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Abstract
Recent work by McAuley et al. (Attention, Perception, & Psychophysics, 82, 3222–3233, 2020) using the Coordinate Response
Measure (CRM) paradigm with a multitalker background revealed that altering the natural rhythm of target speech amidst
background speech worsens target recognition (a target-rhythm effect), while altering background speech rhythm improves
target recognition (a background-rhythm effect). Here, we used a single-talker background to examine the role of specific
properties of target and background sound patterns on selective listening without the complexity of multiple background stimuli.
Experiment 1 manipulated the sex of the background talker, presented with a male target talker, to assess target and backgroundrhythm effects with and without a strong pitch cue to aid perceptual segregation. Experiment 2 used a vocoded single-talker
background to examine target and background-rhythm effects with envelope-based speech rhythms preserved, but without
semantic content or temporal fine structure. While a target-rhythm effect was present with all backgrounds, the backgroundrhythm effect was only observed for the same-sex background condition. Results provide additional support for a selective
entrainment hypothesis, while also showing that the background-rhythm effect is not driven by envelope-based speech rhythm
alone, and may be reduced or eliminated when pitch or other acoustic differences provide a strong basis for selective listening.
Keywords Speech Perception . Selective Attention

Introduction
Understanding speech in noisy listening environments, such
as in a crowded café, by a busy street, or in a large Zoom
meeting, is a difficult perceptual problem that most of the
hearing population faces regularly. Moreover, speech-innoise (SIN) abilities vary greatly from person to person, and
these individual differences are not fully explained by puretone hearing thresholds, cognitive ability, or age (Akroyd,
2008; Houtgast & Festen, 2008; Humes, Kidd, & Lentz,
2013b). One factor that has been considered to explain some
individual differences in SIN perception is temporal
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processing ability. Much of this research has focused on temporal resolution—that is, the ability to detect brief or rapid
temporal events (e.g., gap detection or amplitude-modulation
detection). In this regard, despite the temporal characteristics
of speech being important for speech perception (e.g., Darwin,
1975; Golumbic et al., 2012; Rosen, 1992), traditional psychoacoustic measures of temporal resolution have generally
been found to be poor predictors of SIN ability (e.g., Humes &
Dubno, 2010; Humes et al., 2013a, b; Kidd et al., 2007).
More recently, however, several studies have shown that a
sensitivity to suprasegmental temporal patterns, or speech
rhythm, may be more important for speech perception in noise
than temporal resolving power (e.g., Aubanel et al., 2016;
McAuley et al., 2020; Riecke et al., 2018; Wang et al.,
2018). By speech rhythm, we mean the temporal patterning
of speech sounds that leads to the perception of regularity and
guides temporal expectations about when subsequent sounds
in a speech stream are likely to occur. Importantly, fluctuations in the amplitude envelope of speech patterns give rise to
a sense of regularity that can be used to guide expectations for
the timing of future speech events. Speech timing at the syllabic level (within the range of 3–9 Hz) in particular has been
shown to contribute to the rhythmic qualities of speech across
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many languages (Dauer, 1983; Tilsen & Arvaniti, 2013) and is
also likely to be important for early language acquisition
(Goswami, 2019).
One theoretical framework that has been useful for exploring the role of rhythm in speech perception is dynamic attending theory (DAT), which posits the existence of attentional
rhythms that are entrained by environmental stimuli (Jones,
1976; Jones & Boltz, 1989; Large & Jones, 1999; McAuley
et al., 2006; Miller et al., 2013). According to DAT, periodic
fluctuations in attention gradually adapt in phase and period in
response to exogenous periodic (or quasiperiodic) stimulus
rhythms, such that peaks in attention align with points in time
where stimulus events are expected to occur. This alignment
of maximal attentional energy to time points where relevant
stimulus events are likely to be present is hypothesized to
facilitate perception of those events (Jones, 1976; Jones &
Boltz, 1989; Large & Jones, 1999; McAuley et al., 2006).
Behavioral evidence from a variety of perceptual tasks has
provided support for DAT (Barnes & Jones, 2000; Jones
et al., 2002; McAuley & Jones, 2003; Miller et al., 2013).
Recent work has also provided evidence for dynamic attending in the domain of speech perception. For instance, the
perception of ambiguities in syllable organization is influenced by earlier rhythmic context, suggesting that people are
sensitive to speech rhythms and that these rhythms can set up
temporal expectations that influence word segmentation
(Baese-Berk et al., 2019; Dilley & McAuley, 2008; Morrill
et al., 2014). Moreover, speech understanding in noise is adversely affected by a disruption of rhythmic regularities in
spoken sentences. Isochronously retimed speech is more intelligible amid noise than anisochronously retimed speech
(Aubanel et al., 2016). In multitalker babble, words occurring
later in the target sentence are better recognized than are words
occurring earlier in the same sentence, but not when the target
is made artificially irregular (Wang et al., 2018), suggesting
that temporal (rhythmic) expectations build up over time.
Successful recognition of target speech in a multitalker
environment requires selective attention to the target, which
may be facilitated by entrainment to the target rhythm. This is
because rhythmic expectations, based on entrainment to familiar speech rhythms, help to predict the timing of upcoming
information-carrying events in the target, which facilitates the
alignment of attentional focus on those events. Conversely,
when rhythmic expectations are violated by disrupted or unpredictable speech rhythms, there is a misalignment of attentional focus, which results in poorer speech recognition.
However, disrupting background rhythm can facilitate target
speech recognition by reducing the likelihood of entrainment
to competing speech, thus reducing the chances for intrusion
errors due to incidental entrainment to a competing speech
stream. We will refer to this hypothesis about the effect of
speech rhythm on dynamic attending and selective listening
as the selective entrainment hypothesis. It is worth noting that

