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Abstract  

Humans have a near-automatic tendency to entrain their motor actions to rhythms in the 

environment. Entrainment is hypothesized to play an important role in processing naturalistic 

stimuli, such as speech and music, which have intrinsically rhythmic properties. Here we studied 

two facets of entraining one’s rhythmic motor actions to an external stimulus: (1) synchronized 

finger tapping to auditory rhythmic stimuli, and (2) memory-paced reproduction of a previously 

heard rhythm. Using modifications of the Synchronization-Continuation tapping paradigm, we 

studied how these two rhythmic behaviours were affected by different stimulus and task 

features. We tested synchronization and memory-paced tapping for a broad range of rates, 

from sub-second to supra-second, both for isochronous tone-sequences and for rhythmic 

speech stimuli (counting from one to ten), which are more ecological yet less strictly 

isochronous. We also asked what role motor engagement plays in forming a stable internal 

representation for rhythms and guiding memory-paced tapping.  

Results show that individuals can flexibly synchronize their motor actions to a very broad 

range of rhythms. However, this flexibility does not extend to memory-paced tapping, which is 

accurate only in a narrower range of rates, around ~1.5Hz. This pattern suggests that intrinsic 

rhythmic-defaults in the auditory/motor systems influence the internal representation of 

rhythms, in the absence of an external pace-maker. Interestingly, memory-paced tapping for 

speech rhythms and simple tones shared similar ‘optimal rates’, although with reduced accuracy, 

suggesting that internal constraints on rhythmic entrainment may generalize to more ecological 

stimuli. Last, active synchronization led to more accurate memory-paced tapping vs. passive 

listening, which emphasizes the importance of action-perception interactions in forming stable 

entrainment to external rhythms.  
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1. Introduction 

Many natural stimuli, such as music, speech and biological motion, have intrinsically rhythmic 

properties. It has long been hypothesized that effective processing of rhythmic stimuli involves 

synchronizing one’s own internal rhythms and sometimes generating motor rhythms to match 

those present in the environment ('the entrainment hypothesis'; Lakatos et al. 2008; Haegens 

and Zion Golumbic 2018; Rimmele et al. 2018; Jones 2019).  A prevalent paradigm often used to 

study the interaction between sensory perception and motor production of rhythms is the 

Synchronization-Continuation tapping paradigm (Stevens 1886). The paradigm consists of two 

phases: a Synchronization phase, where participants are required to tap in synchrony with a 

sequence of rhythmic tones, followed by a Continuation phase where participants are asked to 

continue tapping at the same pace after the rhythmic stimulation has ceased (Dunlap 1910; 

Bartlett and Bartlett 1959; Wing and Kristofferson 1973; Flach 2005). This elegant paradigm has 

allowed researchers to study the behavioural and neural components of the action-perception 

loop that support human rhythmic behaviour (Serrien 2008; Repp and Steinman 2010; Merchant 

et al. 2011; Donnet et al. 2014; Bravi et al. 2017).  

The two phases of the paradigm – synchronization and continuation – tap into different 

aspects of rhythmic behaviour. Synchronization relies critically on precise coordination and 

entrainment between the auditory and motor systems (Kornysheva and Schubotz 2011; 

Schwartze et al. 2011, 2016; Repp and Moseley 2012; Repp and Su 2013; Tierney and Kraus 2013), 

and inaccurate synchronization is associated with deficits in both low-level auditory encoding and 

in perception-action coupling (Phillips-Silver et al. 2011; Sowiński and Dalla Bella 2013; Tierney 

and Kraus 2013; Palmer et al. 2014; Nozaradan et al. 2016; Schwartze et al. 2016). Conversely, 
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continuation-tapping is performed in the absence of any sensory input and therefore relies on an 

internal representation of the rhythm, established during the synchronization phase (Ivry and 

Richardson 2002). Accordingly, continuation-tapping, which is also referred to as ‘memory-

paced’ tapping, relies on neural mechanisms that are strongly linked to temporal working 

memory and the internal representation of time, such as the basal ganglia and SMA (Nenadic et 

al. 2003; Lewis et al. 2004; Lustig et al. 2005; McNab and Klingberg 2008; Wiener et al. 2010; 

Toyomura et al. 2012; Teki et al. 2017; Koshimori et al. 2019; Marvel et al. 2019; Schmidt et al. 

2019). In other words, continuation tapping is driven by auditory imagery of a previously-

experienced rhythm, rather than by the rhythmic stimulus. The distinction between stimulus-

driven (synchronization) and memory-paced (continuation) tapping has been shown to be critical 

for understanding the nature of rhythmic deficits in several clinical conditions, such as 

Parkinson’s and ADHD as well as some learning disabilities (Thaut et al. 2001; Tierney and Kraus 

2014; Woodruff Carr et al. 2014; Hove et al. 2017; Harrison et al. 2018; Jaeger et al. 2018; Kliger 

Amrani and Zion Golumbic 2020a).  

