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Abstract

Three experiments investigated listeners’ ability to use speech rhythm to attend selectively to a single target talker presented in
multi-talker babble (Experiments 1 and 2) and in speech-shaped noise (Experiment 3). Participants listened to spoken sentences
of the form “Ready [Call sign] go to [Color| [Number] now” and reported the Color and Number spoken by a target talker (cued
by the Call sign “Baron”). Experiment 1 altered the natural rhythm of the target talker and background talkers for two-talker and
six-talker backgrounds. Experiment 2 considered parametric rhythm alterations over a wider range, altering the rhythm of either
the target or the background talkers. Experiments 1 and 2 revealed that altering the rhythm of the target talker, while keeping the
rhythm of the background intact, reduced listeners’ ability to report the Color and Number spoken by the target talker.
Conversely, altering the rhythm of the background talkers, while keeping the target rhythm intact, improved listeners ability to
report the Color and Number spoken by the target talker. Experiment 3, which embedded the target talker in speech-shaped noise
rather than multi-talker babble, similarly reduced recognition of the target sentence with increased alteration of the target rhythm.
This pattern of results favors a dynamic-attending theory-based selective-entrainment hypothesis over a disparity-based segre-

gation hypothesis and an increased salience hypothesis.
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Introduction

Speech is a dynamic signal with temporal features that are
essential for speech understanding. Speech timing has been
shown to be crucial for speech perception in a wide variety
of studies (for reviews, see Darwin, 1975; Golumbic, Poeppel,
& Schroeder, 2012; Huggins, 1972; Jones & Boltz, 1989;
Rosen, 1992). One of the important temporal features of
speech is speech rhythm; by speech rhythm, we mean the
temporal patterning of speech sounds that leads to the percep-
tion of regularity and guides temporal expectations about
when subsequent sounds in a speech stream are likely to oc-
cur. Many studies have shown that listeners’ perception of
speech is sensitive to speech rhythm context (Dilley &
McAuley, 2008; Kidd, 1989; Peelle & Davis, 2012; Smith,
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Cutler, Butterfield, & Nimmo-Smith, 1989). From this per-
spective, there are many levels of temporal structure to con-
sider, ranging from the relative timing of articulatory events
within a syllable to the relative timing of phrases and larger
groups of words or sentences. Primary contributors to speech
rhythm are the timing of syllables, which are produced at rates
between 3-9 Hz across a number of languages (see Dauer,
1983; Tilsen & Arvaniti, 2013), and the temporal patterns of
syllabic stress (conveyed largely by amplitude, but also by
duration and pitch change).

The theoretical basis for a consideration of the role of
speech rhythm in spoken language processing is based on
the broader theoretical framework of dynamic attending theo-
ry (DAT) developed by Jones and colleagues (Jones, 1976;
Jones & Boltz, 1989; Large & Jones, 1999; McAuley Jones,
Holub, Johnston & Miller, 2006). DAT postulates that tempo-
ral fluctuations in listeners’ attention are entrained by periodic
(or quasi-periodic) stimulus rhythms, such that attentional
rhythms emerge that gradually align with stimulus rhythms,
with attentional resources allocated at rhythmically expected
(entrained) time points (Jones, 1976; Jones & Boltz, 1989;
Large & Jones, 1999; McAuley et al., 2006). Thus, DAT pre-
dicts that stimulus events that occur at rhythmically expected
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time points are better resolved than stimulus events that occur at
unexpected time points.

Behavioral support for DAT has been found in a range of
domains showing better detection and/or discrimination of
stimulus events that occur at thythmically expected times than
unexpected times (Barnes & Jones, 2000; Jones et al., 2002;
McAuley & Jones, 2003; Miller, Carlson & McAuley, 2013).
In the domain of speech and language, ambiguously organized
syllable sequences have been found to be perceived differently
(e.g., in terms of phonemic categories or segmentation) de-
pending on the rhythmic context presented earlier, supporting
the view that listeners are sensitive to speech rhythm and that
speech rhythms lead to the development of temporal expecta-
tions that influence the downstream processing of events in
the speech stream (Baese-Berk et al., 2019; Dilley &
McAuley, 2008; Kidd, 1989; Morrill et al., 2014).
Neuroscientific support for DAT in the domain of speech
and language has blossomed in recent years, providing in-
creasing evidence that brains are entrained by speech rhythms,
exhibiting neural oscillations at rates similar to the syllabic
rate of speech (i.e., theta oscillations), which become phase-
locked to the temporal envelope of speech. These studies have
argued that, in line with DAT, neural entrainment to speech
envelope is a fundamental neural mechanism for parsing run-
ning speech signals into smaller temporal units for compre-
hension (Ding et al., 2016; Ghitza, 2011; Giraud & Poeppel,
2012; Poeppel, 2003; Riecke et al., 2018). This research also
reinforces the idea that speech understanding is not a passive,
stimulus-driven process, but rather involves anticipation and
active predictions of future events (Peelle & Davis, 2012).

