter may be
quite unlike that of adults, even though they can discriminate some periodic or semi-periodic
structures. For example, recent studies suggests that children do not use meter to make
judgements about the match between metronomes and musical excerpts until adolescence (NaveBlodgett, Snyder, & Hannon, 2021). Gradual attainment of musical beat and meter is consistent
with recent findings suggesting that not only do other aspects of music perception, such as
harmonic structure, continue to develop through adolescence (Weiss, Cirelli, McDermott, &
Trehub, 2020), but other more general skills continue to develop gradually through adolescent
and early adult years, including language learning, working memory, and crystallized
intelligence (Hartshorne & Germine, 2015; Hartshorne, Tenenbaum, & Pinker, 2018).
A nuanced and thorough account of how listeners experience music and musical
behaviors at different ages is critical for understanding human musicality more broadly. While it
is tempting to assume that musical capacities observed during infancy or early childhood
represent evolved adaptations for music, adaptations can also emerge later during development
whenever they are most needed (Al-Shawaf, Zreik, & Buss, 2018). In fact, the developmental
timing of abilities can be used to evaluate claims about their evolved functions (Rottman, 2014).
Instead of assuming that children’s musical experiences and behaviors are simply less refined
versions of adult behaviors, it is important to consider musicality as a complex multisensory
capacity that may change in meaningful ways throughout developmental (Hannon, Crittenden,
Snyder, & Nave, 2021; Jessica E. Nave-Blodgett et al., 2021; Weiss et al., 2020).
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Figure 3-1. Setup for child-friendly Sustained Beat Task.
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Figure 3-2. Trial structure. Arrows indicate positions where a strong beat should have been
perceived. (A) Phase 1: music context. Musical examples of the SW-SW-SW patterned context
(i.e., duple meter) and the SWW-SWW patterned context (i.e., triple meter) (Note: only “right
hand” of piano excerpt is pictured, but there was also a “left hand”, see Appendix A). Strong
events for this pattern are shown for duple (blue) and triple (red). (B) Phase 2: beat-ambiguous
rhythm. Musical notation for the 16- measure beat-ambiguous rhythm (8 repetitions of rhythm
pictured). Blue arrows indicate where strong beats should have been perceived in duple meter,
and red arrows indicate where the strong beats should have been perceived in triple meter. (C)
Phase 3: drum probe and behavioral response. Beat-ambiguous rhythm plus the superimposed
drum probe, as indicated by the colored x’s, which were presented during Phase 3 for 2
measures. Blue x’s indicate the pattern of drum beats for the duple probe, and red x’s indicate the
pattern of drum beats for the triple probe. (D) Timing of trial. Phase 1 lasted 8 measures, phase 2
lasted 16 measures, and phase three lasted 2 measures. After the stimulus stopped, the participant
had 2 seconds to respond whether the probe was “matching” (congruent trials) or “not matching”
(incongruent trials) the music. Then, 1 second of silence preceded the next trial.
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Figure 3-3. Results of Sustained Beat Task. A) Proportion of “matching” responses by age
group. Black bars indicate congruent trials, and grey bars indicate incongruent trials. Error bars
represent standard error of the mean. B) SBT Accuracy by age group. Brackets indicate
significant independent sample t-tests (only conducted on consecutive age groups). Error bars
represent standard error of the mean. * = p<.05, ** = p<.01.
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Figure 3-4. Accuracy for the Beat x Tempo interaction in the Sustained Beat Task. Error bars
represent standard error of the mean.
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Appendix A. Musical Notation for Stimuli

106

Chapter 4 : Development of Rhythmic Categories
Context
Human listeners perceive sound in complex, often noisy acoustic scenes, and one way
they make sense of such scenes is by integrating incoming sensory information with prior
knowledge. When perceiving rhythms (pattern of temporal events), listeners tend to perceive
temporal onsets as belonging to simple ratios with patterns that they are familiar with. Recent
research with adult listeners from different cultural backgrounds has evidenced the effect of
passive listening experience on perception of rhythm, such that listeners tend to assimilate
rhythms to culturally-familiar rhythm categories, or rhythm priors (Jacoby & McDermott, 2017).
This is perhaps unsurprising, as it has been well-documented that listeners are better at
discriminating culturally-familiar rhythmic structures compared to culturally-unfamiliar
rhythmic structures as early as infancy (Hannon & Johnson, 2005). This bias toward familiar
rhythm structures is also apparent in children and adults, although children’s biases appear more
flexible because exposure to music with culturally-unfamiliar rhythm structures improves young
children’s perception of these rhythms, whereas adults’ performance remains better for only the
culturally-familiar rhythms after such exposure (Hannon, Der Nederlanden, Christina, & Tichko,
2012).
This brings to question the development of children’s underlying rhythm priors. Previous
studies of children’s rhythm perception have been limited to testing one or two types of rhythms
through discrete indirect sampling methods. Although research conducted with adult listeners has
estimated rhythm priors broadly across the breadth of possible perceivable rhythm structures, no
child studies to date have examined children’s rhythm priors broadly across all possible
perceivable rhythm structures. To this end, the current study aims to estimate children’s rhythm
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priors across young to middle childhood using a vetted iterated tapping paradigm originally
applied with adult listeners by Jacoby and McDermott (2017) and recently employed crossculturally spanning 15 countries across 39 distinct adult groups. Uniquely, this paradigm does
not make assumptions about which rhythm categories are the most informative about
developmental changes in rhythm processing.

108

The Development of Rhythmic Categories as Revealed Through an Iterative Production Task

Karli Nave1*, Chantal Carrillo2 , Nori Jacoby3, Laurel Trainor2, and Erin Hannon1

1

University of Nevada Las Vegas
2

3

McMaster University

Max Planck Institute for Empirical Aesthetics

To be submitted to Cognition for publication by January 31, 2022. Pre-print available at
https://psyarxiv.com/wvb9k.

109

Abstract
Both humans and some non-human animals (e.g., birds and primates) demonstrate bias
toward simple integer ratios in auditory rhythms. In humans, biases are found for small integerratio rhythms in general. In addition, there are biases for the specific small integer-ratio rhythms
common to one’s cultural listening experience. To better understand the developmental trajectory
of these biases, we estimated children’s rhythm priors across the entire human rhythm production
space of simple rhythms. North American children aged 6-11 years completed an iterative
rhythm production task, in which they tapped in synchrony with repeating three-interval
rhythms. For each rhythm, the child’s produced rhythm was presented back to them as the
stimulus, and over the course of 5 iterations we used their final reproductions to estimate their
rhythmic biases or priors. Results suggest that children’s rhythmic priors are (nearly) integer
ratios, and the relative weights of the categories observed in children are highly correlated with
those of adults. However, we also observed age-related changes especially for the ratio types that
vary most across cultures. In an additional rhythm perception task, children were better at
detecting rhythmic disruptions to a culturally familiar rhythm (in 4/4 meter with 2:1:1 ratio
pattern) than to a culturally unfamiliar rhythm (7/8 meter with 3:2:2 ratios), and performance in
this task was correlated with tapping variability in the iterative task. Taken together, our findings
provide evidence that children as young as 6 years old exhibit categorical rhythm priors in their
rhythm production that closely resemble those of adults in the same culture.
Keywords (max 6): rhythm, tapping, development, music cognition, iterated learning
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1. Introduction
Music is characterized by pitch and temporal intervals having simple-integer ratios such
as 1:1, 2:1, and 3:2, which play a fundamental role in structures such as key, harmony, rhythm
and meter. When producing rhythmic patterns, both humans and some non-human species
have shown a systematic bias towards discrete ratio categories, particularly 1:1 or isochrony, and
this tendency towards discretization might be a key feature of culturally transmitted
communication systems across species (De Gregorio et al., 2021; Ravignani et al., 2016; Roeske
et al., 2020). Human musical systems nevertheless vary widely across cultures, and complex
rhythmic ratios or even relatively simple-integer ratios such as 3:2 are more prevalent in some
musical traditions than in others (Brown & Jordania, 2013; Polak et al., 2018; Savage et al.,
2015). The observed biases towards discrete rhythmic categories presumably reflect a
combination of learning constraints and exposure to specific patterns in an individual’s musical
environment during development.
The tendency for Western adults to impose simple-integer rhythmic categories onto an
otherwise continuous range of ratios has been well documented. Simple-integer rhythmic ratios
are prominent in music performance and spontaneous rhythmic tapping (Fraisse, 1982; Murton et
al., 2017; Roeske et al., 2020), and listeners exhibit a strong tendency to assimilate more
complex ratios to simple-integer ratios in rhythm reproduction (Collier & Wright, 1995;
Cummins & Port, 1998; Essens & Povel, 1985; Jacoby & McDermott, 2017; Povel, 1981; Repp
et al., 2012a, 2012b) and perceptual identification or transcription of rhythmic values to notation
(Desain & Honing, 2003). Although Western music and listeners have been vastly
overrepresented in the literature on rhythm perception and production, recent evidence provides
strong support for the notion that listeners’ biases towards specific ratios such as 3:2 do vary