In the current study we delve into the nature of the internal representations that drive 

rhythmic synchronization-continuation performance and ask three specific questions: (1) Is the 

internal memory representation that guides continuation-tapping perceptual in nature, or does 

its accurate formation depend on prior motor-engagement during synchronization? (2) Are 

accurate synchronization and memory-paced tapping affected by intrinsic rhythmic-defaults?  (3) 

To what degree does rhythmic synchronization-continuation behaviour generalize beyond 

simple, precise rhythms to more ecological rhythmic stimuli, such as speech? 
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1.1 Internal representation of rhythms  

Studying the nature of the internal representations formed for perceptual rhythms has 

important implications for understanding the mechanisms underlying internal time-keeping and 

temporal prediction (Rohenkohl et al. 2012; Zion Golumbic et al. 2012; Cravo et al. 2013; Morillon 

and Baillet 2017; Haegens and Zion Golumbic 2018; Zalta et al. 2020). Two alternative hypotheses 

can be considered: The first is that the internal representations of previously-perceived rhythms 

that guide memory-paced tapping are sensory in nature, and are derived from encoding the 

temporal regularities of the auditory input. From a neural perspective, this hypothesis is in line 

with the notion of auditory neural entrainment, which suggests that neural oscillations in 

auditory cortex entrain to rhythms in the environment, and adjust their momentary frequency 

and phase so that high excitability phases coincide with predictable auditory events (Lakatos et 

al. 2005, 2013; Schroeder and Lakatos 2009; Zion Golumbic et al. 2012; Henry and Herrmann 

2014; Breska and Deouell 2017; Haegens and Zion Golumbic 2018; Rimmele et al. 2018). 

However, another possibility is that a purely sensory-derived memory representation of rhythm 

is not sufficient for its accurate reproduction, and that engagement of the motor system is critical 

for generating a stable internal representation for rhythms. In other words, that accurate 

memory-paced tapping during the continuation phase is a product of cooperation between the 

auditory and motor systems during the synchronization phase. This perspective is motivated by 

the strong mutual influence observed between auditory perception and motor action, that 

manifests, for example, in  perceptual enhancements brought about by movement (Thaut et al. 

2001; Schroeder et al. 2010; Chemin et al. 2014; Morillon et al. 2014; Park et al. 2015; Rimmele 

et al. 2018; Gale et al. 2021; Reznik et al. 2021), as well as in the near automatic tendency to 

synchronize one’s body-movements to rhythmic sounds (Large 2008; Roerdink et al. 2011; Repp 
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and Su 2013; Tranchant et al. 2016; Assaneo et al. 2019; Damm et al. 2020). Auditory-motor 

interactions are also hypothesized to involve neural oscillations as the backbone supporting 

communication and coupling between auditory and motor cortices and coordinating rhythmic 

behaviour (Arnal et al. 2015; Breska and Deouell 2017; Morillon and Baillet 2017; Morillon et al. 

2019; Abbasi and Gross 2020).  

Given these two alternatives, the first goal of this study was to weigh the relative 

importance of motor engagement for accurate memory-paced tapping. Specifically, if memory-

paced tapping is just as good after listening passively to rhythms as it is after actively 

synchronizing to them, this would suggest that the internal representation for rhythms is 

primarily sensory-driven. However, if motor-synchronization improves subsequent memory-

paced tapping, this would point to an important role of active motor engagement in establishing 

an internal representation for rhythms.  

Another aspect to consider with regard to synchronization and memory-paced tapping is 

the effect of rate. Previous studies have found that there is a relatively narrow range of rates for 

which memory-paced tapping is optimal, roughly around ~0.6 sec SOA (1.6 Hz). This range 

corresponds to the rates of spontaneous motor rhythms and perceptual auditory preferences 

(McAuley et al. 2006; McAuley 2010; Roerdink et al. 2011; Large and Gray 2015a; Scheurich et al. 

2018; Zamm et al. 2018; Kliger Amrani and Zion Golumbic 2020b, 2020a), leading to the 

suggestion that they reflect physiological rhythmic-defaults of the auditory and/or motor 

systems. Given these presumed built-in default rhythmic preferences, here we further tested 

whether the potential effect of motor engagement manifests similarly across a broad range of 

rates (from sub-second to supra-second) or whether it interacts with presumed default rhythmic 

preferences.  
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1.2 Representation of speech rhythms  

Much of the growing interest in the behavioral and neural mechanisms of rhythmic 

perception stems from its potential ecological-relevance, since many naturalistic stimuli have 

rhythmic properties. One of the most commonly mentioned stimulus in this regard is natural 

speech, as it contains temporal regularities across several time-scales (Rosen and Fourcin 1986; 

Rosen 1992; Ghitza 2011; Loukina et al. 2011; Ding 2016; Assaneo et al. 2019; Morillon et al. 