selective entrainment generally depends on some type of detectable difference between target and background stimuli
(e.g., spatial location, talker gender, talker identity, semantic
context) to provide potentially discriminable carriers for the
target and background rhythms.
The DAT-based selective entrainment hypothesis is consistent with recent findings from neurophysiological investigations. It is known that cortical neural oscillations that operate near the syllabic rate can exhibit phase-locked synchrony
to the temporal envelope of speech, and it has been argued that
this neural entrainment to the speech envelope is used as a
mechanism for parsing connected speech into smaller units
(Ding et al., 2016; Ghitza, 2011; Giraud & Poeppel, 2012;
Riecke et al., 2018). Disruptions to synchronized neural activity to the ongoing speech envelope via brain stimulation modulates speech comprehension (Riecke et al., 2018). In situations of selective listening to target speech in the presence of
competing speech, neural entrainment to the target envelope is
enhanced when the listener selectively attends to the target
(Ding & Simon, 2012, 2014; Golumbic et al., 2013).
As an alternative to the selective entrainment hypothesis,
rhythmic differences between target and background speech
may result in perceptual segregation without the involvement
of attentional entrainment. That is, the rhythmic differences
may serve as a “cue” for perceptual segregation of competing
speech streams, much like stimulus properties such as fundamental frequency or spatial location. Past research has identified an array of acoustic cues that lead to obligatory segregation
of target and background sound sources (see Bregman, 1990;
Carlyon, 2004). For example, when two spoken utterances are
presented simultaneously, increasing the fundamental frequency difference (ΔF0) between the voices of the target and background talkers increases intelligibility of the target (Assmann &
Summerfield, 1989, 1990; Brokx & Nooteboom, 1982).
Because male and female voices typically have fairly large
ΔF0s (Lavan et al., 2019; Poon & Ng, 2015; Whiteside,
1998), the ΔF0 can act as a strong cue for the segregation of
male and female voices in a multitalker context, and contribute
to a release from speech-on-speech masking when the target
and background talkers are of different sex (Brungart, 2001).
Differences in rhythmic regularities between the target and
background speech may play a similar role to ΔF0. In this
disparity-based segregation hypothesis, a substantial difference in rhythmic regularities between the target and background stimuli would facilitate segregation. This type of
rhythm-based segregation has been demonstrated with puretone sequences, in which consecutive tones alternate between
frequencies that tend to form two perceptual streams when the
frequency difference is large and the intertone interval is
small. Studies have shown that different rhythms within each
stream contribute to stream segregation when adjacent frequency separation and intertone intervals are not sufficient
for reliable segregation (see Bendixen, 2014; Jones et al.,
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1981). However, it is unclear whether a difference in the temporal structure of two competing auditory patterns can facilitate selective listening in the absence of predictable rhythmic
structure that affords entrainment.
The selective entrainment and disparity-based segregation
hypotheses predict different outcomes for speech-on-speech
masking when the rhythmic regularity of the target speech is
disrupted, while that of the background speech is retained.
The selective entrainment hypothesis emphasizes the rhythmic regularity of the target speech and its potential to lead to
attentional entrainment. According to the selective entrainment hypothesis, decreasing the temporal regularity of the
target rhythm reduces attentional entrainment to the target
utterance, thus making it more difficult to form rhythmic expectations about the timing of to-be-reported target words,
which results in poorer target speech-recognition performance. On the other hand, the disparity-based segregation
hypothesis emphasizes the similarity between the target and
background speech rhythms. According to the disparity-based
segregation hypothesis, decreasing the regularity of the target
rhythm enlarges the difference between the target and background speech rhythms, thus improving perceptual segregation of the target and background speech, which results in
better target speech-recognition performance.
As an initial test of the selective entrainment and disparitybased segregation hypotheses, McAuley et al. (2020) measured speech recognition in a multitalker background and systematically altered the natural rhythms of either the target
sentence or the background sentences. Consistent with the
selective entrainment hypothesis, but not the disparity-based
segregation hypothesis, increasing the level of rhythm alteration applied to the target speech made the recognition of
keywords in the target sentence much more difficult. This
was true even though the same alterations of the target rhythm
had no effect on intelligibility of the target sentences presented
in isolation without background sounds, supporting the conclusion that the effect of rhythm alteration was not due simply
to reducing the intelligibility of the target words. In this work,
it is possible, however, that disparity-based segregation was
also involved, and the observed effect of target rhythm alteration was the net effect of the two processes.
The first goal of the present study focuses on the effect of
target rhythm alteration (referred to here as the “target-rhythm
effect”) in order to investigate the potential involvement of
disparity-based segregation and to further examine the robustness of the target-rhythm effect. To this end, Experiment 1
presents a target sentence with a single background sentence
produced by a talker of either the same or different sex from
the target talker. In addition to simplifying potential interactions between target and background rhythms, the use of a
single-talker background will help to establish the generality
of the rhythm-based effects initially observed in a multitalker
context (McAuley et al., 2020).

