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Highlights

Perception of tone duration is known to be influenced by context tone rate and phase
Tone effect replicated with tone targets amplitude-modulated by syllable envelopes
Speech and tone perception modulated by phase of cross-domain tone/speech entrainers
Greater entrainer-target acoustic similarity may increase phase entrainment

Smaller effects on speech imply differences by domain or spectrotemporal complexity



Abstract

Temporal prediction and duration estimation are critical to speech perception. Studies have
reported that the rate of nonspeech precursors affects speech categorization, potentially through
an underlying non-speech-specific mechanism known as entrainment, supporting a domain-
general account of language processing. However, few studies have examined the effects of
precursor phase on speech perception, despite the centrality of phase to entrainment models and
prevalent findings of phase effects in music and nonspeech tones. Experiments 1-2 looked for
phase entrainment between nonspeech precursors (rhythmic series of sine tones) and speech
sound targets, either lap/lab (Experiment 1) or at/add (Experiment 2), plus short/long
categorization of target fones with speech-matched envelopes and durations. Experiment 3
mirrored Experiment 2, but tested phase entrainment from speech precursors (rthythmic series of
speech pips) to speech targets at/add and the matching tones. Experiment 1 found phase
entrainment for tones but not speech targets. Experiment 2 better equated the perceptual centers
of words and tones, and a cross-domain phase entrainment effect appeared for words.
Experiment 3 showed equivalent entrainment effects on speech and tone targets. These results
suggest that phase entrainment appears in both tones and speech, and that one domain can entrain
another in both directions. Still, across the three experiments, the tone-to-tone entrainment
appeared more reliably and showed larger effect sizes than speech-to-speech, tone-to-speech, or
speech-to-tone entrainment, which raises questions as to the strength of the influence of phase
entrainment in processing of speech and other spectrotemporally complex sounds.

Keywords: entrainment, durational contrast, domain-general effect, speech categorization, time
perception

1. Introduction

1.1 Entrainment as a supramodal process of human time perception

Human listeners use event duration to accurately identify complex sounds such as speech
and music. One hypothesized, supramodal neural mechanism underlying duration estimation and
other temporal processing is entrainment (originally proposed by Jones, 1976), in which brain
oscillations synchronize with external rhythms to scaffold the processing of temporally
predictable sensory cues such as musical beats or word stress (Goswami, 2012, 2019; Haegens &
Golumbic, 2018; Harding et al., 2025; Lakatos et al., 2019; Poeppel & Assaneo, 2020; Rimmele
et al., 2018). Researchers have claimed that language processing is shaped by entrainment
(Dilley and McAuley, 2008; Doelling et al., 2014; Giraud & Poeppel, 2012; Golumbic et al.,
2013; Heffner et al., 2017; Steffman, 2021). Many findings further highlight a strong link
between musical and language processing (Fiveash et al., 2021; Fuji & Wan, 2014; Goswami,
2012; Ladanyi et al., 2020), hinting at a shared, domain-general mechanism for temporal
processing (Bauer et al., 2020). Despite this intense interest, little research addresses how



entrainment is transferred among different acoustic domains. Here, we test phase entrainment
effects both within domains (nonspeech tone precursors, tone targets, speech precursors, speech
targets) and across domains (tone precursors, speech targets; speech precursors, tone targets).

1.2 Duration perception of tone targets is influenced by phase

Existing research suggests that the phase of a target stimulus relative to previous events
affects its processing. Numerous researchers have found better sensory detection of in-phase
events when brain oscillations entrain to match stimulus rhythm (de Graaf et al., 2013; Henry et
al., 2014, 2016; Hickok et al., 2015; Kizuk & Mathewson, 2017; Mathewson et al., 2010, 2012;
Spaak et al., 2014; see Haegens & Golumbic, 2018 Section 2 for a thorough review).
Behaviorally, when a sequence of tones evenly spaced in time precedes a target tone stimulus,
in-phase tone targets are processed more accurately than out-of-phase (slightly early/late) targets
(Barnes & Jones, 2000; Hickok et al., 2015; Jones, 2002; McAuley & Jones, 2003; McAuley &
Kidd, 1998; see Saberi & Hickok, 2023 for a comprehensive discussion). Additionally, multiple
researchers (McAuley & Jones, 2003; McAuley & Kidd, 1998) including us (Cheng & Creel,
2020) have shown that perception of the target’s duration is distorted systematically, with early
targets reported as shorter than on-time or late targets of equal duration, and late targets
perceived as slightly longer (Figure 1). This entrainment distortion provides a useful behavioral
probe of presence/absence of entrainment.

1.3 Evidence of cross-domain entrainment from context tones to speech
sound categorizations

An exciting emerging trend is the extension of the entrainment findings from nonspeech
sounds (sine tones, light flashes) to speech sounds (ten Oever & Martin, 2021; ten Oever & Sack,
2015; ten Oever et al., 2024), in which duration information contributes to listeners’ recognition
of sounds/words. For example, coda consonant voicing in English is differentiated by (among
numerous other features) the duration of the preceding vowel (Raphael, 1972), such as lap
(shorter vowel) vs. lab (longer vowel; see Section 2.1.2 in Methods for more details).

Perception of speech stimuli is affected by the temporal properties of both speech and
nonspeech precursors (Diehl et al., 1980; Port, 1979; Summerfield, 1981). A few recent studies
have investigated entrainment-like effects on duration perception in spoken language by
manipulating rate and rhythmic properties of precursor speech or nonspeech. Precursor speech
rate (Heffner et al., 2017) and precursor speech rhythmic patterns (Steffman, 2021) affect
perception of coda voicing of the target word (see related work by Kidd, 1989; and work on
segmentation by Dilley and McAuley, 2008). Especially relevant to the current work, a few
studies have reported context rate effects of nonspeech precursors on speech categorization:
faster tones bias listeners to perceive target speech sounds as longer, while slower tones bias
listeners to perceive target speech sounds as shorter, thus changing apparent word identity
(Dutch /as/ vs. the longer-duration /a:s/ in Bosker, 2017; English [b] vs. the longer-duration [w]
in Wade & Holt, 2005, but also see Pitt et al., 2016, who found that only precursors perceived as
speech can generate context rate effects on speech perception). These studies are predominantly
consistent with a general auditory timing mechanism underlying speech perception, counter to
modular accounts of language processing (Liberman et al. 1961; Mattingly et al. 1971).



Yet only one study so far (Bosker & Kosem, 2017) has examined phase effects from
nonspeech tone precursors on speech perception, and it found no phase influences. This is crucial
for claims that speech undergoes entrainment, in that phase is the element in the originally
proposed entrainment model that distinguishes interval-based timing and entrainment-based
timing (see Jones, 1976; McAuley & Jones, 2003; Repp, 2002; Cheng & Creel, 2020 for detailed
description) and appears critical to findings of attentional benefit for in-phase stimuli (de Graaf
et al., 2013; Henry et al., 2014, 2016; Hickok et al., 2015; Kizuk & Mathewson, 2017;
Mathewson et al., 2010, 2012; Spaak et al., 2014; Saberi & Hickok, 2023). In brief, it is possible
that an interval model tracking the prevalence of particular durations could account for precursor
rate effects. However, because interval models do not track phase, they cannot account for phase
effects. If entrainment is occurring, duration distortion effects based on the phase relationship
between the context and the target should also occur.