2019; Poeppel and Assaneo 2020). Indeed, several studies have demonstrated a strong link 

between rhythmic performance (and training) and speech-processing/language-development 

capabilities, leading to suggestions that speech-processing may be assisted by mechanisms 

involved in rhythm perception and temporal predictions  (Thaut et al. 2001; Corriveau and 

Goswami 2009; Lim 2010; Woodruff Carr et al. 2014; Cortese et al. 2015; Schön and Tillmann 

2015). However, despite this theoretical enthusiasm, the fact that speech-rhythms are not strictly 

isochronous raises questions regarding the generalizability of theoretical notions that are derived 

from responses to simple isochronous rhythms (e.g. tone sequences) to the more ‘relaxed’ and 

variable rhythms of natural speech (Haegens and Zion Golumbic 2018; Keitel et al. 2018; Kösem 

et al. 2018; Doelling and Assaneo 2021).  

 One of our goals was to contribute to this ongoing discussion regarding the transferability 

of insights from the processing of strictly isochronous auditory stimuli to the ability to detect and 

synchronize to rhythmic aspects of speech. To this end, we exchanged the simple-tone sequences 

used in the classic synchronization-continuation task with a simple rhythmic sequence of speech: 

counting from 1 to 10. We tested whether participants achieved similar, better, or worse tapping 

accuracy to these naturally-rhythmic speech stimuli relative to isochronous simple tones. 

Admittedly, this adaptation of the synchronization-continuation task to speech-derived rhythms 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452153doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452153
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

is by no means representative of natural speech processing, nor is tapping to speech a particularly 

ecological task (Lidji et al. 2011; Villing et al. 2011). However, it provides a well-controlled 

framework for assessing whether individuals can synchronize to- and form robust internal 

representations for speech-derived rhythms, as they can for simple isochronous rhythms. 

Moreover, given the above-mentioned default rhythmic-preferences observed for spontaneous 

motor rhythms and isochronous tones (Roerdink et al. 2011; Large and Gray 2015a; Scheurich et 

al. 2018; Zamm et al. 2018; Kliger Amrani and Zion Golumbic 2020b, 2020a), this setup allows us 

to assess whether these defaults are present for speech-derived rhythms as well (Assaneo et al. 

2021). If we find that synchronization and memory-paced tapping to simple and speech-derived 

rhythms share similar optimal rates, this would support the existence of a common rhythmic 

mechanism, such as default neural oscillations, underlying a variety of ecologically-relevant 

rhythmic behaviors. 

To achieve the goals described above, participants performed the synchronization-

continuation task under several conditions. To determine the importance of motor-engagement 

for forming internal representations of rhythms, we compared memory-paced tapping after 

active synchronization vs. after passive listening to a reference rhythm. To determine whether 

rhythmic performance is affected by the type of stimulus, we compared synchronization and 

memory-paced tapping to rhythmic sequences of simple tones and to rhythmic speech-

sequences of counting. Last, both of these questions were tested on a broad range of rates, from 

sub-second to supra-second SOAs, which allowed us to explore the dynamic range of rhythmic 

capabilities and to gauge the effects of rhythmic default preferences.  

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 14, 2021. ; https://doi.org/10.1101/2021.07.13.452153doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.13.452153
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

2. Materials and Methods 

2.1 Experimental design 

Participants: The experiment included 17 participants (11 women, 6 men, age range 21-32, mean 

25.2, all right handed). The experiment was approved by the Bar Ilan IRB and participants gave 

written informed consent prior to starting the experiment. None of the participants reported any 

neurological or psychiatric clinical condition.  

Experimental Apparatus: Participants were seated comfortably in a sound attenuated booth, 

and heard sounds through headphones (Sennheiser HD 280 pro). The experiment was 

programmed and controlled using PsychoPy software (www.psychopy.org). Finger taps were 

recorded using a custom-made tapper based on an electro-optic sensor.  

Stimuli: All auditory stimuli were prepared using the softwares Audacity and Matlab 

(Mathworks). Tones sequences consisted of 10 repetitions of pure tones (440Hz, 30ms with ±5ms 

ramp up/down) presented at 10 different rates (SOAs: 0.25, 0.35, 0.45, 0.55, 0.65, 0.8, 1, 1.4, 1.8 

and 2.2 seconds). To create the counting stimuli, we recorded a female speaker counting in 

Hebrew from one to ten while listening and synchronizing her speech to a metronome (0.8 sec 

SOA; 75 bpm). Note that in Hebrew, all digits except for one are bi-syllabic words, however they 

vary in length and in the position of the stressed syllable (see Figure 4). To create rhythmic 

counting stimuli in a range of rates, the original recording was cut into 0.8sec-long intervals 

around each digit. These segments were then either stretched or shrunk using the Paulstrech 

function (Audacity software) to create intelligible versions of each digit for all SOAs. These 

segments were then concatenated back to form rhythmic counting streams from 1 to 10 at all 

rates (using Matlab; Figure 1A, right panel). The stimuli can be experienced and downloaded from 

The Open Science Framework (https://osf.io/nc67q). 
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Procedure: The experiment consisted of two consecutive tasks (Figure 1B):   

Listen-Continue task: The Listen-Continue task is a passive-variation of the classic 

synchronization-continuation task. It consisted of a Listen-phase where participants heard a 

reference-rhythm, comprised either of ten simple tones or spoken digits (1-10). Following a 1.5 

second-long pause, participants received visual instruction to start the Continuation-phase in 

which they were required to tap their finger exactly 10 times at same the rate they had just heard.  