111

across cultures, and these variations map onto the relative prominence of those rhythmic ratios in
participants’ local musical traditions (Hannon, Soley, et al., 2012; Hannon & Trehub, 2005a;
Jacoby et al., submitted; Jacoby & McDermott, 2017; Kalender et al., 2013; Polak et al., 2018;
Ullal-Gupta et al., 2014).
Listeners presumably acquire culture-specific rhythmic categories during childhood, but
much of the evidence for rhythmic categories in children comes from relatively indirect
perceptual measures. For example, looking-time based habituation procedures suggest that by 12
months of age, North American infants can discriminate rhythmic variations of a song with a
repeating 1:1:2 rhythmic pattern (which fits with 4/4 meter and is ubiquitous in Western music)
but not variations of a song with a 3:2:2 rhythmic pattern (in 7/8 meter, which is found in
Turkey, Bulgaria, and other regions but not common in Western music) (Hannon & Trehub,
2005b). By contrast, 6-month-old infants discriminated variations of either type of song (Hannon
& Trehub, 2005a), but they failed to discriminate same size disruptions to a song with a more
complex 7:4:4 rhythm (Hannon et al., 2011). Robust listening preferences for culturally familiar
rhythmic structures have also been observed in 4- to 8-month-old infants, with North American
infants preferring 2:1:1, compared to 3:2:2 and 7:4:4, and Turkish infants preferring either 2:1:1
or 3:2:2, compared to 7:4:4 rhythms (Soley & Hannon, 2010).
Together, the above infant findings could be taken as evidence that adult-like rhythmic
categories are acquired by 1 year after birth. However, other evidence suggests that rhythm
perception and production continue to change in important ways throughout childhood. In
perceptual tasks, young North American children exhibited an advantage for rhythmic structures
with 2:1 versus 3:2 ratios (Einarson & Trainor, 2016; Hannon, Der Nederlanden, et al., 2012)
Brief at-home exposure to music with 3:2 ratios reduced or eliminated these biases among young
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children but not older children or adults, implying weaker or less stable rhythmic categories in
younger listeners (Hannon, Der Nederlanden, et al., 2012; Hannon & Trehub, 2005b). Other
perceptual paradigms suggest that the ability to match a metronome to music or to sustain an
internal sense of the beat does not approach adult-like levels until early adolescence (Nave et al.,
submitted; Nave-Blodgett et al., 2021b, 2021a). This gradual developmental trend is consistent
with findings from production paradigms, where adult-like levels of synchronization to music
and other rhythmic stimuli do not emerge until late childhood or early adolescence (McAuley et
al., 2006; Monier & Droit-Volet, 2019; A. T. Tierney & Kraus, 2013).
It is perhaps because children have such difficulty with production tasks that much of the
developmental research on rhythmic categories comes from perceptual paradigms that measure
rhythm categories indirectly. However, this limits direct comparison of children with adults
because even when doing the same task, adults and children may succeed or fail for different
reasons. For example, just because adults tend to use the perceived beat as a reference point for a
rhythm discrimination task, this does not necessarily mean that infants or children also do this
(Gordon et al., 2015; Hannon et al., 2018; Ozernov-Palchik et al., 2018). Another limitation of
discrimination paradigms is that they typically can only test two or three rhythmic structures at a
given time, which requires the researcher to impose assumptions about which rhythm categories
are most important and worth measuring. A production paradigm that presents listeners with a
wide range of rhythmic patterns and yet is simple enough to be performed by children allows for
more direct measurement and a more thorough understanding of the development of rhythm
categories.
It is for this reason that we adapted a paradigm employed previously (Jacoby &
McDermott, 2017), which uses iterated tapping to reveal listeners’ rhythm priors, or internal
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expectations about rhythmic categories. In this task, listeners were first presented with a random
3-interval “seed” rhythm that they attempted to synchronously reproduce. Their reproduction
was then presented back to them as the next target stimulus (similar to the game of “telephone”),
and over multiple iterations responses converged on integer-ratio rhythms (Jacoby &
McDermott, 2017). Crucially, the integer-ratio rhythms produced after five such iterations of a
seed rhythm were dependent on culture, with U.S. adults more likely to converge on culturallyfamiliar ratios such as 1:1:2 and 3:3:2, whereas listeners from a native Amazonian society
converged less on these ratios but still showed a strong 1:1:1 category. More recently, a largescale cross-cultural study of 39 participant groups in 15 countries used the iterated tapping
paradigm to provide robust evidence for global variation in rhythmic categories such as 3:3:2 and
3:2:2 that could be mapped to local musical traditions for different groups (Jacoby et al.,
submitted). Importantly, because not all integer ratios were favored by all participants, this
provides support for the important role of enculturation.
Perhaps because the paradigm is somewhat intuitive and relies minimally on verbal
instruction, it was successfully used with a diverse range of subjects having different education
levels and familiarity with traditional testing methods and environments. We therefore expected
that children might also be able to perform the task. Because the paradigm design optimizes
group characteristics over individual participant characteristics, it allows for the entire rhythm
production space to be measured and biases to be estimated separately for different age groups.
We expected that children, like adults, would show a bias for producing integer-ratio rhythms
such as 2:1:1 as shown in prior work (Jacoby et al., submitted; Jacoby & McDermott, 2017). If
rhythmic categories are acquired early in development, as suggested by perceptual paradigms,
we expected children’s rhythmic categories for other ratios such as 3:3:2 and 2:2:3 to be similar
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to those demonstrated by U.S. adult participants. However, we also predicted that the youngest
children might show less robust categories that would become stronger with age. For comparison
with prior work, we also included a perceptual measure that required children to make similarity
judgments about rhythmic variations of songs with culturally familiar and culturally unfamiliar
rhythms, as used in prior work (Hannon, Der Nederlanden, et al., 2012; Hannon & Trehub,
2005a). This allowed us to examine whether a greater advantage for culturally-familiar rhythms
in the perceptual task would be related to better motor entrainment at culturally-familiar integer
ratio rhythms in the iterated tapping task.

2. Methods
2.1 Participants
A total of 158 children were recruited from the Las Vegas, Nevada and Hamilton,
Ontario communities. Children were recruited in three age groups. Fifty-six children aged 6 to 7
years (M = 6.89, SD = 0.52), fifty children aged 8 to 9 years (M = 8.88, SD = 0.62), and fifty-two
children aged 10 to 11 years (M = 11.00, SD = 1.81) completed the experiment. All participants
provided assent and their parents provided permission in accordance with the University of
Nevada, Las Vegas Institutional Review Board or the McMaster Research Ethics Board. Musical
experience was estimated for each child using the maximum number of parent-reported formal
years of training for either music (instrument or voice) or dance. See Table 4.1 for sample sizes
broken down by age group, testing location, and task completed, and for demographic
information by age group. The sample size (number of overall iterations) was established based
on an earlier publication (Jacoby & McDermott, 2017).
2.2 Experimental Design
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The experiment consisted of four parts: 1) the Iterative Tapping (IT) task, 2) the Rhythm
Perception (RP) task1, 3) Tapping Baseline (TB) Task, and 4) the Vocabulary and Matrix
Reasoning of the Weschler’s Abbreviated Scale of Intelligence (WASI)7. Each of these
components is described in detail below. Participants at McMaster University completed only
task 2 and 4 and could therefore finalize the experiment in one session. Participants at UNLV
completed the experiment in two sessions, with some attrition where children did not return for
visit 2 and thus are missing data for some tasks. Total number of participants included for each
task is reported in Table 4.1.

2.3 Iterative Tapping (IT) Task
The IT task was adapted from Jacoby and McDermott (2017). We created a child-friendly
computer game, in which the child acted as a junior astronomer assisting Estelle, a scientist
attempting to communicate with aliens, by tapping in synchrony with repeating three-interval
rhythms sent to Earth from outer-space. The child was instructed to begin tapping with each
rhythm as soon as possible and continue tapping until the rhythm stopped playing. On each trial,
the child was first asked to tap to a random “seed” target rhythm for the first iteration, and on
each of 4 subsequent iterations the child tapped to the rhythm they just produced on the previous
iteration (see stimulus details below).
After each trial, the aliens would “respond” to the communication by sending another
message, which served as a noncontingent reward. Over the course of the 10 trials, each child
received a “we come in peace” message, 4 pieces to spaceship assembly instructions, 4 pieces to
a map to the alien’s planet, and a dictionary to learn to speak the alien’s language. At the

7

Note: Only a subset of the participants from the Las Vegas area completed tasks 2 and 4. See Descriptives in Table
4.1.
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Age 1: 6-7 Years

Age 2: 8-9 Years

Age 3: 10-11 Years

(N=56)

(N=50)

(N=52)

UNLV: McMaster1

30:26

30:20

47:5

TB sample

n=43

n=47

n=47

RP sample

n=28

n=25

n=42

WASI sample

n=26

n=24

n=34

IT sample

n=51

n=43

n=44

473(37)

404(26)

422(18)

Mean Age

6.9±0.52

8.9±0.78

11.0±0.71

Females: Males

27:29

27:23

23:29

Music Experience2

1.04±1.41

1.52±2.08

1.58±2.06

SES3

4.87±1.24

4.70±1.44

4.98±1.13

99.96±16.11

109.83±15.35

102.24±17.78

IT num. blocks
(excluded)