To date, it is unclear to what extent precursor entrainment, especially phase, spreads from
one acoustic domain in the precursor (e.g., tones) to another domain for the target (e.g., speech),
and it’s also unclear whether speech is subject to phase entrainment at all, even from other
speech. This leaves uncertain whether entrainment is truly domain-general, cross-cutting speech
and nonspeech, or domain-specific, perhaps limited to highly simplified perceptual materials or
musical contexts. If entrainment is occurring during speech perception, then duration distortion
effects based on the phase relationship between the context and the target should also occur. This
raises the question of whether speech is truly impervious to phase entrainment, which would
suggest that entrainment is domain-specific, or, instead, whether controlling for additional
factors might reveal phase entrainment effects in speech, which would suggest that entrainment
is a domain-general process.

1.4 The current study

Here we asked whether there are cross-domain phase entrainment effects between nonspeech
tones and speech sounds, and whether speech sounds are subject to entrainment generally. An
answer to this question contributes to the long-standing debate between domain-specific and
domain-general accounts of speech processing as well as a fundamental understanding of
entrainment mechanisms in speech and nonspeech tone perception. We measured entrainment
distortion (Figure 1) as a function of the phase of the target onset (early, on time, late) as in our
previous study (Cheng & Creel, 2020) across different auditory targets (Speech vs. speech-
shaped Tone). We had two goals. Our primary goal was to ask whether phase entrainment is
domain-specific vs. domain-general. If entrainment is domain-general, entrainment distortion
should occur for both speech-shaped tone and speech target regardless of the tone/speech
precursors. If it is domain-specific in the sense that only nonspeech sounds are susceptible to
phase entrainment, then speech targets may not entrain at all. These predictions were addressed
in three experiments, with different sets of speech sound targets and corresponding tone targets
(Experiment 1: lab/lap; Experiments 2 and 3: add/at). Note that Experiment 1’s outcome was
foreseen in two earlier, separately-run pilot experiments (Supplementary Section 1), but here we
explored a different set of speech sounds/matched tones and ran each of the current studies as a
unitary experiment with random assignment to conditions to verify that previous outcome. Also
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note that, unlike the sine-wave context tones, all tone targets in this study are speech-shaped
tones, modulated by the speech envelope to enhance their similarity to speech. For convenience,
speech-shaped tone targets will henceforth be referred to simply as “tone targets”.

Our secondary goal was, if no entrainment is observed for speech (as implied by our earlier
experiments), to make an initial probe as to potential reasons why. One possibility is that
auditory dissimilarity between context tones and target words blocks phase effects of
entrainment, which we term the auditory grouping hypothesis. To this end, we included in
Experiment 1 an additional Tones-as-Speech condition which asked subjects to classify Tone
targets as speech stimuli, and across Experiments 2-3, we varied the nature of the entrainers
themselves (tones in Experiment 2 vs. speech sounds in Experiment 3). On the auditory grouping
hypothesis, Tones-as-Speech targets, which do auditorily group with context tones while subjects
use their internal representations to categorize the words, should show entrainment. Further,
entrainment distortion should occur for tone targets but not for speech targets after tone
precursors (Experiments 1-2), and it should occur for speech targets but not for tone targets after
speech precursors (Experiment 3). Another possible reason why speech might not show
entrainment is that subjectively perceived event onset time between tone and speech, known as
the perceptual center (“p-center”) is misaligned. Various researchers (Cooper, Whalen, &
Fowler, 1986; Marcus, 1981; Morton, Marcus, & Frankish, 1976) have found p-centers to be
influenced by many factors such as the type of consonants prior to the vowel, amplitude
envelope, and more. We attempted to control for this in Experiment 1 by matching amplitude
envelopes between speech and tone stimuli, but to prefigure our findings somewhat, a control
study revealed p-center differences between Experiment 1’s tone and speech stimuli. This and a
second control study also identified a set of speech stimuli with p-centers similar to tones, which
we used in Experiment 2 and 3.
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Figure 1. Schematic illustration of entrainment distortion when the target interval is
presented on-time, earlier, or later than expected. On the top row, the six short waveforms are
the context sine tones (I0I = 300 ms), and the longer waveform is the target sine tone that
subjects judge as being longer vs. shorter. After the delay (yellow double arrow), the target tone
is presented on-time (top), early (middle), or late (bottom). The waves represent the listener’s
internal oscillatory state, or expected timing, entrained by the context tones. The thick horizontal
color lines indicate the subjectively perceived durations such that the internal representation of
duration is shortened in the early onset (red line), lengthened in the late onset (blue line), and
unbiased in the on-time onset (green line). See details in our previous work (Cheng & Creel,
2020).

2. Experiment 1

Data Availability

This project was pre-registered and the stimuli, data, and analysis code are posted on Open
Science Framework (osf.io/r37ax).



2.1 Methods

2.1.1 Participants

We tested 300 participants from UCSD via the online platform FindingFive
(findingfive.com), as pre-registered and approved by UCSD’s Institutional Review Board.
Participants electronically acknowledged informed consent to participate, receiving one course
credit for participation. Power analysis was done on the main effect of the Onset Times from
pilot experiments to determine the target sample size. We estimated an effect size of partial eta
squared = .106. With this effect size, G*Power (Faul et al., 2007) indicates a sample size of 49 or
higher is needed to achieve power of .85. We rounded this up slightly to 50 to reach a multiple of
2, given two response key assignments. To ensure we had enough high-quality data collected via
online experiment, we doubled the number of target sizes to 100 for each group of subjects.

Participants were excluded for: scores below 90% for catch trials, suggesting
inattentiveness (n = 44); reporting intrusive environmental noise (n = 4); reversed (i.e., positive)
or zero identification slopes by individual logistic fits (n = 29); aberrant patterns in 50% point
data (n = 31), where “aberrant” was characterized as more than 1.5 times the interquartile range
(IQR) below the first or above the third quartile (Rousseeuw & Croux, 1993). Importantly, all
exclusions were blind to condition. Final analyzed sample sizes were: Speech condition, n=62;
Tone condition, n=72; Tone-as-Speech condition, n=57.

2.1.2 Stimuli

Each trial in the main study presented six context tones plus a single target (speech or
amplitude-modulated tone). Context tones were 60-ms 440-Hz sine tones generated in MATLAB
(MathWorks), with inter-onset intervals (IOIs) of 300 ms. In the Speech condition, target words
were constructed from natural recordings of a monolingual English female talker sampled at
44,100 kHz in a soundproof room on Adobe Audition software. We tested English coda
consonant voicing perception because it is influenced by vowel duration (Raphael, 1972), with
vowels varying on a roughly similar time scale to tone durations in the prior work (Cheng &
Creel, 2020). Note that many other cues to coda consonant voicing have also been identified (e.g.
Hillenbrand et al., 1984; Revoile et al., 1982; Wolf, 1978), but this is immaterial to the question
at hand, which is whether perceived vowel duration (and thus speech sound identification) is
affected by precursor rate. We chose the word pair lab vs. lap in Experiment 1 because the
coarticulation between the word-initial consonant and the vowel has a smooth transition,
allowing us to vary syllable duration continuously to avoid acoustic unnaturalness. We
lengthened /ap in 20-ms increments, yielding eight steps ranging from 246 ms total word
duration (perceived as lap) to 386 ms total word duration (perceived as lab). The word-final
consonant release, another potential cue to voicing (e.g. Revoile et al., 1982; Wolf, 1978), was
removed so that participants could not use it to identify words. All words were normalized to the
same loudness of 70 dB SPL. The effects of vowel duration on subjects’ sound identification
were robust, providing evidence that lengthening the “lap” stimulus resulted in substantial
increases in “lab” responses (see Figure 3 and the statistics in Results).