In everyday listening situations, speech is not often heard
in isolation but occurs amidst various sources of background
noise. In many instances (e.g., a busy café or restaurant),
background sounds consist of competing talkers. The study
of listeners’ ability to selectively attend to a target talker while
ignoring background talkers, often termed the cocktail-party
problem (after Cherry, 1953), has been extensively studied
both behaviorally and neurophysiologically (see a collection
of reviews in a volume edited by Middlebrooks et al., 2017).
However, the specific role of talker rhythm in understanding
speech in difficult listening situations has received relatively
little attention. Towards this end, this article contrasts a
selective-entrainment hypothesis, based on DAT, with two
alternative hypotheses about how speech rhythm(s) of target
and background talkers affect selective listening in a multi-
talker environment.

In multi-talker listening environments, rhythmic informa-
tion, carried by both the target and background speech, poten-
tially affects selective attention to a target talker in several pos-
sible ways. First, differences in rhythm between target and
background speech may be used to perceptually segregate the
competing sound sources (Bregman, 1990). Previous research
has shown that (in addition to spectral and spatial cues)

differences in both amplitude and frequency modulation can
be used to segregate co-occurring sounds and facilitate speech
recognition in noise (e.g., Bregman et al., 1985; Marin &
McAdams, 1991; McAdams, 1989; Zeng et al., 2005). A dif-
ference in tempo, or speaking rate, between talkers has also
been shown to facilitate selective listening, with substantial
improvements in speech recognition as the difference in tempo
between the target and background speech increases (Kidd &
Humes, 2014). In addition to differences in tempo or rate of
modulation, differences in temporal structure or rhythm, can
also facilitate the segregation of overlapping sounds from dif-
ferent sources, especially when the target stimulus has a pre-
dictable temporal pattern (e.g., Jones, Kidd, & Wetzel, 1981,
Rimmele et al., 2011, 2012; Snyder et al., 2012). Similarly, a
difference in rhythm in target and background speech (e.g., two
talkers exhibiting different degrees of rhythmic regularities in
their speech) may also promote the segregation of the target
speech from the background, leading to improved intelligibility
of the target speech. We will refer this hypothesis as the dispar-
ity-based segregation hypothesis. This hypothesis would pre-
dict improved intelligibility of target speech presented amidst
background speech when the rhythms of the target or back-
ground speech are made increasingly dissimilar, regardless of
the rhythmic properties of the individual speech streams.

A second, related, hypothesis is an increased salience
hypothesis whereby a rhythmic difference between target
and background speech may lead to increased salience of
the rhythm that is atypical, thereby attracting greater attention.
This hypothesis would predict improved intelligibility of tar-
get speech presented amidst background speech when the nat-
ural rhythm of the target speech is altered to make it atypical
(unnatural), and reduced intelligibility of the target speech
when the natural rhythm of the background speech is made
more salient by rhythmic alteration.

In contrast to the above two hypotheses, a selective entrain-
ment hypothesis (based on DAT) makes very different predic-
tions. Since selective attentional entrainment relies on a quasi-
regular rhythmic structure, there should be more effective atten-
tional entrainment with target speech that has a predictable
natural (quasi-periodic) rhythm than with speech with a less
natural (i.e., arrhythmic or disordered) rhythm. Thus, from a
DAT perspective, altering the natural rhythm of the target
speech in a multi-talker environment should undermine selec-
tive entrainment to the target and lead to poor recognition of the
target speech. Conversely, altering the natural rhythm of the
background should facilitate selective attention to the target
(and thereby enhance recognition of target speech) by reducing
potential interference from entrainment to the background.
According to this hypothesis, rhythmic disparity is not helpful
unless it facilitates entrainment to the target speech.