WASI Composite
Score
Table 4-1. Participant Sample Sizes & Demographics.
1

Due to the COVID-19 pandemic, data collection was halted indefinitely for McMaster University. More data was
collected at UNLV because local health regulations allowed them to open sooner.
2
Music Experience scores were calculated as the maximum number of years of formal training in either music
(instrument or voice) or dance.
3
SES Scored on 6-point scaled based on highest level of parental education (1: No high school, 2: High school
diploma, 3: Some college, 4: Technical School, 5: Four-year college/university degree, 6: Graduate degree).
Table 4.1. Descriptives for participants by age group. Top: sample size broken down by age group, then further by
testing location and task. TB= Tapping Baseline task. RP = Rhythm Perception task. WASI=Weschler’s Abbreviate
Scale of Intelligence. IT= Iterated Tapping task. IT num. blocks = Number of usable blocks (1 block = 1 seed
rhythm with 5 tapped iterations), excluded blocks indicated in parentheses. Note that not all participants completed
all tasks, as some attrition occurred before session 2 for some participants at UNLV. Bottom: descriptive data for
each age group.
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conclusion of the game, the children “travel” through space to visit the aliens with Estelle. The
computer game materials can be found on our OSF page: https://osf.io/6ugrb/.
2.3.1 Apparatus.
All stimuli were presented through Sennheiser HD 280 Pro headphones (UNLV) or
Creative Inspire T10 2.0 Speaker System (McMaster) at a comfortable listening level
(approximately 60 dB). The experimenters constructed a tapping sensor to record finger tapping
responses, which was made from soft material (foam) to provide minimal auditory feedback.
Inside the apparatus, a microphone was attached to the surface of the sensor, allowing sensitivity
to the lightest touch by the participant. Data were acquired with a Focusrite Scarlett 2i2 USB
sound card, which simultaneously recorded the microphone input and the headphone signal
output. Stimulus and response onsets were extracted from the stereo audio signal using a Matlab
script.
2.3.2 Stimuli.
The rhythmic patterns were comprised of short percussive sounds (“clicks”) lasting 55 ms
with an attack time of 5 ms. For each iteration in a trial, we presented a click stream originating
from a three-

interval rhythm (s1, s2, s3), which was repeated ten times continuously. When the

rhythm is cycled, the fourth event forms the end of the last interval and the beginning of the first
interval (Figure 4.1C). The overall duration of each three-interval rhythm was fixed to 2000ms,
making

a one-to-one mapping between all three-interval rhythms possible. Because the

overall duration is fixed, the intervals can be presented on a two-dimensional triangular map
(Figure 4.1B) known as a ‘‘chronotopological map’’ (Desain & Honing, 2003; Honing, 2013;
Jacoby & McDermott, 2017) – for simplicity, here we refer to it as the ‘‘rhythm triangle.’’ Every
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Figure 4-1. Illustration of stimuli and trial structure for the IT task. (A) Three-dimensional
depiction of the possible three-interval rhythms, where the x, y, and z coordinates correspond to
the first, second, and third interval, respectively. The points with an overall fixed duration (2,000
ms) form a triangle (simplex) that can be projected to a two-dimensional plane, creating a
“rhythm simplex”. Two example integer ratio rhythms are indicated by crosses. (B) The twodimensional rhythm simplex, taken from the overall 3D depiction in A. The solid line connecting
iterations 1-5 plots an example stimulus/response trajectory across an example trial. (C)
Schematic of trial structure. The dark squares indicate onsets of
the stimulus rhythm. The
light-colored circles indicate the participants’ attempted synchronized tapping responses. On
each subsequent iteration, the average of the participants’ responses on the prior iteration
becomes the new seed stimulus rhythm. This continues for 5 iterations, which together form 1
trial for the experiment.
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three-interval rhythm with a fixed duration can be uniquely described by a point on the triangle,
the coordinates of the rhythm in 2D space are a linear combinations of the vertices of the triangle
(P1,P2, P3 in Figure 4.1A), so for example a rhythm of 1:1:2 that has intervals that are ¼ , ¼ , ½
of the cycle duration, is located at location ¼ P1 + ¼ P2 + ½ P3. Points that are very close to
the vertices represent rhythms with at least one very short (near 0 ms) interval. In order to avoid
presenting rhythms with intervals too short to reproduce (London, 2012), we constrained
intervals in the seeds to a smaller simplex (inner triangle in Figure 4.1A and 4.1B) such that all
intervals were larger than 15% of the total duration. Thus, all intervals in the initial seeds were
effectively constrained not to exceed the perception / production limit (about 100–200 ms, or .15
of the overall duration) (see Figure 4.1B).
Each initial seed rhythm consisted of a randomly selected point on the inner triangle
(uniformly distributed), such that the rhythm presented corresponded to the three-interval rhythm
(s1, s2, s3). Three-interval rhythms were formed by repeating a sequence of three time intervals
defined by four events (e.g., clicks). After a few clicks (typically a bit more than one cycle),
participants began to synchronize to the click stream for ten repetitions of the seed. Using the
participant’s inter-response intervals on the first iteration, we obtained an averaged three-interval
pattern (𝑟1, 𝑟2, 𝑟3) to present as the target rhythm of the next iteration, and this process was
repeated for five iterations per trial (see Figure 4.1C).
We defined a valid iteration as one which had 7 or more repetitions with three taps each
and whose average response (𝑟1, 𝑟2, 𝑟3) was not located far beyond the inner simplex, i.e., did
not contain an interval shorter than 0.95𝑓 of the overall duration (where 𝑓 determines the
boundary of the inner simplex as described above; here this constraint excludes intervals shorter
than 285 ms). If the iteration satisfied the two criteria above, we set the new seed pattern to the
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response pattern: (s1, s2, s3) ← (𝑟1, 𝑟2, 𝑟3). If an iteration was invalid, the seed remained
unchanged, and the data from that iteration was omitted from analysis. Participants each
completed 10 trials (where each trial is defined as a set of 5 iterations derived from a single
seed). Details regarding excluded and included trials by age group can be found in Table 4.1.
2.3.4 Onset Extraction.
Tapping stimuli were recorded with a high signal to noise ratio. In order to extract onsets,
we first scanned the audio file in 15 second windows, detecting all samples exceeding a relative
threshold of 2.25% of the maximal power of the sound waveform in the window. We discarded
supra-threshold samples that were not separated from the one preceding them by at least 80 ms (to
eliminate events that corresponded to the same tap), yielding a set of tap onsets. In order to
account for responses that reflected attentional lapses or motor errors (and that did not correspond
to a click), we assumed that biases induced by a prior would be modest (less than 300 ms). We
estimated the mean tapping asynchrony for a participant by matching onsets to the most proximal
stimulus. From these pairings, we computed the mean asynchrony (𝑚 = 𝑚𝑒𝑎𝑛 (𝑅i – 𝑆i), where 𝑅i
is the time of a response onset corresponding to a stimulus onset 𝑆i). We then removed from
further analysis all events such that |(𝑅𝑖 − 𝑚) − 𝑆𝑖| > 300 ms.
2.3.5 Data Analysis and Statistics.
One assumption of the iterated paradigm is that tapping behavior should stabilize, or
converge, across iterations as the averaged production moves closer to the producer’s internal
rhythm prior. To first examine whether children reached convergence by the fifth iteration, we
examined copying accuracy. Copying accuracy was calculated as the distance between stimulus
and reproduction on each iteration, and it is expected to decrease across iterations as the
participants’ tapping stabilizes, typically by converging on rhythm priors (Jacoby & McDermott,
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2017). To further understand the temporal dynamics underlying children’s tapping behavior in
the iterated task, we also calculated tapping variability as the standard deviation of the average
distance between taps and the stimulus. Two repeated measures ANOVAs were used to estimate
the effect(s) of Iteration and Age Group on copying accuracy and tapping variability. Post hoc
pairwise comparisons were conducted as necessary.
To estimate the presence of rhythm priors, we employed the same kernel density
estimation procedure utilized by Jacoby and McDermott (2017). Knowing each rhythm was
𝑗,1

𝑗,2

𝑗,3

repeated J = 10 times, we assumed that the response on the jth repetition (𝑟𝑖,𝑚 , 𝑟𝑖,𝑚 , 𝑟𝑖,𝑚 ) was
𝑗,1

𝑗,2

𝑗,3

𝑗,𝑘

taken from a Gaussian distribution: (𝑟𝑖,𝑚 , 𝑟𝑖,𝑚 , 𝑟𝑖,𝑚 ) ~ N (𝜇i,m, Ci,m). Here 𝑟𝑖,𝑚 is the inter-response
interval for click k of repetition 𝑗 of iteration 𝑚 of trial 𝑖. We estimated the mean and covariance
of the Gaussian for each iteration and trial and then summed all Gaussians to yield an estimate of
the distribution. This Gaussian is intended as a low parameter approximation of the prior in the
local neighborhood of the stimulus. This procedure is equivalent to using only the means of all
responses from all iterations and performing a standard kernel density estimate (KDE) with the
kernel width computed from the local estimates. To obtain the full kernel density estimate, we
aggregate the Gaussians for each of the five iterations across all trials. We performed this same
KDE estimated for each of the age groups: 6-7 years, 8-9 years, 10-11 years, and Adults8. This
analysis yields estimates of the category weightings, or the relative density of the distribution
underlying each rhythm category, such that each of the 8 integer-ratio categories (collapsed
across rotations) received a weighting between 0 and 1, where the collective category weights