For Tone and Tone-as-Speech conditions, we created speech-shaped tone targets
matching in duration with the lab vs. lap continuum by convolving the sine tone with the upper
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half of the peak envelope of each speech stimulus step, thus matching the speech for length and
amplitude modulation. We did so because the amplitude envelope strongly influences p-center

(Cooper, Whalen, & Fowler, 1986; Marcus, 1981; Morton, Marcus, & Frankish, 1976; see also
Danielsen et al., 2019).

2.1.3 Design and procedure

As outlined in our pre-registration, the two independent variables were Auditory Targets
(between-groups; Speech, Tone, Tone-as-Speech) and Onset Times (within-participants; Early,
On-time, Late). We had planned to assess two dependent variables: (1) proportion “short”
responses and (2) 50% point in the logistic categorization curve. In hindsight, we determined that
logistic mixed-effects regression models were more appropriate for capturing the trial-by-trial
two-alternative forced choice (2AFC) responses and the full shape of the response curve, rather
than averaging responses across trials and along the acoustic continuum. Therefore, we used the
glmer function from the Ime4 package in R (Bates et al., 2015) to create logistic regression
models of “short”/”lap” responses to the three Onset Times (with Early as the reference level)
and eight Target Durations (coded as a mean-centered linear variable) for each of the three
Auditory Targets (Speech, Tone, Tone-as-Speech).

The three Onset Times were coded using simple coding, which is similar to dummy
coding with a reference level of Early but with predictors centered. Here, one predictor compared
early to on-time target onset, and the other compared early to late target onset. To test the
significance of (interactions with) the overall Onset Time effect, we compared the full model to a
“holdout” model which removed only the (interaction including the) Onset Time fixed effect
predictors. The three Auditory Targets were coded by Helmert coding that contrasts Speech vs.
the other two, and the other two (Tone, Tone-as-Speech) against each other. The logistic
regression results are reported in the main text. The pre-registered proportion “short” responses
and 50% points are visualized in the main text, while the ANOVA results are reported in the
Supplementary Materials. Technically, it was not necessary to exclude the aberrant 50% point
data for the logistic regression model, as this measure is only relevant to the ANOVA analysis.
However, we chose to maintain a consistent final sample across both the pre-registered ANOVA
and the logistic regression for the sake of comparability. Notably, the logistic regression results
remained qualitatively similar regardless of whether these aberrant data points were included or
excluded. The experiment randomly directed each participant into one of the three conditions
(total time <60 min).

2.1.3.1 Pretests

Conditions differed slightly in their instructions and pre-tests. In the Speech condition,
participants completed 120 identification trials with six coda-voicing word pairs (bag/back,
lag/lack, fad/fat, bead/beat, cab/cap, lab/lap) without feedback. Next, they completed 240 lab/lap
identification trials using the full 8-step continuum without feedback. In the Tone condition,
participants heard 4 examples (2 each) of the shortest and longest isolated tones and then
performed a short/long identification task (240 trials total) for the shortest and longest tones
without feedback. They then heard 4 examples of the full test sequence (on-time condition only,
2 each shortest and longest target tones) and practiced those examples with feedback for 24-36
trials depending on their performance. In the Tone-as-Speech condition, stimuli and procedure
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matched the Tone condition, except that we told participants that the sine tones were made from
Lab or Lap sounds, and they should respond to which word they thought the tone was.

2.1.3.2 Main task

In each trial of the main task (288 trials), six context sounds with an inter-onset interval
of 300 ms were followed by a target sound (Figure 2). The speech or tone target occurred early
(510 ms after the last context tone onset), on-time (600 ms, or 2 “beats,” after) or late (690 ms
after). Interspersed catch trials (n = 26) asked participants to report what animal sound occurred.
Timing choices followed our original studies (Cheng & Creel, 2020), which was based on a
classic duration discrimination task (McAuley & Jones, 2003). McAuley and Jones (2003)
presented “early” and “late” items 180 ms before/after the beat at a beat rate of 600 ms, so the
deviations were £30% of the beat duration. We retained these values (30% of the beat duration
early or late, i.e. 90 ms before/after the beat at a beat rate of 300 ms) in our current study because
we think they are a reasonably large deviation from “on time”.

2.1.3.3 Questionnaires and debriefing.

Finally, each participant completed demographic, language, and music background
questionnaires and debriefing questions.
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Figure 2. Schematic illustration of the experimental tasks, including context, target and
response. (a—c) Experiment 1 paradigms. In the word discrimination task, context tones were
followed by (a) a speech target from the “lap ”/”’lab” continuum or (¢) a tone-as-speech target
from a short/long tone continuum. In the duration discrimination task, context tones were
followed by (b) a tone target from a duration continuum. Tone and tone-as-speech stimuli were
shaped with speech-matched envelopes and durations (246—386 ms in eight steps); only the first
three durations are shown here (black, blue, green). The orange arrow indicates increasing target
duration. The yellow double-headed arrow denotes the delay duration corresponding to early, on-
time, and late target onsets. (d) Experiment 2 paradigm with context tones followed by either a
speech target from the “at”/”add” continuum or a matched tone target. (e) Experiment 3
paradigm with context speech pips followed by the targets used in Experiment 2.
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Speech Tone Tone-as-Speech
1.0

Proportion of responding short
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Target duration (step)

Onset Times = Early == On-time = Late

Figure 3. Response curves averaged across subjects for each Auditory Target, with
standard errors, in Experiment 1. The x-axis represents step duration from shorter to longer
sounds. The y-axis represents the proportion of responding short (or “lap”) averaged across all
subjects for targets presented early (red dotted lines), on-time (green solid lines) and late (blue
dashed lines). Note that participants were sensitive to changes in target stimulus duration (x-
axis). Each vertical bar represents standard errors across subjects.

2.2 Results

The results were shown in Figure 3 and 4. We had planned to use ANOVA to detect the phase
entrainment effect in our pre-registration (osf.io/r37ax). In hindsight, and in light of suggestions
from the review process, we determined that logistic mixed-effects regression models were more
appropriate for capturing the trial-by-trial, full range of 2AFC responses along the acoustic
continuum. The corresponding ANOVA results, as outlined in the pre-registration, are available
in the Supplementary Materials.