Without changes to the background rhythm, selective entrainment predicts poorer target speech recognition as the level
of target rhythm alteration increases with both same-sex and
different-sex background talkers. On the other hand, if
disparity-based segregation is involved, it will counter the
negative effect of target-rhythm alteration caused by disruptions to selective entrainment. Furthermore, any disparitybased improvement should be smaller for the different-sex
background talker than for the same-sex talker condition.
This is because, in the presence of a large ΔF0 (in the
different-sex talker condition), the contribution of rhythmic
segregation to improvements in target recognition should be
negligible (e.g., George & Bregman, 1989). Thus, without the
benefits of rhythm-based segregation to counteract the decrease in entrainment, a larger target-rhythm effect would be
expected for the different-sex than the same-sex talker
condition.
A second major finding from McAuley et al. (2020) was
that increasing the level of rhythm alteration applied to the
background speech improved recognition of keywords in the
target sentence (referred to here as the “background-rhythm
effect”). That the same difference between target and background speech rhythm (intact vs. altered rhythm) leads to better performance when the background is altered, but worse
performance when the target is altered, clearly shows that
the difference between target and background rhythms is not
the crucial factor. Rather, it appears that entrainment is the key
factor: entrainment to the target speech is more difficult when
natural speech rhythms in the target are disrupted, but entrainment to the target is enhanced when competing speech is not
conducive to entrainment due to rhythmic alteration.
The second goal of the current study is to start to unpack
the effect of background-rhythm alteration by examining the
influence of interactions between the temporal envelopes of
the target and background speech in the absence of semantic
content in the background stimulus. Experiment 2 uses the
same-sex single-talker background speech used in
Experiment 1, but the background speech is tone vocoded.
The rationale for using a tone-vocoded background is that
the vocoding process maintains the broadband temporal envelopes of original background sentences but removes the temporal fine structure and renders the sentences unintelligible. It
is known that the perception of the temporal envelope of one
sound could be undermined by the presence of an amplitudemodulation imposed on the sound (i.e., modulation masking;
see Bacon & Grantham, 1989; Houtgast, 1989) or by the temporal envelope of another simultaneous stimulus (i.e.,
modulation detection/discrimination interference; see Yost
et al., 1989). Such low-level modulation masking/
interference has been shown to play important roles for speech
understanding in complex environments (e.g., Fogerty et al.,
2016; Stone et al., 2012), but it is not clear whether the
background-rhythm effect observed by McAuley et al.
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(2020) can be fully explained by low-level envelope processing. Use of the vocoded background stimuli will provide a test
of whether the envelope-based speech rhythm is sufficient to
produce an improvement in the recognition of target speech
when the background rhythm is altered. The lack of a
background-rhythm effect under these conditions would indicate that a more speech-like stimulus, or perhaps semantic
information, is necessary to obtain the background-rhythm
effect. This would suggest that without speech fine structure
or semantic information, a competing speech rhythm does not
interfere with selective listening to a target sentence, either
because of the lack of semantic interference or because of
the acoustic disparity between vocoded speech and natural
speech.

General methods
All stimuli consisted of two simultaneously presented spoken
sentences amid a background of speech-shaped noise. Speech
stimuli came from the CRM corpus (Bolia et al., 2000). Each
sentence had the same structure: “Ready [call sign] go to
[Color] [Number] now.” In every sentence, one of eight call
signs (e.g., “Baron,” “Charlie,” Eagle”), one of four Colors
(“red,” “green,” “blue,” or “white”) and one of seven
Numbers (1–8, excluding 7 from the target so that each possible number was monosyllabic) appeared. The target sentence always came from the same male talker (Talker #1) with
a mean fundamental frequency of about 118.3 Hz (Allen et al.,
2008), and contained the call sign “Baron.” The call signs,
Colors, and Numbers in the background were always different
from those of the target. The background sentences always
came from a different talker than the target. In Experiment 1
of the current study, the background talker was either a male
(Talker #0) with a mean F0 of about 100.19Hz (Allen et al.,
2008) or a female (Talker #4) with a mean F0 of about
211.06Hz (Allen et al., 2008) in two separate conditions. In
Experiment 2, the background talker was always the male
talker (Talker #0); the harmonic structure in the vocoded background sentence allowed setting the average F0 of the background sentence (100 Hz) close to that of the male background
talker in Experiment 1, to provide similar F0-based segregation cues. During each experimental trial, participants were
instructed to listen for a target sentence with the call sign
“Baron” and report the Color and Number they heard in the
target sentence by clicking on a square with that combination
of Color and Number, presented via a custom MATLAB
program.
In some conditions, the natural rhythm of either the background or the target utterances were disrupted by temporally
expanding and contracting the speech in a sinusoidal fashion
(Fig. 1). Alterations to the original CRM sentences were made
using Praat’s Pitch Synchronous Overlap and Add (PSOLA)