8

Adult data (n=26) was shared from Jacoby & McDermott (2017) Experiment 1, and was used with permission for
comparison purposes. It includes n=13 musicians (9-23 years experience) and non-musicians (0-2 years experience)
from the Boston area.
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across the entire distribution sum to 1. Category weightings for each category were compared
across the four different age groups (6-7 years, 8-9 years, 10-11 years, Adults) using independent
samples t-tests Bonferroni-corrected for multiple comparisons.
To quantify the similarity of the resulting KDE distributions across groups, we calculated
Jensen-Shannon divergence (JSD) (Majtey et al., 2005; Wong & You, 1985). Since JSD is
always a positive number, it is expected to be different from 0 when the kernel density estimates
being compared are determined based on a finite sample. We used bootstrapping to estimate
whether the distance between groups, as estimated by JSD, is greater than what would be
expected based on this finite-sampling effect. To do this, we created 1000 simulations where we
split each group into two randomly-sampled halves (50% of trials in each half) and performed
1000 kernel density estimates on each half. We then computed JSD for each split half,
comparing JSD within-groups (comparing split halves from the same group) to the JSD acrossgroups (comparing split halves across comparison groups). Namely, to declare that two groups
are significantly different, their mean JSD difference had to be significantly greater acrossgroups than within-groups. To further explore differences among age groups, we examined
whether the vector of category weights produced by the KDE analysis were related across groups
using Pearson’s correlations.
2.4 Rhythm Perception (RP) Task
We also administered the Rhythm Perception (RP) task from Hannon et al. (2012), which
required children to listen to a standard song and rate the similarity of subsequent variations on
that song. The task was presented to children as a game, in which the child was asked to judge
how well various animals matched an original song performed by a tiger musician. Participants
made their judgments by placing a game piece on a colorful horizontal board with 6 different
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squares, depicting the tiger on the left-most square. Children were instructed to put their game
piece directly on the tiger if the animal reproduced the song perfectly, close to the tiger if it
almost matched, and far away from the tiger if the animal did not at all match the Tiger’s song.
To ensure children understood the task, each child first completed a block of six training
trials with a familiar tune, “Mary had a little lamb.” They were provided feedback after each
response, indicating the ideal/expected rating for each practice song (“most people would say
that song was similar to the tiger’s song and place the game piece next to the tiger”). Children
then completed four test blocks, two of which presented songs with culturally familiar rhythms
(in 4/4/ meter) and two of which presented songs with culturally unfamiliar rhythms (in 7/8
meter). The order of song blocks was counter-balanced between subjects and the order of
variations on each trial was determined randomly. The entire task took approximately 10-15
minutes.
2.4.1 Apparatus
All stimuli were presented to the participant through Sennheiser HD 280 Pro headphones
at a comfortable listening level (approximately 60 dB). The experiment was designed and
presented using Presentation software (Neurobehavioral Systems, Inc., 2016). Responses were
recorded by the experimenter using the keyboard numbers 1-6, where 1 was on the Tiger square,
2 was 1 square to the right of the tiger square, etc.
2.4.2 Stimuli
The auditory stimuli were identical to those used in Hannon et al. (2012). All stimuli
were generated using a MIDI sequencer (Digital Performer) and converted to AIFF using the
Apple QuickTime synthesizer (Apple, Inc., Cupertino, CA). Each trial consisted of an 8-measure
standard “tiger” song, followed by 4 “animal” variations of that standard. Standard songs
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consisted of four traditional Eastern European folk songs, two in 4/4 isochronous meter, and two
in 7/8 non-isochronous meter. Each standard stimulus had two melodic instruments playing in
unison or thirds, a harmonic instrument, and a fourth percussion instrument. The percussion
instrument consisted of a long-short-short or a short-short-long rhythmic pattern that was 2:1:1
or 1:1:2 for the 4/4 songs and 3:2:2 or 2:2:3 for the 7/8 songs. Because the eighth-note duration
was set to 250 ms, each cycle of the 3-interval percussion rhythm was 2000 ms for 4/4 meter
songs and 1750 ms for 7/8 meter songs. Musical notation for the stimuli can be found in
Supplementary Figure 4.6.
For each standard there were four variations, simplified to only one melodic instrument (a
piano playing the main melodic line) and one percussion instrument (a wood block playing the
long-short-short or short-short-long drum patterns). Two variations preserved the original meter
and drum pattern of the standard stimulus. One “unaltered” variation presented exactly the same
duration notes in both the piano and drum part, while the other “structure-preserving” variation
added an extra note to the piano melody but reduced the duration of the neighboring note so as
not to disrupt the meter or drum pattern. The other two variations disrupted the meter and drum
pattern. The “structure-disrupting” variation added a full 250-ms note to the long duration in
each measure, thus increasing each measure or cycle of the drum pattern by 250-ms and resulting
in a 2:1:1 drum pattern for the 7/8 songs and 2.5:1:1 for the 4/4 songs. The “severely disrupted”
variations had pseudorandom insertions of two extra notes or durations per measure and resulted
in a highly variable drum pattern. All stimuli were accompanied by a cartoon display, with the
standard stimulus accompanied by a tiger holding a guitar and each variation accompanied by a
different animal holding an instrument. Stimulus
page: https://osf.io/6ugrb/.
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wav files can be downloaded from our OSF

2.4.3 Data Analysis
Accurate performance was reflected by giving higher similarity ratings to structurepreserving than to structure-disrupting test stimuli. In line with Hannon et al. (2012), we
calculated children’s perception score by subtracting their ratings of the test variations that
preserved the meter (the mean of unaltered and structure-preserving ratings) from ratings of test
stimuli that disrupted the meter (mean of structure-disrupting and severely disrupted ratings). A
positive score indicates more accurate performance. For each child we calculated an average
perception score for 4/4 meter and for 7/8 meter.
2.5 Tapping Baseline (TB) Task
To obtain basic motor synchronization measures, each participant completed the Tapping
Baseline (TB) task, which comprised three trials. On the first trial, we measured spontaneous
motor tempo by asking participants to tap during silence at a comfortable speed that was “not too
fast and not too slow.” On the second trial, participants synchronized their taps with a slow 800
ms metronome, and on the third trial they synchronized with a faster 600 ms metronome. All
stimuli were presented and recorded in Audacity ® 2.4.2 (Audacity Team, 1999-2021).
Individual .wav files were extracted from Audacity for each trial and then analyzed for tap onsets
using MATLAB. Spontaneous motor tempo was calculated by taking the median tempo for Trial
1. Asynchrony scores were calculated by taking the relative average deviation of taps from the
stimulus, averaged across Trial 2 and Trial 3. To estimate variability of tapping, we calculated
the coefficient of variation (standard deviation of produced intervals/target interval), then
averaged for Trials 2 and 3. A univariate ANOVA was used to estimate the effect of age group
on Spontaneous Motor Tempo, Tapping Baseline variability, and Tapping Baseline Asynchrony.
2.6 WASI
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Finally, the Vocabulary and Matrix Reasoning subtests of the WASI were administered.
In the Vocabulary subtest, children are given a word verbally and asked to provide a definition.
In the Matrix Reasoning subtest, children view an incomplete matrix or series of pictures and are
asked to select the option that completes the matrix. Taken together, these two subtests are used
to determine the Full Scale 2 composite score, which is age-normed and serves as an estimate of
the child’s IQ. We estimated age-normed IQ scores to ensure no significant differences among
our three age groups. Mean WASI Composite Scores and standard deviations are provided in
Table 4.1.
2.7 Relation Between Perception and Production
To our knowledge, this is the first time an iterative tapping procedure has been used to
estimate rhythm priors in children. For this reason, we were interested in validating the
measurement against more basic measures of tapping behavior in children. Tapping variability
has been used as a proxy for motor entrainment across the lifespan (McAuley et al., 2006;
Thompson et al., 2015), and it offers significant predictive power for other cognitive abilities
such as reading (Carr et al., 2014; Dellatolas et al., 2009; A. T. Tierney & Kraus, 2013),
sustained attention (A. Tierney & Kraus, 2013), and neural speech encoding (Carr et al., 2014).
Furthermore, because each child received different seed rhythms selected at random, and because
the space of possible seed rhythms was large, some children may have received more difficult
rhythms than others, making estimation of individual differences from IT potentially
problematic.

We therefore examined whether tapping variability in the IT task was related

to the more traditional tapping variability measure from the TB task by conducting correlations
among the IT and TB tasks after controlling for age.
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In addition, (assuming variability was correlated across IT and TB tasks) we were
interested in investigating whether individual’s tapping variability on the IT task was related to
their performance on the RP task. We hypothesized a relation between RP scores for 4/4 meter
with tapping variability on the IT task for rhythm categories mapping onto 4/4 meter – namely,
2:1:1 and 3:3:2. Similarly, we hypothesized a relation between RP scores for 7/8 meter with
tapping variability on the IT task for rhythm categories mapping onto 7/8 meter, which is 2:2:3.
To this end, we examined partial correlations controlling for age between production (IT tapping
variability) and perception (RP scores).
2.8 Exploratory Analyses
In addition to our main analyses, we conducted exploratory KDE analysis and group
comparisons based on two other grouping variables: music/dance experience and region/ethnic
background. The exploratory analyses did not include the Adult participants. To estimate the
effect of music and dance experience on underlying rhythm priors, KDE estimates were initially
performed on three groups of children: those with 0 years, 1-2 years, or 3 or more years of
musical experience. Group comparisons were conducted with post-hoc examinations of JSD and
by comparing category weights.
To estimate the effect of region/ethnicity, KDE estimates were initially performed on
three groups of children: self-reported Hispanic children from UNLV, age-matched NonHispanic children from UNLV, and age-matched Non-Hispanic children from McMaster. We
focused on this comparison because one of the largest differences among the two testing
locations was the ethnic background of our samples. According to recent census data, 31% of
people who live in Las Vegas are Hispanic, while less than 2% of people who live in Hamilton,
Ontario are Hispanic. This provides an interesting sample of convenience because individuals
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who self-identify as Hispanic might have more exposure to Latin, Afro-Cuban, and Afrodiasporic music traditions where the “tresillo” and clave rhythms prominently feature a 3:3:2
pattern. Because we also expected all participants in Las Vegas, NV (regardless of language
background) to have relatively greater exposure to Latin music than the McMaster group, we
also included region as part of the grouping criteria. Group comparisons were conducted with
post-hoc examinations of JSD and by comparing category weights.