2.2.1 Cross-domain phase entrainment

If entrainment occurs across domains, listeners should respond “short” (for tones) or
“lap” (for speech; lap is acoustically shorter than “lab’) more often in the Early than other two
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onset times (see Figure 1 and our previous work; Cheng and Creel, 2020, for rationale). Note that
more negative estimates indicate stronger entrainment distortion effects, corresponding to lower
probability of “short” responses for e.g. Late compared to Early onset times. If entrainment is
fully domain-general, then we should observe an effect of Onset Times across all conditions,
with no Auditory Targets x Onset Times interaction. If entrainment does not occur across
domains, we should observe a significant interaction between Auditory Targets and Onset Times,
with entrainment in the Tone condition but not the Speech condition. To assess significance, we
compared the full model to holdout models which removed only a single fixed effect at a time.
We also compared the model of each Auditory Target to a corresponding holdout model that
removed Onset Times to test for entrainment effects. Stepwise elimination with the buildmer
package was used to determine the random effects structure of the largest regression model that
could still converge.

In the full Auditory Target x Onset x Target Duration model, we first verified that there is
a significant effect of Target Duration in the full model (== 351.22, p <.000), confirming that
there is a strong decrease in “short”/”lap” responses with increasing target durations in our
stimuli. There was a marginally significant 2-way interaction between the three Auditory Targets
and the three Onset Times (y-= 8.73, p = .068). Further, for the contrast comparing Speech to the
other two targets (Tone and Tone-as-Speech targets), there was a significant 2-way interaction
between the Auditory Targets (Speech vs. others) and the Onset Times (y~= 8.49, p = .014),
suggesting Speech targets showed different Onset effects than the other two auditory targets. The
3-way interaction among the Auditory Targets, Onset Times and Target Durations was not
significant (y*= 6.77, p = .562).

To understand the nature of the interactions, we compared pairs of Auditory Target
conditions, in each case testing whether Auditory Target interacted with Onset Times. There was
a significant 2-way interaction between Speech vs. Tone targets and Onset Times (y~=9.71, p
=.008), so we further tested Speech and Tone conditions individually. The Tone target model
showed a significant effect of Onset Times (y* = 26.01, p <.000), with lower probability of
responding short in the Late compared to Early onset times (B = -0.32, SE = 0.06, p <.000), as
well as the On-time compared to Early onset times (B = -0.20, SE = 0.05, p = .0002). The model
conducted on Speech did not show an effect of Onset Times (3= 2.85, p = .240). Neither Onset
Time contrast showed a significant difference. These results suggest a stronger entrainment
effect (i.e. significant effect of Onset Times) in the Tone condition than in the Speech condition.

2.2.2 Auditory grouping: the Tone-as-Speech condition

We continued by comparing the speech-as-tone targets to the other two target conditions.
We did not find robust cross-domain phase entrainment from tones to speech sounds, consistent
with our preliminary work (Supplementary Section 1). One possible reason for the lack of tone-
to-speech entrainment could be the auditory dissimilarity between tone precursors and speech
targets (auditory grouping hypothesis). If speech categories do undergo entrainment as long as
auditory properties match between precursors and targets, then Tone-as-Speech should look
similar to the Tone condition (indicated by nonsignificant interaction effect) and should show
significant effects of Onset Times. We first compared the Tone-as-Speech and the Tone
conditions. There was no significant interaction between the Tone/Tone-as-Speech targets and
Onset Times (== 0.19, p = .911). This is consistent with the nonsignificant contrast x Onset
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Time interaction in the full model Helmert contrast between these two conditions. We then
compared the Tone-as-Speech target to the Speech target. There was a significant interaction
between the Speech/Tone-as-Speech target and Onset Times (= 8.12, p =.017). These findings
suggest that the responses to the Tone-as-Speech target were more similar to Tone target
responses, and dissimilar to Speech target responses.

The model conducted on the Tone-as-Speech condition alone showed a significant effect
of the Onset Times (y* = 22.20, p <.000), with lower probability of responding short in the Late
compared to the Early onset times (B =-0.31, SE = 0.06, p <.000), and the On-time compared to
the Early onset times (B =-0.18, SE = 0.06, p = .002). These results imply that the Tone-as-
Speech condition patterns with the Tone condition, with both showing phase entrainment effects.

This might be taken as evidence that speech, as represented by tone targets heard as
speech, can undergo phase entrainment, but how well did listeners process these tone targets as
speech? To check how successful listeners were at processing amplitude-modulated tones as
speech in the Tone-as-Speech condition, debriefing questions asked whether they perceived/felt
the tones as being /ab and /ap. Only 14 participants said yes, an unexpectedly small proportion.
Still, as planned, we tested their responses alone, and found a significant effect of Onset Times
(x* =7.068, p = .029), with significantly lower probability of responding short in the Late
compared to the Early onset times (B =-0.36, SE = 0.12, p = .004), despite the small n. There
was a marginally significant difference between the Early vs. On-time onset times (B =-0.17, SE
=0.10, p =.079). Because this small sample size was not foreseen, we explored the “speech
hearers” effect by collecting additional participants who reported successfully hearing speech
sounds as requested in the experiment instruction (total » = 26). These data continued to support
the phase entrainment effect (see Supplementary 2.5 for details).

(@) (b)

0.8 8
0.6

0.4

Proportion Responding Short

0.0

Speech Tone Tone-as-Speech Speech Tone Tone-as-Speech

Auditory target Auditory target
Onset Times @ Early gl On-time | Late Onset Times @ Early | On-time | Late

Figure 4. Bar plots of proportion short and 50% point for each onset time among Auditory
Target in Experiment 1. The x-axis represents different auditory targets. The y-axis represents
(a) the proportion of responding short and (b) 50% points for targets presented early (red bars),
on-time (green bars) and late (blue bars). Bar plots show the group means and standard errors.
Each black dot represents one individual.
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2.3 Discussion

We found significant phase effects, shown as entrainment distortion, from entrainer tones
to target tones, yet we did not observe significant phase effects in target words /ab/lap. Results
were consistent in logistic regression and supported by ANOVA both in proportion short and
50% point. This finding is, on its surface, consistent with a domain-specific view of language
processing and inconsistent with the general auditory processing account. The lack of tone-to-
speech phase entrainment replicated our preliminary studies and Bosker and Kosem’s (2017) null
result for phase effects on speech stimuli. Note that Bosker and Kosem (2017) did not have a
tone-target control condition that matched the word targets as we did, but we still did not observe
phase effects on speech sound perception.

The lack of phase entrainment for speech stimuli is particularly interesting in the context
of other findings that tone precursors do affect spectral (Holt, 2005, 2006; Lotto et al., 2003) and
durational (Bosker, 2017; Wade & Holt, 2005) aspects of speech perception (summarized in
Table 1), as well as neural evidence on cross-domain prosodic priming from music to speech
(Sun et al., 2024). The lack of tone-to-speech phase effects is even more surprising given that
studies have demonstrated cross-modal or supra-modal entrainment effects, for instance, between
auditory and visual modalities (ten Oever & Sack, 2015; Zoefeland & VanRullen, 2017; and a
review by Bauer et al., 2020).

Table 1. Effects of nonspeech precursors on perception of speech sounds, with example studies.