Fig. 1 Examples of rhythm unaltered and altered versions of a spoken
CRM sentence of the form “Ready [call sign] go to [color] [number]
now.’ The top panel (a) shows the sample sentence where the rhythm is
unaltered (m = 0), as represented by the bars equally spaced in time. The
middle and bottom panels show how the same time points in the speech
signal are shifted by the rhythm transformation (m = 0.75, maximally
altered condition) for two different phases (b, ϕ = 5π/4; c, ϕ = π/2)

algorithm, according to a compression ratio (CR) given by
CR(t) = 1 + m sin(2πfmt + ϕ), where CR > 1 indicates a
slowing of speech and CR < 1 indicates compressed, or faster
speech. The rhythm alteration rate, fm, was set to 1 Hz. based
on McAuley et al. (2020), who showed that this value preserved speech intelligibility while still providing a strong percept of timing variation. Additionally, the low rhythm alteration rate of 1 Hz ensured that during each 1-second period
within the speech stimuli the duration of the period was maintained, with temporal expansion applied to half of the period
and temporal compression applied to the remaining half (see
Fig. 1b–c). Consequently, the rhythm alteration manipulation
did not change the syllabic rate (i.e., the number of syllables
per second) of the speech stimuli. This also means that the
effect of the rhythm alterations on the modulation spectrum
was quite limited. The rhythm alteration does not affect amplitude modulation (other than the expansion and contraction

Atten Percept Psychophys

of the rate of modulation) and the slow (1 Hz) rate and modest
amount of expansion/compression is unlikely to have affected
perception of the segments (based on prior work with timecompressed or expanded speech: e.g., Gordon-Salant et al.,
2007). The degree of rhythm alteration is determined by the
modulation depth, m, which took on values of either 0.0, 0.25,
0.50, or 0.75 depending on condition. The initial phase of
rhythm alteration, ϕ, was randomly assigned for each trial
within a block from a set of equally probable values (0, π/4,
2π/4, 3π/4, 4π/4, 5π/4, 6π/4, and 7π/4). Onset asynchronies
of either +50 ms or −50 ms, with equal probability, were
introduced to the background sentences relative to the target
before the rhythm alteration took place in order to make certain that rhythm alteration effects are not simply due to misalignment between the target and background Color and
Number.
In all conditions, the presentation levels of both the target
and background sentences were set to 65 dB sound pressure
level (SPL). Recognizing target speech with only one equallevel talker in the background was expected to be relatively
easy (Rosen et al., 2013). In order to control for the overall
difficulty of the task and avoid ceiling effects, the target and
background sentences were presented in an additional speechshaped noise. Stimuli were presented diotically using
Sennheiser HD 280 Pro over-the-ear headphones at a sampling rate of 22050 Hz.

Experiment 1
Methods
Participants and design Thirty-six participants (eight males,
28 females) were recruited from the Michigan State
University Department of Psychology participant pool and
received course credit as compensation for participating. All
were native speakers of American English and were screened
for normal hearing (pure tone average, or PTA <20 dB HL, in
both ears). The experiment had a 2 (background-talker sex:
male or female) × 2 (type of rhythm alteration: target or background) × 4 (level of rhythm alteration: m = 0, 0.25, 0.50,
0.75) mixed-factorial design. Background talker sex and type
of rhythm alteration were between-subjects factors, leading to
four participant groups: same-sex background/background
rhythm alteration (n = 9), different-sex background/
background rhythm alteration (n = 9), same-sex background/
target rhythm alteration (n = 10), different-sex background/
target rhythm alteration (n = 8). The level of rhythm alteration
was manipulated within subjects. Additional speech-shaped
noise was added with an SNR (target relative to speechshaped noise) of −6 dB for the different-sex background, compared with 0 dB for the same-sex background. The 6-dB difference in SNR was used to yield roughly equivalent

performance for the same-sex and different-sex backgrounds
in the unaltered rhythm condition (m = 0), based on pilot
testing.

Procedure
The experiment was conducted in a single test session of 16
experimental blocks. Each block consisted of 40 trials with the
same level of rhythm alteration. Each of the four levels of
rhythm alteration occurred four times total, once within each
set of four blocks; the order of rhythm alteration levels was
counterbalanced across sets. Additionally, the entire sequence
of 16 blocks was presented in one of two orders; one order
was the reverse of the other, with order counterbalanced
across subjects. A mandatory break was provided after eight
blocks, and participants were encouraged to take breaks as
needed between blocks. Afterward, participants completed
surveys about their personal and musical background and
about the strategies they used during the experiment. The entire session lasted approximately 1.5 hours.

Results
Figure 2 shows mean proportion of correct responses
(reporting both the correct target Color and Number) for the
same-sex and different-sex background conditions for alterations of the target rhythm (Fig. 2a) and alterations of the
background rhythm (Fig. 2b). Results revealed a clear targetrhythm effect for both the male (same sex) background talker
and the female (different sex) background talker that was consistent across listeners. Linear trend analyses showed that increasing levels of target rhythm alteration reliably reduced
target recognition with both same sex, F(1, 9) = 131.97, p <
.001, η2 = 0.94, and different sex background talkers, F(1, 7) =
190.49, p < .001, η 2 = 0.97. There was also a robust
background-rhythm effect for the same-sex background condition, but not for the different-sex background condition.
Increasing levels of background rhythm alteration dramatically improved target recognition for the same-sex background,
F(1, 8) = 63.58, p < .001, η2 = 0.89, but to a much lesser
degree for the different-sex background, F(1, 8) = 5.91, p =
.041, η2 = 0.43. For the observed target-rhythm effect, the
slope was slightly less negative for the same-sex background
(b = −0.17) than for the different-sex background (b = −0.24).
Conversely, for the background-rhythm effect, the slope was
close to zero for the different-sex background (b = 0.04), but
very positive for the same-sex background (b = 0.27).
Next, we considered how types of errors were modulated
by alteration of the target and background rhythms. Of particular interest were errors based on listeners’ reporting of target
words from the background sentence instead of words in the
target sentence. These background intrusions provide a measure of inappropriate (for this task) attention to the background
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Fig. 2 Experiment 1: Proportion correct target Color and Number
recognition for each level of rhythm alteration (m = 0.0, 0.50, 0.25,
0.75). Dotted lines (with open circles) represent the different-sex background talker condition and solid lines (with squares) represent the samesex background talker condition. a shows proportion correct when the
target rhythm was altered (same-sex: n = 10, different-sex: n = 8), while b
shows proportion correct when the background rhythm was altered
(same-sex: n = 9, different-sex: n = 9). Error bars represent standard error
of the mean