3. Results & Discussion
3.1 Iterative Tapping (IT) Task
3.1.1 Aggregated Responses For all Participants. Figure 4.2 shows aggregated
responses from all child participants who completed the IT task, collapsed across age group (n =
139; average of 7-8 seeds per individual, 1299 total distinct seeds), shown as points on the
rhythm simplex for each iteration. The distribution of responses evolves over iterations and
appears to converge to a multi-modal distribution. Specifically, the modes are hypothesized to
correspond to integer ratio rhythms, which would indicate the presence of underlying rhythm
priors. We henceforth refer to these modes as “categories” because they demonstrate
characteristics of categorical perception, biasing the perception of nearby rhythms toward the
mode center (Feldman et al., 2009; Jacoby & McDermott, 2017). Note that all child age groups
did not differ from one another on the basis of estimated IQ (WASI scores) or socio-economic
status (estimated by parent education). See Table 4.1 for more information on demographics.
Copying accuracy was examined first to estimate whether or not, like adults, children’s
tapping stabilized over the course of the five iterations. We submitted the dependent measure of
copying accuracy to a 5 (Iterations) x 3 (Age Group) mixed design ANOVA, which yielded a
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significant Iteration x Age Group interaction, F(8,540) = 3.068, p = .002). Post hoc tests revealed
that for all age groups, there was a significant decrease in copying accuracy from iterations 1 to 2
and from iterations 2 to 3 (p < .05), and for ages 6-7 years and 10-11 years there was a
significant decrease in copying accuracy from iterations 3 to 4 (p < .05). For all age groups,
copying accuracy did not significantly differ between iterations 4 and 5 (p > .05), suggesting
convergence was achieved by all age groups (Figure 4.3).

Figure 4-2. Initial randomized stimulus (seed rhythm), followed by the iterated reproduction by
synchronous tapping across all iterations, collapsed across age group. Each point on the simplex
represents the averaged response taken from the participants’ synchronized tapping.

A 5 (Iterations) x 3 (Age Group) mixed design ANOVA on tapping variability yielded a
main effect of Age Group (F(2,135)=8.809, p < .001) and a main effect of Iteration
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(F(4,132)=7.413, p < .001) with no interaction. Post hoc tests revealed a significant decrease in
variability from iteration 4 to iteration 5 ( p < .05), with no other significant differences among
consecutive iterations. Independent t-tests revealed that 6- to 7- year-olds had significantly
higher tapping variability than 8- to 9- year olds (p < .05) and 10- to 11- year-olds (p < .05), but
no difference between 8- to 9- year-olds and 10- to 11- year-olds (p > .05). This is consistent
with prior work showing that children’s ability to synchronize their movement with rhythm
continues to improve with age (McAuley et al., 2006; Monier & Droit-Volet, 2019).

Figure 4-3. Results from IT task. (A) Copying accuracy (in milliseconds) by age group and
iteration. * = indicate a significant (p < .05) post-hoc pairwise comparison of copying accuracy
between successive iterations for each age group. (B) Tapping variability by age group and
iteration. * = significant (p < .05) post-hoc pairwise comparisons, either successive iterations
(collapsed across age) or between age groups (collapsed across iteration).

3.1.2 Kernel Density Estimation of Rhythm Priors. As expected, the initial distribution
of seeds was not significantly different from uniform (measured by the Jensen-Shannon
divergence) for all three child groups (6-7 years: JSD = xxx, p = xxx, 8-9 years: JSD = xxx, p =
xxx, 10-11 years: JSD = xxx, p = xxx). For all age groups, the distributions in the final iteration
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differed significantly from uniform (p <0.001 in all cases). Moreover, modes of increased density
in the distributions occur on simplex locations corresponding to integer ratios, as indicated by the
red overlaying diamonds in Figure 4.4A.
To quantify the similarity of the three child groups to each other and to the adult group,
we estimated Jenson-Shannon divergence (JSD) among groups and estimated the correlation
between category weights among groups (see Table 4.2). The child groups distributions did not
differ from one another (p > .05 in all cases) and all child groups’ category weightings were
correlated with one another (p<.001 in all cases). All three child group distributions significantly

Groups

JSD p-value
1
2
3
Age

Corr. of Weights: r (p-value)
1
2
3

1: 6-7yrs
2: 8-9yrs

0.065

3: 10-11yrs
4: Adults

0.25
<.001

.77
(<.001)
0.29
.65 (.001) .88 (<.001)
0.014 0.03
0.56 (.006) .78 (<.001)
Music & Dance

0.76 (<.001)

1: 0yrs
2: 1-2yrs

0.16

3: 3-8yrs

0.02

0.89
(<.001)
.76
0.34
(<.001)
Origin & Region

0.87 (<.001)

1: Hispanic (U)
0.51
(0.016)
3: Non-Hispanic (M) 0.029 0.32
.41 (.0594) 0.65 (0.001)
Table 4-2. Comparisons among groups on Jenson-Shannon Divergence (JSD) and correlations
among Category Weightings. Grouping variables: Age, Music & Dance Experience (max of
either), and Origin & Region (either Hispanic or Non-Hispanic, U: UNLV in Las Vegas, NV; M:
McMaster University in London, ON). JSD p-value indicates the significance of each group
comparison, where p<.05 indicates the distributions of the two group significantly differ. The
correlations among category weights indicates Pearson’s r and the associated p-value.
2: Non-Hispanic (U)

0.23
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differed from the Adult group distribution (p < .05 in all cases), although all child group category
weights were significantly correlated with the Adult group category weights (p < .01 in all
cases). As expected, children display similar rhythm priors to adults from a comparable, Western
background. However, the differences among the probability distributions between the child
groups and the adult group, as evidenced by JSD, suggests that the nature of these rhythm
categories may be changing across childhood. Qualitatively, it is apparent that the distributions
for the three child groups are less robust than in the Adult distribution for certain categories.
Namely, while the modes at 1:1:2 and its rotations are quite prominent in all groups, the modes
underlying other rhythm categories such as 3:3:2 appear much less robust for children than for
adults. This suggests that perhaps the strength of these rhythm priors increases gradually
throughout development. To get a more holistic understanding of group differences, we can
examine category weights among the groups.
3.1.3 Comparing Category Weights Across Age. The category weights for each of the eight
unique rhythm categories (collapsing across rotations) are displayed in Figure 4.4B. Note that
because each age group’s category weights add up to 1, they must be interpreted collectively
because they are not independent measurements. Two categories demonstrated significant group
differences. Firstly, the category weighting for 2:2:3 appears to decrease over age, with adults
and 8- to 9-year-olds demonstrating a significantly lower category weighting for 2:2:3 than 6- to
7-year-olds (Bonferroni-corrected). This rhythm category is not typical of Western music, and
thus the underlying rhythm prior for North American listeners would be hypothesized to weaken
over time with exposure to Western music. Conversely, the category weighting for 3:3:2 appears
to increase with age, with Adults demonstrating a significantly higher category weighting for
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Figure 4-4. Results from IT task. Note: The adult participants’ data was originally published by
Jacoby & McDermott (2017) in Experiment 1, used here with permission from the authors. (A)
Kernel density estimation (KDE) of the continuous distribution underlying the data from
iteration 5 by age group. Estimates are plotted on the rhythm simplex. Crosses plot simple
integer ratio rhythms. (B) Weightings assigned to each rhythm category (collapsed across reorganizations of the same integer patterns, e.g. 1:1:2, 1:2:1, and 2:1:1 are collapsed into
“Category 112” above). All statistical differences indicated are Bonferroni corrected for multiple
comparisons: * p < .05, ** p < .01, *** p < .001.
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3:3:2 than 6-7 years or 8-9 years (Bonferroni-corrected). This rhythm category is common in
Western music, and thus the underlying rhythm prior for North American listeners would be
hypothesized to increase over time. It is also worth noting that both rhythm categories are
complex, in the sense that they do not have a common denominator. It is likely these category
differences contribute to the significant JSD differences between the child groups and the Adult
group, and it suggests enculturation may shape the strength of underlying rhythm priors with age,
especially for the more complex integer ratios.
3.2 Rhythm Perception (RP) Task
Perception scores were submitted to a 2 (Rhythm Type: 4/4 vs. 7/8) x 3 (Age Group)
mixed design ANOVA, which yielded a significant main effect of Rhythm Type (F(1,91)=7.874,
p = .006) with no effects of age group or interactions. As can be seen in Figure 4.5, perception
scores were significantly higher for 4/4 meter than 7/8 meter (t = 3.03, p = .003), suggesting

Figure 4-5. Results from the RP task. Perception score (see methods) by age group. A positive
perception score indicates greater similarity ratings were given to structure-preserving stimuli
than to structure-disrupting stimuli. Black bars indicate 4/4 meter (culturally familiar) and gray
bars indicate 7/8 meter (culturally-unfamiliar).
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participants at all ages were better at differentiating structure-disrupting from structurepreserving variations in the context of a familiar 4/4 meter with 2:1:1 rhythmic pattern than in
the context of an unfamiliar 7/8 meter with 3:2:2 rhythmic patterns. Our results are comparable
to the findings reported in Hannon et al. (2012) for similar age groups.
3.3 Tapping Baseline (TB) Task
Univariate ANOVAs on Spontaneous Motor Tempo, Tapping Variability, and Tapping
Asynchrony in the Tapping Baseline (TB) task revealed no significant main effects of age group.
Averages for the TB metrics are displayed in Table 4.3.