Nonspeech precursor property | Affects speech targets

Spectrum Yes (Holt 2005, 2006; Lotto et al., 2003)

Rate Yes (Bosker, 2017; Bosker & Kosem, 2017; Wade &
Holt, 2005)

Phase No (Bosker & Kosem, 2017; our Experiment 1)

Within Experiment 1, we probed one possible reason for the lack of cross-domain phase
entrainment in our Tone-as-Speech condition, that is, the auditory dissimilarity between the
precursors and the target. On this auditory grouping account, phase effects from entrainment may
occur in a wide range of modalities, including speech, but are limited by degree of acoustic
match. Therefore, auditory dissimilarity may hinder the phase effect of the precursors on the
targets because sequential temporal relationships (of which phase is one type) are harder to
apprehend between dissimilar sounds (e.g., Bregman, 1990; Miller & Heise, 1950). The outcome
of our Tone-as-Speech condition provided an initial attempt to test this hypothesis. We found
entrainment effects for speech categorization even if listeners were asked to categorize fone
targets as speech categories (the word lap or lab). Using tones as both precursors and targets
yields higher acoustic similarity between the two, and may permit entrainment effects while
categorizing stimuli as speech. However, given that there is only small number of subjects who
can actually hear the tones as words, additional research needs to be done to verify that auditory
similarity modulates entrainment effects, a point we return to in Experiment 3.
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A second possible reason for lack of speech entrainment relates to the issue of p-center of
Tone and Word onsets—that is, the perceived onset time, which can differ from acoustic onset
time (e.g. Morton et al., 1976). Even though we controlled tone targets to match the durations
and amplitude envelopes of the word targets, it is still possible that the subjectively perceived
onsets of tones and words are not identical. Specifically, the entrainment distortion could have
been reduced in the Speech condition if the perceived onset times of words were later than those
of the tones. Namely, speech stimuli lap/lab in the early, on-time, late conditions may have been
perceived more as on-time, late, late, effectively removing the “early” effect and thus weakening
entrainment distortion. This is addressed in our Experiment 2 by selecting speech stimuli which
have p-centers more aligned with the tones. A control study (N = 12) was conducted within our
lab to estimate the p-center of both lab/lap and a new vowel-initial word pair add/at, as well as
the lab/lap-based tones. Only the endpoint stimuli from each condition were tested. In each trial
of a beat alignment perception test, listeners heard trains of 10 single woodblock hits and 10
repetitions of a word or tone target (mixed to a single channel), with matched inter-onset interval
(rate) but varying phase relationships, with the woodblock hits at 0-120 ms phase lag in 30-ms
increments. Subjects were asked to judge whether the timing of the words/tones were aligned
with the metronomes or not. Results suggested that /ab/lap indeed had a later and possibly wider
p-center than the tones (see Danielsen et al., 2019 on wider p-centers), with higher “beat aligned”
judgments at greater degrees of target earliness (see the solid black vs. dark gray dashed curves
in Figure 5). This was somewhat surprising to us, as we had controlled speech and tones to have
the same amplitude envelopes, which have been reported as critical to the p-center in speech (e.g.
Sturm & Volin, 2016; though see Cooper et al., 1986). However, add/at (dotted gray curve in
Figure 5) had a p-center similar to the tones, both of which were perceived around the sound
onset. In Experiment 2, we investigated the cross-domain phase entrainment using an add/at
speech continuum and new add/at-matched tones, so that the p-centers of the Speech and the
Tone conditions were similarly early.

& y

1.00

0.75 I -

Auditory Targets

0.50 S - at/add
N lap/lab
N short/long tone

0.25 °

Proportion of Responding Beat Aligned
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Figure 5. Control study response curves averaged across 12 participants. The x-axis
represents the perceived start of sound (in ms) of words/tones according to the metronome clicks.
The y-axis represents the proportion of responding “aligned” between beat and words/tones
averaged across all subjects for short and long tones (in solid light gray), word “lap” and “lab”
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(in dotted dark gray), and word “at” and “add” (in dashed black). The arrows on top indicate the
perception onsets of different sounds.

3. Experiment 2

3.1 Methods

3.1.1 Participants

We tested 200 participants in the manner described for Experiment 1. The sample size
and exclusion criteria were identical to Experiment 1, resulting in final sample sizes of n =71 for
the Speech condition and n = 70 for the Tone condition. Participants were excluded for: scores
below 90% for catch trials, suggesting inattentiveness (n = 40); reporting intrusive environmental
noise (n = 5); reversed or zero identification slopes (n = 4); aberrant response patterns in 50%
point data (n = 10).

3.1.2 Stimuli

The word pair add vs. at was chosen for Experiment 2 to better match the p-center
between speech sounds and tones. The p-center of add and at was found to be around the sound
onset, and better aligned to the p-center of tones based on our control study. Recordings were
made by the same speaker as Experiment 1, using Praat 6.1.16 (Boersma & Weenink, 2020) in a
quiet room. The stimuli were constructed in a similar manner (gradually lengthened “at”) as in
Experiment 1, with the only difference in the envelope extraction to construct the Tone
condition. Instead of using the upper half of the envelope, we used the average envelope across
the upper and lower half of the envelope to generate tones matching the speech sounds. Please
note that there is a strong correlation between the upper envelope and the lower half of the
envelope (r =-0.91), as well as with the averaged envelope. Therefore, the choice between using
the upper or lower half is likely inconsequential. However, for the sake of maximizing similarity
to the speech signal, we opted to utilize the averaged envelope.

3.1.3 Design and procedure

The design and procedure closely mirrored Experiment 1 with the following adjustments.
Firstly, we exclusively tested the Speech condition and Tone condition. Secondly, we aligned the
trial number and procedure across both conditions to mitigate any procedural disparities that
might influence the results. Participants engaged in 240 pretest trials of identifying at/add
(Speech condition) or short/long (Tone condition) in the full 8-step continua, followed by 288
main trials. After the main task, they undertook 120 trials discerning six word pairs (Speech
condition) or six matching tone pairs (Tone condition). The planned analyses remain consistent
with those of the first experiment.
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3.2 Results

Speech Tone
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Figure 6. Response curves averaged across subjects for each Auditory Target in
Experiment 2. The x-axis represents step duration from shorter to longer sounds. The y-axis
represents the proportion of responding short (or “at”) averaged across all subjects for targets
presented early (red dotted lines), on-time (green solid lines) and late (blue dashed lines). Each
vertical bar represents standard errors across subjects.
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Figure 7. Bar plots of proportion short and 50% point for each Onset Time among
Auditory Targets in Experiment 2. The x-axis represents different auditory targets. The y-axis
represents (a) the proportion of responding short and (b) 50% points for targets presented early
(red bars), on-time (green bars) and late (blue bars). Bar plots show the group means and
standard errors. Each black dot represents one individual.
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Following the same procedure as Experiment 1, we used logistic mixed-effects models to
test whether there is cross-domain phase entrainment from context tones to words and closely
matching tones with similar p-center. Results are presented in Figure 6 and 7.