Synchronize-Continue task: This is the classic synchronization-continuation task. In the 

Synchronization-phase participants heard a reference-rhythm (ten simple tones or spoken digits) 

and were told to tap in synchrony with the auditory input they heard. Following a 1.5 second-

long pause, participants received visual instruction to start the Continuation-phase which was 

identical to the Listen-Continue task, i.e. to tap their finger exactly 10 times at same the rate they 

had just heard. 

Both the Listen-Continue and the Synchronize-Continue tasks were performed in blocks 

consisting of trials with different rates. The Listen-Continue task was always performed first, since 

we assumed that once an explicit synchronization task was performed this might contaminate 

subsequent Listen-Continue tasks. Within each of the tasks, Tones and Counting stimuli were 

presented in separate blocks (2 blocks per stimulus-type per task) and each block contained two 

repetitions of each of the ten rates used (random order). The order of tones vs. counting blocks 

within each task was counterbalanced across participants (Figure 1B). Participants did not receive 

feedback regarding the temporal accuracy of their continuation tapping. 
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2.2 Data Analysis 

Two measures – precision error and tapping isochrony – were derived from the tapping times 

and Inter-Tap-Intervals (ITIs) measured in both the synchronization and continuation phase. 

Figure 1. A. Examples of the Tone (left) and Counting (right) stimuli, at three different rates: SOA = 0.35 sec (top), SOA = 
0.65 sec (middle) and SOA = 1.4 sec (bottom). B. Illustration of the experimental design. The Listen-Continue task always 
preceded the Synchronize-Continue task. Each task consisted of two Tone blocks and two Counting blocks, presented in 
counterbalanced order across participants. 
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These measures capture complementary aspects of tapping accuracy, as described in our 

previous work (Kliger Amrani and Zion Golumbic 2020b, 2020a) (Figure 2).  

Precision error captures the extent to which the average tapping rate deviates from the 

prescribed rate. Precision error (PE) is derived using the ratio between the mean ITI produced in 

each trial and the prescribed SOA of the stimulus: PE = |1 − $%
&∑ ()(*+,-

./0 1 | , with lower values of 

precision error indicating a more precise replication of the required mean rate.  As such, precision 

error can be considered a ‘global’ measure of tapping accuracy.  

Complementing the precision error measure, the Tapping Isochrony measure captures the 

extent to which the intervals between taps are consistent throughout a trial. It is derived by 

quantifying the phase-shift between each individual tap and the prescribed rhythm, and 

calculating the consistency of phase-shifts across taps (Phase locking resultant; 

r=
2
3 4∑ 𝑒67*+,89:; 4 , circ_r.m function, Matlab circular statistics toolbox). For synchronization 

tapping, the phase-shift is calculated relative to the start time of the acoustic stimulus. For 

continuation tapping, where there is no acoustic stimulus, we calculated the phase-shift of taps 

relative to an imaginary ‘reference rate’ at the prescribed rhythm (see Figure 2). Precision error 

and tapping isochrony were calculated separately for each tempo, condition and participate. To 

allow some time for establishing a stable rhythm, the first two taps in each trial were removed.  
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2.3 Statistical analysis 

Since both the precision error and the isochrony measures are normalized, they are comparable 

across rates. Comparison of tapping accuracy during the synchronization phase was performed 

using a two-way Repeated Measures ANOVA, separately for the precision error and isochrony 

measures, with the factors: Stimulus (Tones/Counting) x Rate (10 rates). Note that this analysis 