Age 1
Age 2
Age 3
TB SMT
507.24 (183.80)
526.04 (197.63)
616.93 (278.89)
TB Asy
-18.57 (61.37)
-15.61 (58.99)
-35.07 (45.71)
TB CV
1.10 (0.44)
1.02 (0.45)
0.85 (0.42)
Table 4-3. Means and standard deviations by age group for the Tapping Baseline (TB) task. SMT
= Spontaneous Motor Tempo. Asy= Asynchrony. CV = Coefficient of Variation.

3.3 Relation Between Rhythm Perception & Rhythm Production
Partial correlations (controlling for age) are displayed in Table 4.4. Results indicate a
significant positive correlation between TB tapping coefficient of variation (CV) and overall IT
tapping variability, suggesting baseline tapping to an isochronous metronome is relatively similar
to the measure of tapping variability extracted from the iterative tapping task, where children tap
to non-isochronous rhythms. IT 2:2:3 tapping variability is significantly correlated with both RP
scores, producing a negative correlation with RP scores in 4-4 meter and a positive correlation
with RP scores in 7-8 meter. Thus, greater accuracy perceptually discriminating songs with a
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2:2:3 pattern in the RP task was associated with reduced variability when reproducing 2:2:3
rhythms in the IT task. Conversely, greater perceptually accuracy for the 2:1:1 pattern in the RP
task was associated with increased variability for the 2:2:3 patterns in the IT task. Accuracy in
the 4/4 RP condition was also negatively correlated with accuracy in the 7/8 RP condition.
Together, these findings may suggest that with exposure to Western music, acquisition of a bias
toward 2:1:1 rhythmic patterns is accompanied by a decrease in the bias towards less common
2:2:3 patterns.
3.4 Exploratory KDE Results Based on Musicianship and Regional Differences
To examine the potential effect of children’s music or dance experience on rhythm priors,
we examined the role of musicianship by creating 3 groups: 0 years, 1-2 years, and 3+ years of
formal music or dance training (maximum of either). Note the three groups did not differ on the
basis of age or SES (p > .05). We employed the same analyses used to compare age groups, but

Table 4.4. Means, standard deviations, and partial correlations among variables for the Tapping
Baseline (TB), Iterative Tapping (IT) and Rhythm Perception (RP) tasks. All partial correlations
control for age. *: p < .05, **: p < .01, ***: p < .001.
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this time with the musicianship groups, using JSD and category weights to estimate the similarity
of the underlying KDE distributions and to correlate category weighting among groups. While
the 0years and 1-2years group distributions did not differ from one another (p > .05), the 0years
and 3-8years group distributions did significantly differ from one another (p < .05). Category
weights were strongly correlated among all three groups (p < .001 in all cases). Comparing
groups on category weights revealed a significant difference for 1:2:3, such that 0years showed a
significantly higher category weight for 1:2:3 compared to the 3-8years group (p < .05,
Bonferroni corrected). All other category weight comparisons were not significant. Given the
high degree of correlation among category weights, music and dance experience does not seem
to have a large effect on what category weights are represented in the distribution, at least within
a Western sample. However, differences in the overall distributions between non-musicians (0
years in both music and dance training) and musicians (3-8 years experience in either music or
dance) suggest perhaps music experience changes the distribution of rhythm priors in other ways.
Indeed, qualitative inspection of the distributions reveals a seemingly larger dispersal of
distribution among categories for musicians (3-8 years) than both non-musicians (0 years) and
novices (1-2 years) (see Supplemental Figure 4.7).
One future aim of this work is to examine cross-cultural differences in rhythm priors among
children, especially in light of evidence for significant cross-cultural variation in rhythm priors
related to region, origin, ethnicity, and experience (university education, musicianship) recently
reported in Jacoby and colleagues (under review). At the same time, the current sample does
offer the potential to explore this question informally within our sample due to the difference in
population demographics among the testing locations. Specifically, we examined differences on
the basis of two variables: Hispanic origin and region (UNLV – Las Vegas, NV, USA;
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McMaster – Hamilton, ON, Canada). Thus, we created three groups: Hispanic origin (UNLV),
age-matched Non-Hispanic origin (UNLV), and age-matched Non-Hispanic origin (McMaster).
Note the three groups did not differ on the basis of age or SES (p > .05).
To quantify the similarity of the three groups to each other, we compared the groups’ JSD
measurements from each group’s distribution to one another and the correlation of the integer
ratio weights for each pair of groups. While the distributions did not differ between Hispanic
(UNLV) children and Non-Hispanic (UNLV) children (p > .05), a significant difference in JSD
was observed between Hispanic (UNLV) children and Non-Hispanic (McMaster) children (p <
.05). Furthermore, while the category weights were significantly correlated between Hispanic
(UNLV) and Non-Hispanic (UNLV) and between Non-Hispanic (UNLV) and Non-Hispanic
(McMaster), the correlation of category weights between Hispanic (UNLV) and Non-Hispanic
(McMaster) children was not statistically significant (see Table 4.2). Category weightings for
1:2:3 and 3:3:2 were larger in the Hispanic (UNLV) group than the Non-Hispanic (McMaster)
group, and showed no difference compared to the Non-Hispanic (UNLV) group (see
Supplemental Figure 4.8). This suggests an overall effect of region combined with origin, such
that the rhythm priors revealed by Hispanic children in Las Vegas are statistically different from
the rhythm priors revealed by Non-Hispanic children from another region. These results suggest
it is possible to reveal cultural differences in rhythm priors using this iterative paradigm in early
childhood. Moreover, because these differences are evidently due to regional differences, this
result corroborates prior work suggesting differences in rhythm priors are likely the result of
differences in passive listening experience (Jacoby et al., 2021; Jacoby & McDermott, 2017). Of
course, because this was determined from a sample of convenience, it is important that this effect
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is replicated, and future work explicitly recruiting children from diverse regions and experiences
is necessary.