We first confirmed that there was a strong decrease in “short”/”at” responses with
increasing target durations in our stimuli in the full model, demonstrated by the effect of Target
Duration (y= = 258.05, p <.000). The 2-way interaction between the Auditory Targets and the
Onset Times was significant (y*>= 7.96, p = .02). The two-way interaction suggests a stronger
entrainment effect for tones than for speech targets. To understand the two-way interaction, we
then examined Speech and Tone conditions individually. Consistent with Experiment 1, the
model conducted on the Tone condition showed a significant effect of Onset Times (x> = 43.97, p
<.000), with a significantly lower probability of responding short or “at” at the Late compared to
the Early onset times (B =-0.29, SE = 0.04, p <.000) and the On-time compared to the Early
onset times (B =-0.18, SE = 0.04, p <.000). Unlike Experiment 1, the model conducted on
Speech also showed an effect of Onset Times (y* = 7.61, p = .022) with a significantly lower
probability of responding short or "at" at the Late compared to the Early onset times (B =-0.12,
SE = 0.04, p = .006). No significant difference was found between the Early and On-time onset
times (B =-0.07, SE =0.04, p = .116).

Note that in the full model, there was also a 3-way interaction between Auditory Targets,
Onset Times, and Target Durations (¥?= 13.22, p = .001). This three-way interaction (see also
Experiment 3) implies differences in curve shape, most likely the more asymmetric effects of
Onset Time for speech targets (mostly in the shorter durations) but symmetric effects for tone
targets. We briefly return to this in Experiment 3.

3.3 Discussion

After aligning the p-center of words and tones, we observed more evidence of cross-
domain entrainment phase effects from precursor tones to target words add/at compared to
Experiment 1. This cross-domain entrainment effect on speech perception achieved statistical
significance in the logistic regression and ANOVA proportion short responses (Supplementary
Section 3). At first glance, the significant Onset Times in the Speech condition may suggest a
different result than Experiment 1, hinting that entrainment is domain-general and affects both
target words and target tones as long as p-center is equated. However, the magnitude of the effect
was significantly greater for tones than for speech, suggesting that, even equating p-center,
speech may be less susceptible to entrainment. Further, the response curves of the Speech targets
and the Tone targets showed distinct shapes (Figure 6), hinting that despite speech sounds and
tones both being subject to tone entrainment, they may have been processed differently. For
example, listeners may compute durations for tone targets only with respect to recent memory
traces (in the task itself), while they compute durations for speech targets with respect to long-
term speech category knowledge. On the other hand, perhaps speech target phase effects are
hindered by the auditory dissimilarity to the tone entrainers we used here, as on our auditory
grouping hypothesis.

To fully compare cross-domain phase entrainment between nonspeech and speech sounds
and probe our auditory grouping hypothesis, we conducted a final experiment using the same
word and tone targets, but replaced the tone precursors with speech precursors. This final
experiment mirrored Experiment 2 and tested entrainment effect from speech sounds to target
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words/tones. According to the auditory grouping hypothesis, entrainment should be stronger
when the target is acoustically similar to the precursor. Thus, we expected a stronger entrainment
effect for speech targets (acoustically similar to the speech precursors) and a weaker effect for
tone targets (acoustically dissimilar to the speech precursors) in Experiment 3 compared to
Experiment 2.
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Figure 8. Control study II response curves averaged across 11 participants. The x-axis
represents the perceived start of sound (in ms) of words/tones according to the metronome clicks.
The y-axis represents the proportion of responding “aligned” between beat and the tone targets
(solid black) and the speech targets (solid gray) used in both Experiment 2 and 3, as well as the
tone precursors in Experiment 2 (dotted black) and speech precursors in Experiment 3 (dotted
gray). The arrows on top indicate the perception onsets of different sounds.

4. Experiment 3

4.1 Methods

4.1.1 Participants

We tested 168 participants in a manner identical to Experiment 2. The sample size and
exclusion criteria were identical to Experiment 1 and 2, resulting in final sample sizes of n = 50
for the Speech condition and n = 57 for the Tone condition. Participants were excluded for:
scores below 90% for catch trials, suggesting inattentiveness (n = 31); reporting intrusive
environmental noise (n = 5); reversed or zero identification slopes (n = 8); aberrant response
patterns in 50% point data (n = 19).
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4.1.2 Stimuli

The same word pair add vs. at in Experiment 2 was used in Experiment 3. Importantly,
we used speech precursors instead of tone precursors to test the phase entrainment effects from
speech sounds to speech/nonspeech sounds, mirroring Experiment 2’s tone precursors. The
stimuli were otherwise constructed in the same manner as in Experiment 2. The speech
precursors were 60-ms "speech pips", edited from the first 60 ms of the word “at”, recorded by
the same speaker as Experiment 1 in a quiet room. In a small control study (N = 11) using the
same procedure described in Section 2.3, the p-center of add and at and the speech precursors
was found to be around the sound onset, similar to those of the tone targets and precursors
(Figure 8).

4.1.3 Design and procedure

The design and procedure were identical to Experiment 2.

4.2 Results

Results are summarized in Figure 9 and 10. Following the same procedure as Experiment 1 and
2, we first confirmed that there was a strong decrease in “short”/”at” responses with increasing
target durations (y*> = 186.05, p < .000). The 2-way interaction between the Auditory Targets and
the Onset Times was not significant (x> = 0.42, p = .809). Consistent with Experiment 1 and 2,
the model conducted on the Tone condition showed a significant effect of Onset Times (}2 =
15.98, p = .000), with a significantly lower probability of responding short or “at” at the Late
compared to the Early onset times (B = -0.22, SE = 0.05, p <.000) and the On-time compared to
the Early onset times (B =-0.10, SE = 0.05, p = .047). The model conducted on Speech also
showed an effect of Onset Times (¥2 =12.44, p = .002) with a significant difference between the
Early and Late onset times (B = -0.20, SE = 0.06, p = .000), and a marginal difference between
the Early and On-time onset times (B =-0.08, SE = 0.05, p = 0.09). In the full model, the 3-way
interaction among the Auditory Targets, the Onset Times, and the Target Durations just reached
significance (y>= 6.12, p = .047). As in Experiment 2, this seems to result from the more
asymmetric effects of onset time on speech vs. more symmetric effects on tone, hinting that
despite the indistinguishable overall effects of onset time, speech categorization and tone
duration categorization are computed somewhat differently. Our favored explanation is that
speech categorization is referring to long-term representations while tone categorization is
referring to recently learned (short-term) representations, but other explanations are possible.
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Figure 9. Response curves averaged across subjects for each Auditory Target in
Experiment 3. The x-axis represents step duration from shorter to longer sounds. The y-axis
represents the proportion of responding short (or “at”) averaged across all subjects for targets

presented early (red dotted lines), on-time (green solid lines) and late (blue dashed lines). Each
vertical bar represents standard errors across subjects.
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Figure 10. Bar plots of proportion short and 50% point for each Onset Times among
Auditory Targets in Experiment 3. The x-axis represents different auditory targets. The y-axis
represents (a) the proportion of responding short and (b) 50% points for targets presented early
(red bars), on-time (green bars) and late (blue bars). Bar plots show the group means and
standard errors. Each black dot represents one individual.
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4.3 Discussion