Figure 2. Illustration of the Precision Error and Isochrony measures. The example shows tapping data from a 
single trial in the Synchronization (A) and Continuation (B) phases, to a Tone stimulus (SOA = 0.45 sec). (A) 
Synchronization phase. Left: The rhythmic stimulus is shown in gray, and tap-times are indicated by black 
circles. The stimulus onset asynchrony (SOA; black arrow) is defined by the time between consecutive tone 
sounds. The inter-tap-interval (ITI; green arrow) is the time interval between each two consecutive taps, and 
was calculated for all tap-pairs (after removing the first two taps). ITIs may vary within a trial, as shown in the 
distribution of ITI values (middle). The Precision Error (PE) reflects the distance between the mean ITI in a 

given trial and the prescribed SOA of the stimulus. The phase of each tap (j; red) is assessed by dividing the 

time-difference between each tap and the closest sound (Dt) by the interval length (SOA). The circular 
distribution of phase values (right) is used to calculate the resultant vector (r) which reflects the degree of 
tapping isochrony. (B) Continuation phase. Precision Error and Isochrony were also assessed for continuation 
tapping. ITIs and the resulting PE were assessed in the same manner as in the synchronization phase. Given 
the absence of an external reference rhythm, tap phases were assessed relative to an imaginary rhythm 
(dotted lines) at the rate of the reference rhythm that started at the participants’ 3rd tap (first two taps were 
removed). Isochrony was calculated based on these phase values.  
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was irrelevant for the Listen-Continue task, since it did not include synchronized tapping. For 

analysis of memory-paced tapping accuracy in the continuation phase, we performed a three-

way Repeated Measures ANOVA on the precision error and isochrony measures. The three 

factors were: Task (Listen/Synchronize) x Stimulus (Tones/Counting) x Rate (10 rates). All 

statistical analyses were carried out using the JASP software (https://jasp-stats.org). 

 

3. Results 

3.1 Synchronization-Tapping  

In line with previous studies, during the Synchronization phase tapping precision errors were 

extremely low and isochrony was high for most rates. There was a significant main effect of rate 

on both precision error [F(9,144)=4.38, p<0.001] and isochrony [F(9,144)=25.57, p<0.001]. This 

effect was driven by worse performance at the two fastest rates (Figure 3), however for all rates 

with SOAs slower than 0.5 sec synchronization precision errors and isochrony were steadily good. 

There was also a main effect of stimulus type on both precision error [F(1,16)=6.28, p=0.023] and 

isochrony [F(1,16)=29.99, p<0.001] indicating significantly better synchronized tapping when 

listening to Tones vs. Counting stimuli.  The interaction between Stimulus Type x Rate was not 

significant for either measure [precision error: F(9,144)=0.61, p=0.79, isochrony: F(9,144)=0.52, 

p=0.86].  
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Figure 4 shows the distribution of tapping times relative to each tone / digit in a sequence with 

an SOA of 0.8 sec, across all participants. For the tone stimuli (Figure 4A), tap times consistently 

precede the sound itself, which is consistent with previous studies (negative mean asynchrony; 

NMA) (Repp 1982; Repp and Su 2013). For the counting stimuli (Figure 4B), tap times were 

considerably more variable across digits, as participants tended to center their tap around the 

stressed syllable (which could vary from digit to digit) and not necessarily to the digit onset. This 

variability is characteristic of speech, which is naturally non-isochronous, and likely drives the 

reduced precision and isochrony when synchronizing to counting vs. tone sequences. 

Figure 3. Synchronization tapping results. (A) Precision error and (B) Tapping Isochrony (phase-locking 
resultant), as a function of rate and stimulus type. Insets: Main effect of Stimulus Type on precision error and 
phase-locking. Error bars depict SEM. 
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3.2 Memory-paced Continuation-Tapping  

For memory-paced continuation tapping, both precision error and isochrony showed a U-shape 

or inverse U-shape across rates, indicating that there is optimal performance for rates with SOAs 

of 0.55 and 0.65 sec [Figure 5, upper panel; main effect of rate: Precision Error: F(9,144)=10.1, 

p<0.001; phase-locking: F(9,144)=9.75, p<0.001].  Figure 6 shows a representative example of 

continuation tapping at three different rates from one participant. When comparing memory-

paced tapping after passive listening vs. after active synchronization, we found a main effect of 

Task on both precision error [F(1,16)=11.5, p=0.004] and isochrony [F(1,16)=18.08, p<0.001] 

(Figure 5, middle panel), indicating better performance after active synchronization. This effect 

did not interact significantly with Rate [precision error: F(9,144)=1.86, p=0.061; isochrony: 

Figure 4. Distribution of tap-times around individual stimuli in the (A) tone and (B) counting sequence 
(example shown for SOA = 0.8 sec, which was the original counting recording). Dashed lines indicate the start 
time of each tone (panel A) or the times of metronome used to synchronize speech when recording the 
counting stimuli (panel B). The transliteration of each Hebrew digit is given at the bottom of panel B, with 
indication of the stressed syllable in bold.  
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F(9,144)=0.73, p=0.67] or with Stimulus Type [precision error: F(1,16)=1.2, p=0.27; isochrony: 

F(1,16)=0.85, p=0.36], indicating that the profile of default rhythmic preferences was maintained 

for both passive listening and active synchronization. 