The selective entrainment, disparity-based segregation, and
increased-salience hypotheses were tested in a series of three
experiments that introduced alterations to the natural thythms of
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target and background speech in multi-talker listening environ-
ments. Participants listened to spoken sentences of the form
“Ready [Call sign] go to [Color] [Number] now” and reported
the Color and Number spoken by a target talker (cued by the
Call sign “Baron”). Experiment 1 independently altered the
natural speech rhythms of the target and the background talkers,
comparing the effects of the rhythm alterations for two versus
six asynchronous background talkers. We compared two versus
six background talker conditions because the number of back-
ground talkers has been previously shown to affect overall per-
formance in intact rhythm conditions (Eddins & Liu, 2012).
Eddins and Liu (2012) considered the psychometric properties
of the CRM paradigm for various types of background sounds,
including conditions that varied the number of background
talkers. Two-talker and four-talker backgrounds showed similar
psychometric properties, with the four-talker background con-
dition more difficult than the two-talker background conditions
at the same SNR levels. Here, we were interested in examining
whether any effect of altering the rhythm of the background
talkers would depend on the number of overlapping speech
rhythms in the background. Experiment 2 considered paramet-
ric thythm alterations over a wider range of magnitudes, alter-
ing the rhythm of either the target or the background talkers.
Experiment 3 altered the natural rthythm of the target speech
embedded in speech-shaped noise rather than a multi-talker
background in order to examine the dependence of an effect
of target rhythm on the type of background.

According to the disparity-based segregation hypothesis,
rhythm alterations to either the target speech or background
speech would increase the difference between the target and
background rhythms, which should facilitate perceptual segrega-
tion and lead to improved recognition of the target speech. On the
other hand, according to the selective entrainment hypothesis,
rhythm alterations to the target speech would undermine the
selective entrainment to the target speech, leading to degraded
recognition (Aubanel, Davis, & Kim, 2016; Wang et al., 2018).
Moreover, both the disparity-based segregation and selective en-
trainment hypotheses predict that thythm alterations to the back-
ground speech should improve the recognition of the target
speech, either through decreased similarity in rhythms of the
target and background talkers or through reduced competition
for entrainment to the target speech. The increased salience hy-
pothesis, in contrast, predicts degraded target recognition with
rhythm alterations to the background speech.

General methods

Speech stimuli used in the current experiment were sentences
from the Coordinate Response Measure (CRM) corpus (Bolia
et al. 2000). Each CRM sentence was in the format of “Ready
[Call sign] go to [Color] [Number] now.” Sentences used in
this study included eight different Call Signs (“Baron,”
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“Charlie,” “Eagle,” etc.), four different Colors (“Blue,”
“Red,” “Green,” and “White”), and seven different numbers
(1-8, excluding 7 to limit all numbers to a single syllable).
Across the three experiments, recordings of the sentences
from four male talkers (one used as target and three used as
background) and three female talkers (for background), were
used, for a total of 1,568 sentences. The Call sign for the target
was always “Baron” and the target talker was the same male
talker for all experiments. The participants’ task was to listen
for the sentence with the Call sign “Baron” and identify the
Color and Number in that sentence. Participants provided re-
sponses by using a mouse to select the correct Color and
Number combination on a computer running a custom
MATLAB program. With four Colors and seven Numbers,
chance performance on each trial was 1/28 (~ 3.6%).

The target was presented with a simultaneous competing
background. The background was either a multi-talker babble
consisting of multiple CRM sentences (in Experiments 1 and
2), or a broadband noise spectrally shaped to match the long-
term spectrum of the target speech (Experiment 3). When
present, the background sentences had Call signs, Colors,
and Numbers that were different from those in the target sen-
tence. For the two- and six-talker backgrounds, each back-
ground sentence was produced by a unique talker from the
CRM corpus, always different from the target talker, and the
background always consisted of an equal number of male and
female talkers. For the two-talker background, onset asyn-
chronies of -50, and 50 ms, relative to the onset of the target
sentence, were assigned to the two randomly selected back-
ground CRM sentences. For the six-talker background, onset
asynchronies of -150, -100, -50, 50, 100, and 150 ms were
used for the six randomly selected background sentences. The
level of the target was fixed at 65 dB SPL and the overall level
of the background, including all background sentences, was
set to signal-to-noise ratios (SNRs) of -6, 0, and -2 dB for the
noise, two-talker, and six-talker backgrounds, respectively.'