This final experiment demonstrated significant phase entrainment effects from speech
precursors to both target words and tones. The results suggest that speech precursors can exert
cross-domain phase entrainment effects on tone targets, mirroring findings from Experiment 2,
which demonstrated a cross-domain effect from tone precursors to speech targets. Together,
these two experiments provide evidence for cross-domain phase entrainment under specific
conditions, namely when p-centers of the speech stimuli are controlled (Figure 8). In addition,
we replicated the phase entrainment effect on speech sounds (Experiment 2). Further, moving
from tone precursors (Experiment 2) to speech precursors that were acoustically more similar to
the speech targets (Experiment 3) led to a larger effect size for speech entrainment, which is
consistent with the auditory grouping hypothesis. See General Discussion effect size
comparisons for further elucidations. As observed in Experiment 2, there were some subtle
differences between the Tone and the Speech curves (Figure 9). Across the two experiments, the
effects of Onset Times on the Speech conditions happened more on Target Durations 2, 3 and 4
(i.e. shorter end of the “at/add” continuum, more “at” responses), while it was more evenly
spread out cross the full continuum for the Tone condition. These nuances surfaced in our
logistic mixed-effect regression as significant 3-way interactions in both Experiment 2 and 3. It
is interesting that this finding persists across two studies and two different precursors; future
studies should replicate this effect with different stimuli. Nonetheless, we find clear evidence in
both studies that precursor phase relationships affect duration perception.

5. General Discussion

We asked whether there is cross-domain phase entrainment between tones and speech,
with tone-to-tone and speech-to-speech entrainment conditions included for comparison. We
consistently observed phase entrainment effects with amplitude-modulated tones. This in itself
was not a foregone conclusion, as previous research has used tones with relatively sudden onsets,
whereas we used tones with more gradual onsets that closely matched our speech stimuli. The
picture for speech entrainment was more complex. We did not observe significant phase
entrainment effects from precursor tones to target words /ab/lap (Experiment 1). However, we
did observe phase entrainment effects from precursor tones to target words add/at (Experiment
2) which aligned the p-centers of the speech targets and tone targets. We also observed phase
entrainment effects from speech precursors to speech targets (Experiment 3).

To succinctly summarize effect magnitude across all conditions in all experiments, we
used the conceptually largest possible Onset Time effect, the beta value accounting for the
difference between Early and Late onset times for each condition.! Across the first two

'Throughout the study, as in our previous work (Cheng & Creel, 2020), the early condition
shows the strongest effects vs. the other two, such that the smaller-magnitude on-time vs. late
difference on its own does not always reach the threshold for significance (See Supplementary
Materials 2.3, 3.3, 4.3 for a summary of pre-registered ANOVAs and t-tests). This asymmetry,
however, is not limited to speech stimuli and does not bear on the general question of sensitivity
to entrainment effects.
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experiments, the tone-to-tone entrainment (B ranging from -0.29 to -0.32) showed a larger effect
size than tone-to-speech entrainment (-0.08 to -0.12). Moreover, these tone-to-tone effects also
surpassed the speech-to-speech effect in Experiment 3 (-0.20), which was similar to the cross-
domain and acoustically dissimilar speech-to-tone effect (0.22). It is notable that of the cross-
modal conditions, the speech-to-tone effect was numerically larger than the tone-to-speech
effects in Experiments 1-2. It is also notable that the largest magnitude effect on speech targets
was the speech-to-speech condition in Experiment 3, though bear in mind that these are
descriptive numerical comparisons and not statistical comparison. These results are summarized

in Table 2.

Table 2. Cross-domain entrainment effect, indicated by a significant effect of Onset Times and
the difference between Early and Late onset times across the three experiments. The statistically
significant effects (p <.05) are highlighted in bold.

Speech Tone Tone-as-Speech
Exf_ef(‘)‘lll‘:“t Ofgf%frfes =285, p=240 | 22=26.01,p<.000 | x*=22.20,p<.000
precursors +
tone/words Early vs. B=-0.08, SE= | B=-0.32, SE =0.06, p | B=-0.31, SE = 0.06,
(lab/lap) Late 0.06, p =0.221 <.000 p <.000
Experiment Effect of 2= 761 p=.022 2= 43.97. p <.000
2: tone Onset Times | * OLP = X hP S
precursors +
tone/words Early vs. B=-0.12,SE= | B=-0.29, SE =0.04, p
(add/at) Late 0.04, p =.006 <.000
Experiment Effect of
3}’speech Omset Tionos |12 =12:44,p=.002| 2 =15.98, p =000
precursors +
tone/words Early vs. B=-0.20, SE= |B=-0.22, SE =0.05, p
(add/at) Late 0.06, p =.000 <.000

At this point we feel safe in concluding that phase entrainment can occur for speech. Still,
effects of phase for speech appear overall weaker than those for nonspeech tones. Our
perspective is that a combination of factors conspires to increase entrainment effects in tones, or
inversely, to decrease entrainment effects in speech. A potential factor already discussed is
auditory similarity between precursors and targets. We view the differences in outcome between
Experiment 2 (tone precursors) and Experiment 3 (speech precursors) as support for auditory
similarity effects. Future studies should also explore how the degree of auditory similarity affects
entrainment. For example, based on the auditory grouping hypothesis, two dissimilar types of
nonspeech should not show entrainment, such as noise burst precursors and tone targets (or vice
versa), or instrumental sounds with distinguishable timbres and or pitch heights. We discuss
other potential differences between tones and speech below.
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One factor that might affect phase entrainment is the top-down knowledge of whether
one is listening to tones versus speech sounds, which might shift the listener’s perception of the
target. This view is aligned with previous findings (e.g. Pitt et al., 2016 Experiment 3), which
showed that the ambiguous sinewave speech precursors only had a context rate effect on speech
perception when the sinewave speech was heard as speech. We attempted to manipulate top-
down perception with our Tone-as-Speech condition in Experiment 1 and found that even when
instructed to hear tones as speech, listeners showed entrainment. However, as we discussed
earlier, this could also be explained by the auditory grouping hypothesis, suggesting that phase
entrainment occurs when the precursors and targets have similar acoustic properties, regardless
of whether participants were primed to listen to words or tones. Also problematic for a “top-
down” explanation, our Tone-as-Speech condition left open the degree to which listeners
actually processed tone targets in “speech mode,” thus leaving unclear whether top-down
perception can affect entrainment. Future research might investigate more effective top-down
manipulations where listeners are cued to interpret the same ambiguous stimulus as either speech
or nonspeech. Another factor that might affect cross-domain entrainment is the degree of
alignment of subjectively perceived event onset time between tone and speech. Experiments 2
and 3 both showed that after controlling for p-center, speech targets are detectably susceptible to
entrainment from both tones (Experiment 2) and speech (Experiment 3). Thus, speech appears at
least mildly susceptible to phase entrainment under certain contrived conditions. While this
limited susceptibility might seem to suggest some degree of modularity of speech and nonspeech
sounds, it is quite possible that nonspeech sounds too are also only susceptible under limited
conditions, and phase entrainment research simply has not explored sufficiently naturalistic
nonspeech materials yet, for example expressively-timed music.