sentences. This allows us to determine whether errors are due
to misdirected attention, or to a more general distraction effect
(in which the background sentences are acting merely as a
masking noise) that would tend to cause random errors (based
on pure guessing). Thus, an analysis of intrusions errors can
provide a clearer picture of listeners’ attentional focus under
various conditions, which helps to evaluate hypotheses about
attentional entrainment.
Intrusion results are shown in Fig. 3. Overall, the same-sex
condition tended to produce more Color intrusions (M = 0.42,
SD = 0.14) than the different-sex condition (M = 0.32, SD =
0.064), t(25.47) = 2.86, p = .008, 95% CI [0.029, 0.18]. The
same-sex condition also tended to produce more Number intrusions (M = 0.39, SD = 0.20) than the different-sex condition
(M = 0.22, SD = 0.058), t(21.34) = 3.74, p = .001, 95% CI [
0.079, 0.28]. Levene’s test indicated unequal variances for
both Color (F = 7.38, p = .01) and Number (F = 14.27, p =

.001) intrusions, so degrees of freedom for both t tests have
been adjusted. This difference indicates that errors in the
different-sex condition tended to include more random errors
(unrelated to the background Color and Number) than in the
same-sex condition.
Moreover, on top of the overall differences in the proportion of intrusions in the same-sex and different-sex background conditions, alteration of the target rhythm produced
similar linear trends in the positive direction (more intrusions)
for both background talkers (see Fig. 3a–b). For the same-sex
background condition, greater alteration of the target rhythm
led to more intrusions for both Color, F(1, 9) = 5.80, p = .038,
η2 = 0.39, and Number, F(1, 9) = 8.67, p = .016, η2 = 0.49.
The same was true for the different-sex background condition,
Color, F(1, 7) = 14.47, p = .007, η2 = 0.67; Number, F(1, 7) =
7.21, p = .031, η2 = 0.51.
Conversely (as shown in Fig. 3c–d), increasing alteration
of the background rhythm led to fewer Color and Number
intrusions for both the same-sex background, Color intrusions,
F(1, 8) = 79.11, p < 0.001, η2 = 0.91; Number intrusions, F(1,
8) = 59.31, p < .001, η2 = 0.88, and the different-sex background, Color intrusions, F(1, 8) = 13.69, p = .006, η2 = 0.63;
Number intrusions, F(1, 8) = 33.61, p < .001, η2 = 0.81. There
was also an interaction between background rhythm alteration
and background talker sex for both Color, F(3, 48) = 9.49, p <
.001, η2 = 0.37, and Number, F(3, 48) = 7.667, p < .001, η2 =
0.324, intrusions. Slopes for the same-sex background condition (b = −0.28 for Color, b = −0.31 for Number) were much
more negative than those for the different-sex background
condition (b = −0.022 for Color, b = −0.026 for Number).

Discussion
The finding of a target-rhythm effect for both same-sex and
different-sex background conditions is consistent with the selective entrainment hypothesis and the results of McAuley
et al., (2020). With increasing alteration of the target rhythm,
proportion of correct Color and Number responses decreased,
and proportion of Color and Number intrusion errors increased for both the same-sex and different-sex background
conditions. Thus, the effect of target rhythm alteration on target understanding and intrusion errors is the same regardless
of the ease of segregation (based on an F0 difference) of the
background speech from the target speech. Results also show
evidence of a contribution of disparity-based segregation to
the target-rhythm effect in the same-sex condition. The increase in rhythmic disparity with increases in target rhythm
alteration appears to have helped performance in the same-sex
condition by reducing the negative effect of target rhythm
alteration on entrainment, relative to the different-sex condition. Thus, it appears that any positive effect of rhythm disparity is less effective when a strong cue for perceptual segregation (an F0 difference in this case) is present.
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Fig. 3 Proportion of intrusions for each level of rhythm alteration (m =
0.0, 0.50, 0.25, 0.75). Intrusions with increasing target rhythm alteration
(same-sex condition: n = 10, different-sex condition: n = 8) are shown on
the left in a for Color and b for Number. Intrusions with increasing
background rhythm alteration (same-sex condition: n = 9, different-sex
condition: n = 9) are shown on the right in c for Color and d for Number.