! The 0 and -2 dB SNRs for the two- and six-talker backgrounds were selected
to equate the performance in recognizing both Color and Number at a level that
was approximately 50% correct for the unaltered rhythm conditions. This
performance level agreed well with the psychometric properties of the
CRM-sentence recognition in noise reported in previous studies. Eddins and
Liu (2012) measured the recognition of Color and Number in CRM sentences
in two- and four-talker babble noises. In the two- and four-talker background
conditions, the SNRs required to reach 50% correct for Color and Number
recognition were -1.3 dB and -5.4 dB, respectively. Similar to the current
study, a lower SNR was needed to equate the task performance for the greater
number of background talkers. This also generally agrees with various other
studies that measured open-set speech recognition in multi-talker back-
grounds. For example, Rosen et al. (2013) measured sentence recognition in
multi-talker babble for fixed SNRs of —6 and —2 dB, as the number of back-
ground talkers increased from 2 to 16; here, recognition performance gradually
improved about 2% for every doubling of the number of background talkers.
Freyman et al. (2004) showed that the SNR required to reach a sentence-
recognition performance of 50% decreased from approximately -0.5 dB for
two-talker backgrounds to approximately -3 dB for six-talker backgrounds.
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These SNRs were chosen so that similar overall task perfor-
mance was expected from these background conditions.

For the experiments reported here, thythm alterations were
imposed on target and background sentences. The alteration
consisted of temporal expansion and contraction of portions of
the sentences in a sinusoidal pattern (see Fig. 1). The rhythm
alterations were realized using the Pitch Synchronous Overlap
and Add (PSOLA) algorithm as implemented in Praat (e.g.,
Moulines & Charpentier, 1990). When applying rhythm alter-
ation, the original sentence from the CRM corpus was tempo-
rally compressed or expanded according to a compression
ratio (CR) which is a sinusoidal function of time (7): CR(f) =
1 + m sinQ27f,t + ¢), where f,, is the thythm alteration rate (set
to 1 Hz) and m is the degree of temporal expansion/contrac-
tion. The value of m was thus the amount of rhythm alteration,
(i.e., depth of the modulation), which was set to 0, 0.25, 0.50,
and 0.75 in different conditions. The initial phase of the
rhythm alteration, ¢, was randomly drawn from the set: 0,
/4, 211/4, 31/4, 41/4, S7/4, 611/4, and 771/4, with equal prob-
ability. Pilot experiments confirmed that an f,, value of 1 Hz
gives rise to a relatively strong impression of timing variation
(with m > 0.0) that clearly disrupts the natural timing of the
sentence while having a negligible effect on intelligibility
(when presented in quiet).

One consequence of the rhythm alteration was that it
moved the key words in the target sentence (i.e., Color and
Number) to a new temporal location either earlier or later in
the sentence, depending on ¢. To ensure that the effect of
rhythm alteration was not merely to create misalignment in
Color and Number between the target and background, hence
reducing the amount of energetic masking, onset asynchronies
were introduced to misalign the key words (i.e., Color and
Number) among the target and background sentences before
rhythm alteration. Moreover, due to the randomized phases
used for the target and background rhythm alteration, the over-
all degree of temporal overlap for Color and Number between
the target and background did not depend on the amount of
rhythm alteration (i.e., the value of m).

The intelligibility of the rhythm-altered speech present-
ed in isolation without a competing background was con-
firmed with a group of 11 listeners who listened to CRM
sentences at four levels of rhythm alteration: m = 0 (un-
altered rhythms), m = 0.25 and m = 0.50 (intermediate
levels of rhythm alteration), and m = 0.75 (the maximal
level of rhythm alteration examined in the experiments
reported below). For all values of m, listeners correctly
identified the Color and Number at or near 100% (M =
0.99, SD = 0.01); performance was > 97% for all listeners
in all conditions, except for one listener who scored 93%
in one condition (m = 0.75). Thus, although the rhythm
alteration affects the naturalness of the speech rhythm, the
manipulation does not affect target speech intelligibility
for the four values of m examined here.