Theoretical implications

In the broader context, a novel contribution of our study is the focus on the phase aspect
of the entrainment, which is the key distinction between two classic models of how humans
perceive time duration and onsets: entrainment models and interval models (McAuley & Jones,
2003). Our finding of the weaker effect of tone-to-speech entrainment and the apparent impact of
auditory similarity seem to apply particularly to the phase but not the rate of precursors (Bosker,
2017; Wade & Holt, 2005). Taking our findings and previous related works as a whole (see
Table 1), the important question is why speech sound perception appears to be influenced more
by the rate and spectral features of the tone precursor than by the precursor’s phase.

One possibility is that temporal cues, including duration estimation and onset prediction,
are inherently represented and processed differently in speech and nonspeech domains. This
maps onto a much-researched distinction between entrainment timing (or beat-based timing) and
interval timing (or memory-based timing), where interval timing refers to recognition of exact
duration without respect to phase relationship or context/precursors (McAuley & Jones, 2003). In
invoking a priori processing differences between speech and nonspeech, this explanation falls
closest to a modular account of timing perception. Assuming there is an actual distinction
between these two timing systems (Teki et al., 2011; Breska & Ivry, 2018, but see Teki et al.,
2012 and Rimmele et al., 2018), it may be that musical/nonspeech sounds are subject to both
interval and entrainment timing, while duration perception in speech is mostly subject to interval
timing that does not care much about the phase relationship. Admittedly, the isochronous
precursors used in our design represent a special case of rhythm and temporal prediction, lying at
the intersection of top-down and bottom-up processes of entrainment. These stimuli are useful
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for simplicity and precise experimental control for the phase relationship (the Onset Times in this
study) between speech and nonspeech sounds. In contrast to isochronous beats, running speech
and live music are typically quasi-rhythmic, yet they contain predictable cues that allow the brain
to entrain and make temporal predictions. Some existing research suggests that phase-/ike effects
may occur in speech segmentation (Dilley & McAuley, 2008). These rhythmic effects in speech
may result from setting up expectations of repeating cycles of stress alternations. It is noteworthy
that Dilley and McAuley’s segmentation-inducing speech precursors are not isochronous, unlike
our entraining tones and syllables. Future research may investigate the domain specificity or
generality of entrainment using more natural speech materials or musical materials from styles
with less isochrony, with an eye toward real-world relevance. A major open theoretical question
is whether events that occur earlier or later than expected relative to a predictive but
nonisochronous preceding sequence experience similar duration distortions. If so, phase effects
could potentially apply in a much wider range of circumstances.

A related but theoretically distinct account is that speech and nonspeech sound perception
may rely on different timing systems due to the outcome of a learning mechanism. Critical
durational cues in speech sounds, such as vowel durations and voice onset times, are repeatedly
heard and learned. This learning process may yield speech representations that contain durational
information, and these activated, interval-type memories of speech duration may participate in
the recognition process for speech in a way that does not happen for nonspeech stimuli. In
addition, speech sound perception may rely more on rate information than phase information
because phase is a very noisy cue in natural speech, and so perceivers learn to downweight phase
information in speech perception. Thus, even though we used isochronous precursors, listeners
who are categorizing speech may have already so downweighted phase cues that phase cues have
little impact on their perceptions of words. If this is the case, then manipulations of auditory
similarity should not increase entrainment in speech, but perhaps training that causes listeners to
upweight phase cues might do so. For example, listeners could receive extensive exposure to
speakers who produce more regular inter-onset intervals, taking p-center into account of course,
to determine whether this shifts speech entrainment sensitivity. Further, some languages contain
duration contrasts (e.g. Japanese, Finnish, Arabic, Thai, Dinka) such that, for example, in
Japanese, /kado/, /kaado/, and /kadoo/ are all different words (Hirata, 2004; see Remijsen &
Gilley, 2008, on 3-way duration contrasts). It is also possible that such listeners may be more
sensitive to duration generally, which could in principle heighten phase entrainment.

A final consideration is, if speech is susceptible to entrainment distortion as we observed
in Experiments 2 and 3, is this likely to affect perception in real-world contexts? There is ample
evidence for rate-based entrainment effects in speech perception (Baese-Berk et al., 2014;
Bosker, 2017; Bosker & Kosem, 2017; Heffner et al., 2017; Wade & Holt, 2005; Steffman,
2021), but not phase-based entrainment effects. Consequently, it is unclear how small-magnitude
phase perturbations in speech functionally impact listeners’ speech processing. While we
observed robust phase effects in tone targets, the relatively weaker speech results raise further
questions about to what extent and under what natural circumstances (and in what listeners)
perception of nonspeech is affected by phase perturbations. The current study implies that there
may be stronger nonspeech effects overall, but this may be the result of the simplified tone
stimuli with simpler acoustic features. At the risk of repeating another stimulus that appears
periodically, further research is needed.
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Future directions

The various interpretations we have posited here (top-down knowledge, auditory
grouping, learned phase downweighting) lead to testable hypotheses that should be examined in
future studies. For example, studies could explore different techniques of generating targets that
are ambiguous between speech and nonspeech, allowing for manipulation of top-down
perception (such as degraded speech or sinewave speech as in Pitt et al., 2016). Additionally, in
future testing, stimuli that optimize entrainment effects should be considered. The current study
included a 600 ms gap (i.e. 2 cycles) after the precursors based on a classic duration judgement
task used in our original studies (Cheng & Creel, 2020), which in turn were based on work by
McAuley & Jones (2003). In hindsight, making the target sound continuous with the precursor
would likely boost entrainment effects, allowing more sensitive tests. Another valuable avenue
would be to use neuroimaging methods to obtain objective measurements (not self-report) of
perceptual distortion in tones versus in speech sounds, and further investigate the underlying
phase resetting mechanisms (Rimmele et al., 2018). For example, M/EEG can test when
entrainment happens, whether in an earlier process like perceptual encoding or later process like
phonological categorization (see Toscano et al., 2010 on voice onset time). In addition, fMRI
could be used to test whether neural regions associated with the two posited timing systems
(Breska & Ivry, 2018; Buhusi & Meck, 2005; Grondin, 2010; Teki et al., 2011), namely the
cerebellum circuit (sensitive to interval timing) or basal ganglia circuit (sensitive to entrainment
timing), were differentially activated during duration judgment in speech vs. duration judgment
in nonspeech.

6. Conclusion

We tested whether phase entrainment effects occur for speech, both with cross-domain
entrainers (tones) and within-domain entrainers (speech). We did not observe significant phase
entrainment effects from precursor tones to target words /ab/lap, but we did observe some phase
entrainment effects in target words add/at with both speech and tone precursors. Still, across the
three experiments, tone-to-tone entrainment showed larger effect sizes than within-domain
speech-to-speech entrainment, or cross-domain tone-to-speech or speech-to-tone entrainment.
These findings suggest that speech sounds are subject to cross-modal phase entrainment effects,
though reduced in magnitude compared to the tone entrainment effect on tones. Our work
contributes to the debate between domain-specific and domain-general accounts of speech
processing by making an initial exploration of factors that may influence speech entrainment
based on the relative phase between precursor sounds and target words. Taking into account a
related literature on precursor effects, results suggest that speech can be affected by phase in
addition to spectral and rate cues, but effects tend to be smaller than for nonspeech tones, which
raises questions as to the strength of the influence of phase entrainment in speech processing.
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