Dashed lines (with open circles) represent the different-sex backgroundtalker condition and solid lines (with filled squares) represent the samesex background-talker condition. Grey lines represent the chance of
selecting the Color or Number in the background at random. Error bars
represent standard error of the mean

Consistent with McAuley et al. (2020), there was also a
background-rhythm effect, whereby alteration of the background rhythm enhanced target speech understanding and decreased intrusions. However, for both correct responses and
intrusions, the changes in performance with increasing background rhythm alteration were much smaller for the differentsex background condition than the same-sex background condition. Thus, it appears that when the background is easily
segregated via F0 cues (different-sex background condition),
introducing rhythmic irregularity to background speech provides little to no advantage for target speech understanding.
That is, listeners’ attention is less likely to be entrained by the
to-be-ignored background when it is rhythmically irregular,
but a rhythmic disparity between background and target can
also provide a segregation cue. However, the results further
suggest that both mechanisms have less influence when stimuli are easily segregated based on other factors.
One additional result that warrants discussion is that, overall, there was a marked difference in the proportion of intrusion errors between the same-sex and different-sex background conditions. These differences were present even when
the rhythm was unaltered, at which point proportion correct
scores did not differ between the two backgrounds. In the
different-sex background condition, the overall performance
on Color/Number recognition was dominated by energetic
masking from the speech-shaped noise: without it, performance would have been substantially higher. (Recall that the

SNR for the different-sex condition was 6 dB lower than in the
same-sex condition, in order to equate performance in the m =
0 condition.) The lower number of intrusions for the differentsex background compared to the same-sex background supports the idea that the different-sex background talker formed
a separate auditory stream.

Experiment 2
Experiment 2 addresses the question of whether the envelopebased rhythm of the background has an effect on selective listening to the target when temporal fine structure is removed, rendering the background unintelligible. To investigate this question, Experiment 2 applies a tone-vocoding process to the samesex single-talker background CRM sentences from Experiment 1
and then uses the same rhythm alteration manipulation in a similar experimental design to investigate the background-rhythm
effect. A test of the target-rhythm effect is also included in the
design to further investigate whether that effect is dependent
upon the nature of the competing background pattern.

Methods
Participants and design Twenty participants (three males, 17
females), recruited from the Michigan State University
Department of Psychology subject pool, participated in the
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experiment. Participants were native speakers of American
English and were screened for normal hearing (PTA <20 dB
HL, in both ears). The experiment implemented a 2 (type of
rhythm alteration: target or background) × 4 (level of rhythm
alteration: m = 0, 0.25, 0.50, 0.75) mixed factorial design.
Type of alteration was a between-subjects factor, leading to
two participant groups (target rhythm altered, n = 10; background rhythm altered, n = 10). The level of rhythm alteration
was manipulated within subjects.
Stimuli In Experiment 2, the same single-talker background
sentences as in Experiment 1 were tone vocoded following the
rhythm alteration to make them unintelligible while maintaining their broadband temporal envelopes. The tone vocoding
was applied using the following processing steps. First, the
long-term spectrum and the broadband temporal envelope
were computed for each background sentence. The envelope
extraction was done by first half-wave rectifying the waveform of the sentence, followed by low-pass filtering using a
sixth-order Butterworth filter at 32 Hz. Second, a harmonic
tone complex was then generated with a fundamental frequency (F0) of 100 Hz. The tone complex consisted of all harmonics between 100 and 8000 Hz summed in random phase.
Finally, each complex was spectrally filtered to match the
long-term spectrum of the selected background sentence and
amplitude-modulated to match the broadband envelope of the
sentence. The signal processing applied here is similar to a
single-channel noise-vocoder (Shannon et al., 1995), except
that the temporal fine structure of speech was replaced by that
of a harmonic complex rather than a broadband noise. In order
to match performance at the unaltered (m = 0) condition to the
same-sex background talker condition from Experiment 1,
speech-shaped noise was added to the background to produce
an SNR (target relative to speech-shaped noise) of −6 dB. This
value was selected through pilot testing.

and background-rhythm conditions, at each of the four levels of
rhythm alteration with tone-vocoded background. A 2 × 4
mixed factorial ANOVA on proportion correct revealed a main
effect of type of rhythm alteration (target or background), F(1,
18) = 5.68, p = .028, η2 = 0.24, a main effect of level of rhythm
alteration (m = 0.0, 0.25, 0.50, 0.75), F(3, 54) = 12.83, p < .001,
η2 = 0.42, and a significant interaction between type of rhythm
alteration and level of rhythm alteration, F(3, 54) = 10.26, p <
.001, η2 = 0.36. Altering the natural rhythm of target speech
produced the expected negative linear trend, F(1, 9) = 70.53, p
< .001, η2 = 0.89; increasing alteration of the target rhythm
reduced target recognition. The slope of target-rhythm effect
for the tone-vocoded background (b = −0.19) was very similar
to the slope for the male (same-sex) background condition in
Experiment 1 (b = −0.17).
In contrast to the same-sex background condition in
Experiment 1, there was not a background-rhythm effect with
the toned-vocoded background F(1, 9) = 0.21, p = .66, η2 =
0.023. Thus, the rhythmic pattern associated with the broadband envelope of the background speech was not sufficient to
produce the background-rhythm effect in the absence of temporal fine structure and semantic information. Proportion of
correct responses in the condition with no rhythm alteration
(m = 0) did not differ between the target rhythm (M = 0.36, SD
= 0.046) and background rhythm (M = 0.38, SD = 0.12)
groups, t(18) = −0.50, p = .63, 95% CI [−0.11, 0.070] (equal
variances not assumed), confirming that for the two groups of
participants, baseline performance in the unaltered rhythm
condition was the same.