Last, when comparing memory-paced tapping after hearing a rhythm that consisted of 

tones vs. counting, we found similar U-shape / inverted U-shape for precision error/phase locking 

across rates (respectively), for both Stimulus Types indicating a relatively similar range of optimal 

performance for rates around SOAs of ~0.45 - 0.65 sec (Figure 5, lower panel). We did find a 

significant main effect of Stimulus Type (Tones/Counting) on phase-locking [Figure 5F; 

F(1,16)=6.3, p=0.23], demonstrating more isochronous tapping after hearing a rhythm consisting 

of tones vs. counting. The main effect of Stimulus Type was not significant for precision error 

[Figure 5E; F(1,16)=2.09, p=0.167], but a significant interaction was found between Stimulus Type 

and Rate [F(9,144)=2.55, p=0.009] suggesting a shift in rhythmic preference for counting stimuli 

towards slightly slower rates (optimal range for tones: 0.45-0.65 sec SOA; optimal range for 

counting: 0.55-1 sec SOA). 
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Figure 5. Continuation tapping results. A&B.  Precision Error and Isochrony (phase-locking resultant) across all 
rates. Both measures show optimal performance for rates near 0.5 sec SOA. C&D. Precision Error and 
Isochrony across rates, separately for the Listen-Continue and Synchronize-Continue tasks. Both measures 
showed improved performance after active synchronization. E&F. Precision Error and Isochrony across rates, 
separately for the Tones and Counting stimuli. Isochrony was improved for tones, but similar precision error 
was observed for the two stimulus types. Insets: Main effects of Task on precision error and phase-locking 
(C&D) and of Stimulus Type on phase-locking (F). Error bars depict SEM 
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4. Discussion 

Here we studied the contribution of three factors to the human ability to synchronize with 

and reproduce rhythms in the environment: The role of motor engagement, the type of stimuli 

the rhythmic input is comprised of, and how performance varies across a broad range of rates. 

Consistent with previous findings, individuals displayed a large dynamic range for synchronization 

with near-perfect performance across all rates, with the exception of the extremely fast rhythms 

(SOA < 0.35 sec) (Kliger Amrani and Zion Golumbic 2020a). Similar synchronization accuracy was 

found for both simple tone rhythms and counting rhythms, which is indicative of the 

extraordinary flexibility of action-perception loops to adapt dynamically to the diverse range of 

rhythms in our environment (Repp and Steinman 2010; Chauvigné et al. 2014; Pérez-González 

and Malmierca 2014; Zamm et al. 2015). However, memory-paced continuation tapping, that 

Figure 6. Example of Continuation tapping performance at three different rates: SOA = 0.35, 0.65 and 1.4 sec. 
Left: circles indicate tap times, with respect to the reference rhythm (dashed lines). Middle: ITI distribution 
and Precision Error (PE) for continuation tapping at each rate. Right: Phase distribution and resultant (r) 
value, reflecting the isochrony of continuation tapping at each rate. 
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relies on an internal representation of a previously-heard reference rhythm, is not as adaptable. 

The current results replicate the U-shape pattern reported previously, indicating a ‘sweet spot’ 

for optimal memory-paced tapping for rhythms with SOAs ~0.55 - 0.65 sec, and reduced 

performance for both faster and slower rates (Kliger Amrani and Zion Golumbic 2020a; Zalta et 

al. 2020). Interestingly, we found that this U-shape pattern is preserved for both tone and 

counting stimuli, and both when it was performed after active synchronization or passive 

listening. This pattern suggests that the internal representation of rhythms, and therefore also 

memory-paced tapping, is highly affected by default rhythm preferences. We also found that 

memory-paced tapping was significantly better after actively synchronizing to a reference rhythm 

vs. after passive listening. These results emphasize the importance of action-perception 

interactions in forming a stable temporal representation for rhythm. Last, synchronization and 

memory-paced continuation tapping performance were qualitatively similar for speech-derived 

rhythms and for simple tone sequences, though tapping to tones was generally more 

isochronous. This pattern broadens the conversation regarding the generalizability of the 

rhythmic entrainment hypothesis to more ecological rhythmic stimuli. We now turn to discuss 

the effects of motor-engagement, rhythmic defaults and stimulus type more in depth. 

 

4.1 Importance of motor-engagement in memory-paced tapping  

Scientists have long tried to model and understand the ‘internal clock inside our heads’, 

which enables us to reproduce time-intervals and rhythms from mental representations of past 

stimuli (Church 1984). Wing and Kristofferson proposed a model for memory-paced tapping 

pointing to combined contributions of perceptual and motor-based working memory (Wing and 

Kristofferson 1973). The importance of motor-engagement for rhythm perception has been 
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substantiated by a wealth of neuroimaging studies, demonstrating the involvement of motor 

related regions – both cortical and subcortical – in timing- and rhythm-related processes, even in 

the absence of overt motion (Ivry 1996; Penhune et al. 1998; Lustig et al. 2005; Grahn and Brett 

2007; Hassanpoor et al. 2012; Marvel et al. 2020). There are also growing indications that motor 

movement can directly affect auditory perception, particularly when stimuli are rhythmic or 

temporally predictable (Thaut et al. 2001; Schroeder et al. 2010; Chemin et al. 2014; Park et al. 