4. General Discussion
This study provides the first measurement of rhythm priors in children over a broad rhythm
space with no a priori hypotheses about the resulting distribution. All child age groups reached
convergence by the final iteration, suggesting that, like adults, children’s tapping behavior
stabilizes on rhythm priors within five iterations, which supports the idea that the paradigm can
be used with younger samples. We found that in all children (6-11 years), the distribution of
tapping responses suggested the presence of rhythm priors common to Western music, similar to
adults with Western listening experience. Indeed, category weights were strongly correlated
among all groups. However, divergence in the distributions revealed significant differences
among child and adult groups.
There are a few reasons why differences in the distributions between children and adults may
have occurred. Firstly, children’s tapping production skills are known to be less precise than
those of adults, with children often tapping with much more variability and asynchrony than
adults (McAuley et al., 2006; Monier & Droit-Volet, 2019). Our results also show significantly
greater tapping variability in children compared to adults on the iterative task. Secondly,
examining the Kernel Density Estimation (KDE) distributions from a qualitative lens reveals
some apparent differences among the adult group and the child groups, with adults
demonstrating sharper peaks (visualized as warmer colors on the plots, see Figure 4.4) for some
rhythm categories, such as 3:3:2, compared to children. It is thus possible that children’s rhythm
priors are not as stable or strong as those of adults. This is not surprising given that many other
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temporal abilities continue to develop through childhood and adolescence, including musical
beat and meter (Nave et al., submitted; Nave-Blodgett et al., 2021b) and harmonic structure
(Weiss et al., 2020). Taken together, our results suggest children’s tapping behavior converges
on culturally-familiar rhythm priors with simple integer ratios as early as 6 years of age, but the
robustness of these priors may not reach adult-like levels until sometime after 10-11 years of age.
Future work should test rhythm priors in other age ranges, including both younger children and
adolescents, to obtain a full picture of the developmental trajectory of rhythm priors.
4.1 Parallels between Production and Perception
How does this unbound iterated paradigm compare to more common yet more limited
measures of rhythm biases in children? To date, evidence for rhythm categories or priors in
children has been obtained from relatively indirect perceptual tasks such as metronome matching
or rhythm discrimination with a limited set of rhythm types. Data from such tasks have suggested
both infants and children perform better on culturally-familiar, simple rhythms (e.g., 1:1:2 or 4/4
meter) compared to culturally-unfamiliar, complex rhythms (e.g., 2:2:3 or 7/8 meter) (Einarson
& Trainor, 2016; Hannon & Trehub, 2005a, 2005b; Hannon et al., 2012). One aim of the present
work was to validate the metrics obtained from the iterated paradigm against a perceptual
paradigm previously used to estimate children’s perceptual sensitivity to discrete rhythm
categories. First, we found that tapping variability in the iterated task was highly correlated with
variability in a more commonly used measure of children’s production– synchronization with an
isochronous metronome in the baseline tapping task. This suggests that the iterative tapping
method, while optimized for group comparisons, can nevertheless be used to obtain a meaningful
metric of individual production variability.
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Second, we observed parallel patterns of performance across both perception and
production tasks suggesting that children’s rhythm categories already resemble adults’ categories
in important ways. Our perceptual task revealed a robust tendency at all ages for better
performance discriminating songs with predominantly 2:1:1 and 1:1:2 ratios than a condition
with songs having 2:2:3 and 3:2:2 ratios. This is consistent with prior work using this perceptual
paradigm with both children (Hannon et al., 2012) and adults (Hannon & Trehub, 2005a;
Hannon et al., 2011). Likewise, we observed correlated category weights for adults and all three
child groups, and all groups showed higher weightings for rhythm categories more common to
Western music (like 2:1:1 and its rotations) than for categories less common (such as 2:2:3 and
its rotations). Thus, both the perception and production tasks revealed a robust advantage for
2:1:1 rhythms over 2:2:3 rhythms.
Our findings also provide evidence for developmental change. Even though children’s
category weights were correlated with adults, age-related changes were observed particularly for
categories 2:2:3 and 3:3:2. The category weighting for 3:3:2 and its rotations appeared to
increase with age, while the weighting for 2:2:3 and its rotations appeared to decrease with age.
We also found that lower tapping variability on 2:2:3 rhythms was associated with a) higher
rhythm perception scores in the 7/8 (2:2:3) condition and b) lower rhythm perception scores in
the 4/4 (2:1:1) condition. These parallel findings between both a perception and production task
may support the interpretation that the age-related changes in category weights reflect real
developmental changes. Individuals who are more variable (i.e. less stable) when reproducing
the unfamiliar 2:2:3 rhythm are also worse at perceiving that rhythm, while they are better at
perceiving the 2:1:1 rhythm. This suggests that enculturation to familiar (Western) rhythms
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entails both stronger biases towards familiar categories and weaker biases toward unfamiliar
categories.
It is worth noting that this interpretation is limited because 1) the perceptual task
provided no evidence that the bias towards the familiar 2:1:1 category increases with age, and 2)
there were no correlations between perceptual performance and tapping variability for 2:1:1 or
3:3:2 categories. It is possible that because 1:1:2 is a universally robust category (see Jacoby et
al., submitted), it emerges earlier in development than other categories. If this is the case,
individual differences in 1:1:2 tapping variability in children might not provide meaningful
variability that can be related to rhythm perception performance. Of course, this does not explain
why 3:3:2, a category that showed age-related change in the iterated task, does not predict
perceptual performance. Given that the perceptual task did not directly measure discrimination of
rhythms with the 3:3:2 structure, it is difficult to interpret this null finding. Future work should
examine additional discrete rhythm categories perceptually, such as 3:3:2.
4.2 Effect of Experience on Children’s Rhythm Priors
Prior work suggests that the iterative tapping paradigm is well-suited for revealing
experience-dependent rhythm priors in adults. We explored the possibility that different listening
experiences in our sample might result in diverse distributions. Our analysis based on musical
experience revealed strongly correlated category weights among groups, although there was also
significant divergence between distributions for non-musicians (0 years music or dance) and
musicians (3-8 years music or dance). While this corroborates adult work demonstrating that
musicians and non-musicians have similar rhythm priors with slightly different underlying
distributions (Jacoby & McDermott, 2017), it is remarkable that a difference was observed
among child musicians and non-musicians given the relatively low amount of music experience
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present in our sample. Our analysis based on region and origin revealed strongly correlated
category weights among groups that shared a region (Hispanic-UNLV and Non-HispanicUNLV) and among groups from different regions but with similar origin (Non-Hispanic-UNLV
and Non-Hispanic-McMaster), but category weights were not correlated when groups differed on
both region and origin (Hispanic-UNLV and Non-Hispanic-McMaster). It is possible that this
difference in rhythm prior distributions reflects differences in listening experience, presumably
with children of self-reported Hispanic origin perhaps having greater exposure to more Latin
music traditions where rhythms prominently feature a 3:3:2 pattern. Of course, a more robust
analysis of listening experience would utilize either self-reported type of music exposure as a
grouping variable or more purposeful sampling procedures resulting in multiple diverse listening
groups with diverse listening experiences. The present result provides a promising avenue for
future work, which should aim to understand the developmental trajectory of differing listening
experiences, incorporating multiple factors influencing experience such as music training and
culture in children.
It is worth noting our sample was relatively high in socioeconomic status (SES), as
estimated based on parent-

reported highest level of education. Across groups, our

participants’ parents had an average of 4 years of college. Prior work suggests that collegeeducated listeners tend to underrepresent cross-cultural diversity, with less variability among
student groups compared to non-student groups, irrespective of cultural background (Jacoby et
al., 2021). This suggests that in order to fully understand the scope of listener experience on
rhythm priors, one must not only sample widely across different listening experiences on the
basis of culture and origin, but also on studentship and educational background. Because our
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sample is relatively highly educated, it is possible that the distributions underlying rhythm priors
in children from less-educated backgrounds would differ.
4.4 Relation of Rhythm Categories to Musical Meter
Categorical rhythm priors can be assimilated to Western musical notation. However,
whether categorical perception is sufficient for musical meter perception remains understudied.
Musical meter can be defined as multiple levels of co-occurring periodic structure (Hannon et al.,
2018), which results in an alternating pattern of strong and weak beats (Lerdahl & Jackendoff,
1983). Some research has claimed that infants use meter to discriminate between rhythms
(Hannon & Johnson, 2005; Phillips-Silver & Trainor, 2005; Winkler et al., 2009) while other
research suggests that perception of musical meter is not fully developed until later in childhood
and continues to develop throughout adolescence (Nave-Blodgett et al., 2021b). It is possible that
categorical rhythm perception and meter perception, while related, rely on distinct processes with
different developmental trajectories. Even though infants can discriminate rhythmic sequences
that differ in musical meter, they may nevertheless rely more on rhythmic patterning or the ratios
between intervals to succeed at the task. For example, a listener performing discrimination of
rhythms with a 4/4 meter structure (1:1:2) can do so by paying attention to multiple levels of the
beat (meter), or by continually comparing the stimulus to an internal prediction (based on a
rhythm prior) that the underlying rhythm assimilates to a familiar rhythm category: 1:1:2.
Importantly, this only requires the participant to pay attention to one level in the stimulus, that is
the pattern of onsets, rather than two levels as is implied by definitions of musical meter. It is
possible that exposure to music gives rise to early emerging biases and preferences for culturally
familiar rhythmic patterns (i.e., during infancy), but that young listeners cannot track multiple
metrical levels of rhythmic structure until later in adolescence or adulthood (Ladinig et al., 2009;
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Nave-Blodgett et al., 2021b). Future work should disentangle categorical rhythm perception from
meter perception by designing stimuli that can only be discriminated using either categorical
mechanisms or hierarchical meter.
4.5 Conclusions
Many previous studies of the development of rhythm categories have relied on indirect
measures with discrete sampling of a small subset of common rhythm structures. This study
serves as one of few direct measures of children’s categorical rhythm perception and
demonstrates the existence of rhythm priors in children, which are consistent with their cultural
listening experience. Our findings suggest that rhythm priors are likely acquired from passive
experience prior to middle childhood. This study validates the use of the iterated tapping
paradigm with younger populations and provides avenues for future research to further
investigate the role of experience on rhythm priors during development, both as the result of type
of experience (culture) as well as differences in the amount of experience (development).
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Supplementary Figures