Discussion
The tone-vocoding applied in Experiment 2 resulted in stimuli
with an intact broadband envelope, but which were

Procedure The experiment was conducted in 16 blocks of 40
trials. The level of rhythm alteration remained constant within
a block. Each level of rhythm alteration occurred four times,
once within each set of four blocks. Across each set of four
blocks, the order of rhythm alteration conditions was
counterbalanced. Trial blocks were presented in one of four
orders. Participants were encouraged to take breaks with a
mandatory break after eight blocks (halfway through the experiment). Afterward, participants completed surveys on their
personal and musical background, as well as on any strategies
they used while performing the task. The entire session took
approximately 1.5 hours.

Results
Figure 4 shows mean proportion of correct responses (reporting
both the correct target Color and Number) for the target-rhythm

Fig. 4 Experiment 2: Proportion correct target Color and Number
recognition for each level of rhythm alteration (m = 0.0, 0.50, 0.25,
0.75) with a tone-vocoded background. Dashed lines (with circles) show
performance when the target rhythm was altered (n = 10), while solid
lines (with squares) show performance with the altered background
rhythm (n = 10). Error bars represent standard error of the mean
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unintelligible and lacked the dynamic variations in spectral
and temporal fine structure over time that exist in natural
speech. The lack of a background-rhythm effect with a tonevocoded background suggests that the background-rhythm
effect depends on more than just the amplitude envelope of
the background and its relation to the target rhythm. Although
the lack of potentially interfering semantic information may
account for the insensitivity to changes in the background
rhythm, it is also possible that the lack of speech fine structure
may have made it easier to segregate target and background,
based on acoustic differences unrelated to the envelope-based
rhythm. The matching of the background F0 to the target was
intended to match the difficulty of perceptual segregation in
the same-sex condition of Experiment 1, but the other acoustic
differences resulting from the vocoding may have made it
easier to segregate target and background. Regardless of the
roles of acoustic differences or the lack of semantic information, it is clear that the envelope-based speech rhythm alone
was not sufficient to produce the background-rhythm effect
under these conditions.
The target-rhythm effect, in contrast, is robust to different
types of backgrounds. The observation of a target-rhythm effect amid a background of vocoded speech in Experiment 2
extends the results of Experiment 1, where we observed a
target-rhythm effect in both same-sex and different-sex background conditions. This provides further evidence that the
target-rhythm effect is driven by a weakening of selective
entrainment to target speech that occurs in difficult listening
situations regardless of type of background.

General discussion
Taken together, the results of Experiments 1 and 2 investigating the target and background-rhythm effects are most consistent with the selective entrainment hypothesis, but also reveal
contributions of disparity-based segregation to speech understanding in multitalker contexts. When listening to speech in
the presence of competing sounds, speech recognition performance decreases with increasing deviations from the natural
rhythm of the target speech. This target-rhythm effect, which
is consistent with the selective entrainment hypothesis, but not
the disparity-based segregation hypothesis, does not depend
on the spectral and temporal characteristics of the competing
background sounds. However, the finding of a smaller effect
of target-rhythm alteration when target and background
talkers had the same F0 (eliminating pitch as a segregation
cue) suggests that there may be a contribution of disparitybased segregation that is evident (weakening the targetrhythm effect) only when segregation is difficult. Overall,
these results support the view that the target-rhythm effect is
primarily due to poorer entrainment to the target when its
rhythm is altered. This is consistent with the earlier findings