2015; Morillon and Baillet 2017; Rimmele et al. 2018). Some examples for this are enhancement 

of perceptual thresholds (Reznik et al. 2021), increased sensitivity to auditory pitch patterns  

(Lange 2009; Morillon et al. 2014; Bauer et al. 2015) and enhanced neural representations for 

rhythmic sounds following movement (Chemin et al. 2014; Zalta et al. 2020). The current finding 

that memory-paced tapping is significantly better after actively synchronizing to a reference 

rhythm vs. after hearing it passively provides yet another indication for the strong influence of 

motor action on auditory rhythm perception. Specifically, it implies that not only does tapping 

together with sounds enhance perception of these sounds, but that motor engagement results 

in the formation of a more stable temporal representation in working memory, relative to the 

representation formed based on auditory input alone (Barkley et al. 1997; Chauvigné et al. 2014; 

Mioni et al. 2019).  

4.2 Memory-paced tapping and rhythmic defaults 

Motor contributions to auditory perception are proposedly brought about thorough 

coupling of motor and auditory cortices, acting together as a closed-loop action-perception 

system. This connectivity between the motor and auditory systems is plastic and amenable to 

improvement through training (Baumann et al. 2007), which lends itself to the improvement of 

fine and gross movements by music-supported therapy in patients with movement disorders (e.g. 
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Parkinson’s and stroke patients; Thaut et al. 2001; Rodriguez-Fornells et al. 2012). Recent 

neurophysiological studies point specifically to nested neural oscillations in the delta (1-3Hz) and 

beta (15-25Hz) bands as the primary means for communication and transmission of efference 

copies between auditory and motor cortices (Stefanics et al. 2010; Arnal et al. 2015; Morillon and 

Baillet 2017; Morillon et al. 2019; Abbasi and Gross 2020). In particular, it is suggested that neural 

oscillations in auditory and motor cortices entrain to the rhythm of auditory stimuli, and thus 

become synchronized among themselves. Although in the current study we did not measure 

neural activity during the synchronization-continuation tasks, our results nonetheless carry some 

important insights regarding the underlying mechanisms generating the observed rhythmic 

behaviours. Specifically, they emphasize the existence and role of rhythmic defaults in the 

internal representation of rhythms and suggest a potential distinction in the operations of neural 

entrainment in synchronization vs. memory-paced tapping. As we observed, synchronization 

abilities were near-perfect for a vast range of rhythms – from ultra fast to ultra slow. A similarly 

large dynamic range for accurate synchronization has been observed for both simple and 

complex rhythms, even in young children, and is a testament to the flexibility of the action-

perception loop to adapt to a wide-range of rhythms (Fraisse 1982; Large et al. 2002; Keller and 

Repp 2005; Jacoby and Repp 2012; Repp and Moseley 2012; Repp and Su 2013; Fujii et al. 2014). 

In comparison, memory-paced tapping is optimal for a substantially narrower range of rates, 

roughly between 0.55-0.65 sec SOA / ~1.5-1.8 Hz, resembling a resonance-like phenomenon. Our 

results converge with those of another recent study who demonstrated optimal beat 

discrimination capabilities for rates around ~1.6 Hz, after both passive listening and active 

tapping (Zalta et al. 2020). This ‘sweet spot’ for memory-paced tapping and discrimination 

converges with the documented range of spontaneous finger-tapping rhythms and of auditory-
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perceptual preference, which have been attributed to a ‘default’ internal oscillator underlying 

both the production and perception of rhythms (Styns and Leman 2007; McAuley 2010; Michaelis 

et al. 2014; Provasi et al. 2014; Large and Gray 2015b; Schwartze and Kotz 2015; Zamm et al. 

2015; Scheurich et al. 2018). The current results suggest that, in contrast to synchronization, 

memory-paced tapping makes use of these rhythmic defaults, and if the reference rhythm falls 

within this optimal range, the default oscillator can be engaged to perpetuate its internal 

representation so it can ultimately be reproduced accurately. Interestingly, this preference was 

preserved even when memory-paced tapping was performed after passive listening without 

active motor engagement, further supporting the hypothesized generalization of rhythmic 

defaults across auditory perception and motor production (Fraisse 1982; Collyer et al. 1994; 

McAuley et al. 2006; Chen et al. 2008; Michaelis et al. 2014; Schwartze and Kotz 2015; Rose et al. 

2020). (but see Kliger-Amrani & Zion Golumbic 2020 a&b regarding the limitations of this 

correspondence). However, our results also suggest that the farther the rhythm is from these 

defaults, the more difficult it is for the system to create stable memory representations for them, 

which may severely limit the utility of memory-based entrainment in the absence of ongoing 

stimulation.  