Figure 4-6. Examples of the stimuli used in the perception task (Animal Game). Stimuli included
four types (unaltered, structure-preserving, structure-disrupting, and severely disrupted), which
are depicted here for both the isochronous meter (4/4 meter, culturally familiar) and nonisochronous meter (7/8 meter, culturally unfamiliar). Added notes are depicted in gray. Figure
reproduced with permission from original authors, Hannon et al. (2012).
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Figure 4-7. Results from IT task based on music and dance training. Top of figure shows Kernel
density estimation (KDE) of the continuous distribution underlying the data from iteration 5 by
music experience groups (0 years, 1-2 years, or 3-8 years). Estimates are plotted on the rhythm
simplex. Crosses plot simple integer ratio rhythms. (B) Weightings assigned to each rhythm
category (collapsed across re-organizations of the same integer patterns). All statistical
differences indicated are Bonferroni corrected for multiple comparisons: * p < .05, ** p < .01,
*** p < .001.
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Figure 4.8. Results from IT task based on ethnicity and region. Top of figure shows Kernel
density estimation (KDE) of the continuous distribution underlying the data from iteration 5 by
ethnicity/region group (Hispanic (UNLV), Non-Hispanic (UNLV)< Non-Hispanic (McMaster).
Note: UNLV is located in Las Vegas, Nevada, United States and McMaster is located in
Hamilton, Ontario, Canada. Estimates are plotted on the rhythm simplex. Crosses plot simple
integer ratio rhythms. (B) Weightings assigned to each rhythm category (collapsed across reorganizations of the same integer patterns). All statistical differences indicated are Bonferroni
corrected for multiple comparisons: * p < .05, ** p < .01, *** p < .001.
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Chapter 5 : Conclusion
In my dissertation, I investigated three main questions. First, what is the metaanalytic estimation of steady state-evoked potentials to imagined musical beat? Second, when
does sustained beat perception develop and is it related to language? Third, can children’s
rhythm biases be measured with iterated tapping, and if so does their tapping behavior reflect
enculturation and relate to more common behavioral measures of rhythm perception?
In Chapter 2, I conducted a multi-lab registered replication and extension of a seminal
finding in auditory neuroscience regarding steady state-evoked potentials (SSEPs) measured
during musical imagery. This study is provisionally-accepted, but data collection was
unfortunately extended due to the COVID-19 pandemic and is expected to end in February 2022,
after the culmination of this dissertation. Once data collection finishes, I will conduct the preregistered meta-analytic estimations of the raw effect sizes for each imagery condition as well as
assess the effect of moderating variables, namely music and dance training. This paper serves as
one of the first (if not the first) pre-registered provisionally-accepted EEG studies in psychology.
In fact, I and my collaborators were contacted by the EEGManyLabs project leaders, who aim to
lead a multi-lab pre-registered project that assesses the reproducibility of EEG research as a
whole. They reached out because our pre-registered replication of a seminal EEG study was one
of very few pre-registered, open-science replications using EEG that they could find. We were
able to provide guidance for their pre-registered EEG data analysis techniques; thus, while our
current study is still underway, it has already had an impact on the field of psychology.
In Chapter 3, I examined at what point in development do children become capable of
sustained beat perception, how this ability continues to develop through adolescence and
adulthood, and how this ability is predictive of phonology in children. Results indicate that older
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(but not younger) children are capable of sustained beat perception, and their sustain beat
performance is predictive of their phonological language ability. Our results could be viewed as
contrasting with some previous work suggesting that infants and young children are sensitive to
musical beat (see for review, Honing, 2013). Alternatively, I suggest that human listener’s
capacity for musical beat perception is complex, and while infant research suggests that young
listeners are sensitive to musical beat when it is the result of prominent events occurring directly
on the beat, the capacity to sustain beat and perceive beat when it is not physically supported by
the stimulus may develop in later childhood. Indeed, adult listeners are capable of hearing a beat
even when there is not always temporal support for the beat, such as in syncopation (Fitch &
Rosenfeld, 2007) or repetitive listening to a metronome (Brochard, Abecasis, Potter, Ragot, &
Drake, 2003). Our findings are corroborated by recent work suggesting the ability to perceive
meter (pattern of strong a weak beats) does not reach adult-like levels until adolescence (NaveBlodgett et al., 2020). By adopting a multi-level understanding of musical rhythm processing,
including structures like beat and meter, we can better delineate the trajectory of musical rhythm
skills as they are acquired throughout development.
In Chapter 4, I examined whether children assimilate tapping behavior to familiar
integer-ratio rhythm categories, similar to adults. Results indicate that children’s rhythmic
categories are consistent with rhythmic patterns found in Westernized music. Furthermore, data
suggest a developmental effect of enculturation is being captured by our paradigm, such that
older children’s rhythmic category weightings are stronger than younger children for some
culturally-familiar rhythms, whereas younger children’s rhythmic category weightings are
stronger than older children for some culturally-unfamiliar rhythms. Previously, evidence for
rhythm categories or priors in children has been obtained from relatively indirect perceptual
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tasks such as metronome matching or rhythm discrimination with a limited set of rhythm types.
This study provides the first measurement of rhythm priors in children over a broad rhythm
space with no a priori hypotheses about the resulting distribution. Taken together, my results
validate the use of the iterated tapping paradigm with younger populations, suggest rhythm priors
are formed by age 6 and reflect the listener’s passive experience with music, and provide paths
for future research to investigate the role of cultural experience on rhythm priors in children.
While this dissertation provides significant contributions to what we know about human
rhythm perception, many unanswered questions remain. In neuroscience, a persistent challenge
in the field involves disentangling neural activity related to processing of a stimulus from activity
that reflects conscious experience and other cortical-driven perceptual mechanisms. In EEG
studies of human rhythm perception, this problem is highlighted by one account suggesting that
larger neural responses at beat-related frequencies in humans reflects endogenous, top-down
musical beat perception (Nozaradan et al., 2016), while another account suggests that the same
rhythmic sequencies invoke larger on-beat versus off-beat responses in anesthetized rodents
(Rajendran et al., 2017). This conflict highlights the need for further exploration of the relation
of steady state-evoked potentials (SSEPs) to human listener’s conscious-reported perception of
the beat. A recent study in our lab demonstrated significant beat-related SSEPs for trials in which
the listener accurately accepted or rejected a drum pattern as matching a musical stimulus, yet
efforts to relate trial-by-trial variations in SSEP amplitude to listener-reported perception were
inconclusive (Nave et al., 2021). Thus, the dynamics between a) periodic brain activity, as
represented by SSEPs, b) stimulus features, and c) listener-reported perception of rhythm remain
to be understood. The culmination of the registered report detailed in Chapter 2 will help to
elucidate this problem by extending the seminal study by Nozaradan and colleagues (2011) to

159

include listener-reported perception during neural recording and by taking into account the
listener’s past experience with music by examining formal music and dance training as
moderating variables. Future work will still surely be needed to understand the extent to which
SSEPs reflect stimulus features and top-down cortical mechanisms.
In development, future work is necessary to elucidate the exact developmental trajectory of
rhythm perception and production. One future application of such work involves the use of
music as a diagnostic tool for individuals with language deficits. Here I have evidenced a relation
between sustained beat perception and phonology in our sample. This corroborates some
findings suggesting a positive relation between rhythm skills and language skills, including
studies where children with a language disorder, such as dyslexia or specific language
impairment, perform worse on rhythm tasks compared to typically-developing controls
(Corriveau & Goswami, 2009; Cumming, Wilson, Leong, Colling, & Goswami, 2015).
However, the evidence is not all synonymous. Some studies have found a null relation between
rhythm tasks and language abilities (e.g., Ozernov-Palchik et al., 2018). It is also suggested that
different rhythm tasks may measure slightly different rhythm capacities, since not all rhythm
tasks are always correlated with one another. Before music can be used as a diagnostic or
therapeutic tool, we must have a thorough understanding of the typical trajectory for musical
rhythm and timing skills.
The developmental trajectory of rhythm capacities may have implications for other domains
in cognition, as well as theories regarding the evolution of musicality. Music is a seeminglyuniversal capacity, with musical behaviors present in nearly every known culture (Mehr et al.,
2019; Savage, Brown, Sakai, & Currie, 2015). Recent accounts of the evolution of musicality
have treated musical capacities as static, such that they are either “achieved” or “not achieved”,
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and suggests that such capacities are “accessible to large number of individuals regardless of
age” (Mehr, Krasnow, Bryant, & Hagen, 2021; Savage et al., 2021). However, this account
largely ignores the dynamic, changing capacity for musical rhythm that is evidenced across
development in many recent studies, including those presented as a part of this dissertation. Both
Chapter 2 and Chapter 3 of this dissertation suggest that there are important developmental
changes occurring throughout childhood in perception and production of rhythm. These abilities
are not statically achieved, but rather continue to be shaped and changed by experience in a
dynamic way. Thus, a more nuanced account of when and how music abilities develop is needed
to understand crucial components to musicality, such as why some cultural variants are favored
over others. Furthermore, we know from work in anthropology that middle childhood is critical
for development, showcasing an increased ability to learn and transmit knowledge in cognitive,
behavioral, and social domains (Del Giudice 2009; Lancy and Grove 2011). Middle childhood is
also characterized by increased motor control, complex reasoning skills, and prosociality
(Weisner 1996, Crittenden and Zes 2015; Fehr et al. 2013). Rather than largely ignoring changes
in musical capacities during this period, future work should further explore how dynamic
changes in musical capacity, such as the ability to perceive meter or to internally sustain musical
beat, should be explored in tandem with other developing cognitive capacities such as prosocial
behaviors. Indeed, limited yet insightful work has evidence that toddlers who move rhythmically
with a partner are more likely to demonstrate helping behaviors with that partner later (Cirelli,
Einarson, & Trainor, 2014; Cirelli, Wan, & Trainor, 2014). Little research has examined the role
of rhythm perception and coordinated movement on social capacities in middle childhood,
making this an enticing area for future work.
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Taken together, my dissertation papers offer unique contributions to science. Large-scale,
multi-lab replications are growing in importance in all fields of science, and my first paper offers
a distinctive contribution to auditory neuroscience as one of the first multi-lab EEG replication
studies in the field. My second paper demonstrates some of the first evidence of a longer
developmental trajectory for beat perception, which may recharacterize how the field of
developmental science regards children’s rhythm ability, as well as its relation to language.
Finally, my third paper serves as the first investigation of children’s rhythm priors across a large
rhythm production space, demonstrates that children’s rhythm biases reflect their listening
background, and this study will likely pave the way for similar studies with different cultures.
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