of McAuley et al. (2020) who found a target-rhythm effect
and other support for the selective entrainment hypothesis
using a similar paradigm with backgrounds consisting of multiple talkers (two or six), as well as with speech-shaped noise.
Facilitation of target word recognition by altering the natural
rhythm of background speech (the background-rhythm effect)
was also replicated in the present study. However, in contrast to
the target-rhythm effect, the background-rhythm effect was only observed when listening to a male talker in a background
consisting of a single male talker (same-sex background condition in Experiment 1). The background rhythm had little or no
effect on target word recognition when listening to a male talker
with a background consisting of a single female talker
(different-sex background condition) or tone-vocoded speech.
For the different-sex background, the large F0 difference
between the target and background talker causes the background speech to be perceptually segregated from the target.
Consequently, the background rhythm may have less influence
on entrainment to the target rhythm, even when the target and
background rhythms are fairly similar. The background-rhythm
effect appears to occur only when patterns are difficult to segregate, and an effortful listening strategy is required to track the
target speech pattern and avoid intrusions from the background
speech that follows a similar rhythm to the target speech. In this
case, disrupting the natural rhythm of the background speech
reduces the likelihood of entrainment to the background speech
and facilitates attentional tracking of the target speech.
One question that emerges is whether the lack of a
background-rhythm effect for the different-sex condition could
be because performance was matched across the same-sex and
different-sex background conditions in the intact rhythm condition (m = 0) by having more speech-shaped noise added in the
different-sex background condition. This was done so that
when examining the effects of both target and background
rhythm alteration, we were starting at the same performance
level for both the same-sex and different-sex conditions.
However, this leaves open the possibility that the lack of a
background-rhythm effect for the different-sex condition could
be due to the disparity in the amount of speech-shaped noise
across the two conditions. That is, more speech-shaped noise in
the different-sex background resulted in greater energetic
masking of the background speech and less potential for speech
rhythm-based masking release. This seems unlikely for two
reasons. First, the amount of added noise is the same for the
background-rhythm and target-rhythm manipulations, yet, although the background-rhythm effect is not observed for the
different-sex background condition, the target-rhythm effect is
observed with a different-sex background. Second, in pilot
work, we did match the SNR of the additional speech-shaped
noise for the two background conditions and showed a similar
lack of a background rhythm effect.
For the vocoded background, the lack of a background
rhythm effect may have been due to a number of factors.
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First, the vocoded background speech implemented in the
current study only carried the broadband envelope and longterm spectrum of the original speech and was thus
unintelligible. The background rhythm effect, demonstrated
for multitalker backgrounds by McAuley et al. (2020) and
for the same-sex single-talker background in Experiment 1
was largely driven by the reduction in intrusions from the
keywords in the background sentences as the rhythm of the
background was made increasingly irregular. It is possible that
the vocoded background, with no intelligible Color and
Number word, was not able to generate intrusions and hence
no background rhythm effect was observed.
Second, the lack of intelligibility and other acoustic properties of intelligible speech in the vocoded stimuli may have
made entrainment less likely in the context of a speechrecognition task. Peelle et al. (2013) showed that the strength
of neural entrainment by speech is weaker when speech is less
intelligible, suggesting that entrainment by speech is not entirely driven by a response to envelope-based rhythms. It may
be that despite the acoustic similarity to the target speech (e.g.,
similarity in F0 and temporal envelope), a background sound
does not effectively compete for entrainment in a speechrecognition task if it is not sufficiently speech-like.
Consequently, alterations to the background rhythm in nonspeech sounds may have limited influence on entrainment and
selective listening to the target sentences.
A third factor that may have played a role in the lack of a
background rhythm effect in Experiment 2 is that the acoustic
changes resulting from the vocoding process may have facilitated perceptual segregation simply by decreasing the acoustic similarity between the target and background. Despite of
the fact that the F0 of the vocoded background speech was
chosen to match closely to that of the target, the observed
effect of background rhythm alteration was more similar to
the different-sex than the same-sex background condition in
Experiment 1. Of note, both the different-sex and vocoded
backgrounds required the same 6 dB of additional speechshaped noise (introduced to equate performance in the condition with no rhythm alteration) to achieve performance similar
to that in the same-sex condition. And as the degree of background rhythm alteration increased, performance did not improve for either the different-sex or vocoded background,
while performance improved significantly for the same-sex
condition. Thus, it may be that the vocoded background was
perceptually segregated from the target, despite the similarity
in F0. By removing the variations in F0 and short-term spectrum in the background sentences while preserving the longterm spectrum and broadband envelope of the background
speech, it appears that the vocoding process used in the current
study may have resulted in a background that was perceptually distinct from the target.
These results show that the target-rhythm and backgroundrhythm effects are not simply due to interference between

target and background speech rhythms defined by the temporal envelopes. Rather, they reflect complex interactions between perceptual segregation and selective entrainment.
When the target and background speech are easily segregated
based either on acoustic cues such as F0 difference, the listener may be able to selectively listen to the target speech among
many already formed perceptual streams and the recognition
of key words in the target speech depends on the entrainment
to the target rhythm. In this case, introducing irregularity to the
target rhythm would undermine the efficiency in entrainment
and hence adversely impact recognition performance. In contrast, altering the rhythm of perceptually segregated background speech does not affect performance. This lack of
rhythm interaction across perceptual streams is consistent with
listeners’ insensitivity to between-stream pitch and temporal
relations observed in many studies of auditory stream segregation (see Bregman, 1990).
When the target speech cannot be easily perceptually segregated from the background (perhaps by automatic or early
perceptual mechanisms), selective listening to the target
speech is affected by competition for entrainment among cooccurring speech rhythms. Under these more difficult listening conditions, selective listening may also depend on
schema-based segregation mechanisms that use knowledge
of the spectrotemporal constraints of speech to guide the selection of the target speech (see Bey & McAdams, 2002;
Bregman, 1990; Moore & Gockel, 2012; Szalárdy et al.,
2020, for related discussions of primitive vs. schema-based
mechanisms). These mechanisms may involve speech intelligibility, separating the auditory scene into an intelligible target
stream and an unintelligible background stream. Selective entrainment may play a crucial role here by facilitating attentional alignment to the rhythm of target speech that conforms to
the expected temporal regularity of naturally produced speech
(e.g., Schröger et al., 2014).
In summary, while the target rhythm effect does not depend
on the difficulty of perceptually segregating competing sounds,
the background rhythm effect does. Degrading the rhythmic
regularity of the target disrupts entrainment to the target rhythm
and increases the likelihood of accidental entrainment to the tobe-ignored competing background speech rhythm, regardless
of the acoustic properties of the background speech. In contrast,
degrading the regularity of the background rhythm facilitates
entrainment to the target rhythm by removing competition for
entrainment from co-occurring speech rhythms; but only when
the competing speech is difficult to perceptually segregate from
the target speech.
Although the background rhythm effect was not observed
with vocoded background speech in the current study, it
would be premature to conclude that this effect only occurs
with intelligible background speech. The vocoding procedure
implemented in Experiment 2 removed both intelligibility and
semantic information, but it also removed acoustic properties
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that may be important for the perception of speech rhythm and
selective entrainment. It may be that F0 contour or some aspects of the temporal fine structure of speech affect perceived
similarity and/or perceived rhythm in ways make a competing
sound more difficult to segregate and more likely to entrain
attentional rhythms when listening to speech, even in the absence of semantic information. Future studies will examine
the background-rhythm effect with different types and degrees
of similarity to target speech sounds to determine the degree to
which the background-rhythm effect can occur in the absence
of semantic interference.
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