4.3 Synchronization and memory-paced tapping to rhythmic speech  

One of the domains in which entrainment has been hypothesized to play a functionally important 

role is speech processing. Motivated by the pseudo-rhythmic nature of speech, by the idea that 

synchronization can help guide perceptual resources towards points in time when meaningful 

information is delivered (Large and Jones 1999; Drake et al. 2000), as well as by the strong link 

between rhythmic capabilities and language skills (Corriveau and Goswami 2009; Woodruff Carr 

et al. 2014; Park et al. 2015), the possibility of neural entrainment to speech-rhythms has gained 
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much enthusiasm in recent years (Cummins 2009; Peelle et al. 2012; Zion Golumbic et al. 2012; 

Ding and Simon 2014; Park et al. 2015; Keitel et al. 2018; Poeppel and Assaneo 2020). At the same 

time, there is also substantial skepticism on the matter, since although languages are often 

classified as "syllable ‐ timed" or "stress ‐ timed", reflecting the idea that syllables/stressed-

syllables occur at relatively stable time-intervals, natural speech is clearly not strictly isochronous 

(Dauer 1983; Lidji et al. 2011; Cummins 2015; Aubanel and Schwartz 2020). Moreover, it is not 

even clear which (if any) acoustic and/articulatory features drive the perception of speech as 

rhythmic (otherwise known as perceptual-center; or P-centers; Morton et al. 1976; De Jong 1994; 

Villing et al. 2011). This makes it difficult to test to what degree the notion of synchronization to 

rhythms in the environment extends to speech-derived rhythms (Haegens and Zion Golumbic 

2018; Doelling and Assaneo 2021). 

Here we take a step in that direction by using a speech stimulus that is (relatively) 

isochronous by nature: counting from 1 to 10. The adaptation of the synchronization-

continuation task to counting rhythms allowed us to test whether individuals extrapolate the 

perception of an isochronous rhythm even when the sensory-elements constructing the 

sequence consist of speech-elements that vary in acoustic makeup, duration, stress location and 

other features that are characteristic of the acoustic variability of speech. Two previous studies 

that examined motor-tapping to speech rhythms found that individuals naturally synchronize 

their tapping to the P-centers in speech, at least in the case of monosyllabic words (Lidji et al. 

2011; Villing et al. 2011). Another study that examined continuation motor tapping to tones while 

listening to French and German sentences, found that verbal changes were detected more 

efficiently when taps were congruently aligned to speech accents (P-centers), as compared to the 
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incongruently aligned (Falk et al. 2017). Hence, although tapping to speech is a bit contrived, it 

allows us insight into the internal rhythmic representations that are derived from speech stimuli.  

Not surprisingly, we found that both synchronization and memory-paced tapping are 

more isochronous and more precise for simple isochronous tone sequences relative to rhythmic 

counting. This is likely driven by the less strictly-rhythmic nature of speech rhythms, and the 

variability in duration and stress location across digits (Figure 4). At the same time, the effects of 

rate and of motor-engagement were qualitatively similar for the two types of stimuli. Specifically, 

for synchronization tapping participants showed high flexibility for adapting to a broad range of 

counting rhythms, and memory-paced tapping for counting followed a similar U-shaped pattern 

as was observed for tone sequences (albeit the range of ‘optimal’ counting rates included was 

slightly slower). This overlap in range of ‘optimal’ rates for tones and counting is in line with the 

proposition that rhythmic defaults underlying the representation of speech-rhythms and simple 

rhythms stem from a common oscillator (Assaneo et al. 2019, 2021). These results also converge 

with previous studies showing that there is an optimal range of rates where speech-intelligibility 

is optimal, inviting additional research into the potential commonalities between rhythm 

perception and speech processing (Lim 2010; Ghitza 2011; Peelle et al. 2012; Przybylski et al. 

2013; Henry and Herrmann 2014; Doelling 2015; Adam Tierney, Travis White-Schwoch, Jessica 

MacLean 2017; Falk et al. 2017). 

5. Conclusion 

This study highlights the versatility and some of the constraints for entraining motor actions to 

rhythms in the environments. Despite the impressive flexibility that individuals display for 

synchronizing to a broad range of rhythms, it seems that maintaining these rhythms in working 
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memory depends on internal rhythmic defaults, and as such is of a more limited nature. We 

also show that entrainment is possible to base on perceptual input only, but that temporal 

accuracy is substantially improved when the motor system is also engaged. Finally, this study 

contributes to the ongoing debates regarding the plausibility of entrainment to rhythms in 

speech, and shows that (at least for simple counting rhythms) performance is qualitatively 

similar to, but less accurate than, for simple tones sequences. Taken together, this work 

broadens the conversation about the factors affecting the way people interact with rhythms in 

their environment, and puts forth several specific and testable hypotheses regarding the 

underlying neural mechanisms.   
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