a Speech Rhythm Unaltered, m =0

0 0.5 1 1.
Time (s)
C Speech Rhythm Altered, m = 0.75, ¢ = w/2

o

I \

0 0.5 1 1.5
Time (s)

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 (Panel A) shows the sample sentence where the
rhythm is unaltered (m = 0), as represented by placing grid lines equally
spaced in time. The middle and bottom panels shows how the same time
points in the speech signal are shifted by the rthythm transformation (m =

0.75, maximally altered condition) for two different phases (Panel B, ¢ =
57/4; Panel C, ¢ = 71/2)

Analysis of variance (ANOVA) was used to assess the
statistical significance (o = 0.05) for main effects and interac-
tions. ANOV As were supplemented by additional trend anal-
yses and post-hoc tests when warranted. Effect sizes (Cohen’s
d) are reported for all comparisons. For each of the three
experiments reported below, we considered potential effects
of music training on CRM performance. No significant rela-
tionships between number of years of formal music training
and CRM performance were found for the intact or altered
rhythm conditions (Pearson r values < 0.35, with ps > 0.1).
Music training information for participants is included in each
of the experiments below for completeness.
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Experiment 1
Methods

Participants and design Nineteen native speakers of American
English (n = 11, female), aged 18-25 years (M = 19.8, SD =
1.8), completed the experiment in return for course credit in an
undergraduate psychology course. All participants were
screened for normal hearing (PTA < 20 dB HL) and varied
in number of years of formal music training (0-15 years, M =
4.8, SD = 4.5). The experiment implemented a 2 (number of
background talkers: 2 vs. 6) x 2 (target rhythm alteration: m =
0.0 or 0.5) x 2 (background rhythm alteration: m = 0.0 or 0.5)
within-subjects design. The value of m = 0.5 was selected
because it represented an easily detectable change in speech
rhythm that did not affect target speech intelligibility (see
General methods).

Procedure On cach trial, participants listened to CRM
sentences and reported the Color and Number spoken in the
target sentence, which was cued by the Call Sign “Baron.”
The target sentence was presented with either two- or six-
talker backgrounds with 50-ms between the onsets of each
sentence, with the target sentence always presented in the
temporal middle. The rhythm of the background or target
sentence was either intact (m = 0) or altered (m = 0.5) using
all four target/background combinations to create four rhythm
alteration conditions (target/background m values = 0/0, 0/0.5,
0.5/0, and 0.5/0.5). The number of background talkers and
rhythm alteration condition was held constant within a block
of'trials. Each participant completed 16 blocks of trials with 40
trials per block for a total of 640 trials. There were two 40-trial
blocks in each condition and the order of blocks was
counterbalanced between participants, such that across partic-
ipants all conditions were experienced in the same average
position within the sequence of blocks in order to address
the possibility of practice effects. After completion of the ex-
perimental trials, participants completed a survey that
consisted of a series of demographic and background ques-
tions that included questions about musical experience and
any strategies they may have used during the experiment.
The entire experiment lasted ~1.5 h.

Results and discussion

Figure 2 shows proportion correct for identifying both Color
and Number for the four rhythm alteration conditions (i.e.,
combinations of m values for target and background) for
two-talker background (Panel A) and six-talker background
(Panel B). A repeated-measures analysis of variance
(ANOVA) with a 2 (number of background talkers) x 2 (target
rhythm alteration depth: 0.0 vs. 0.5) x 2 (background rhythm
alteration: 0.0 vs. 0.5) design revealed a main effect of number
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of background talkers, F(1,18) = 6.67, p = 0.019, n2 =0.27,a
main effect of target rhythm, F(1,18) = 122.2, p < 0.001, n2 =
0.87, a main effect of background rhythm, F(1,18) = 216.6, p
< 0.001, 112 = 0.92, and an interaction between number of
background talkers and background rhythm, F(1,18) = 9.94,
p =0.006, n2 =(0.27. There were no other reliable interactions
(all ps > 0.16).

Overall performance was better for the two-talker back-
ground condition (M = 0.53, SD = 0.17) than for the six-
talker background condition (M = 0.49, SD = 0.13), #(18) =
2.58, p <0.001, Cohen’s d = 0.59. Altering the target rhythm
produced an 11 percentage-point reduction in performance
(altered target, M = 0.46, SD = 0.14; unaltered target, M =
0.57, SD = 0.15; Cohen’s d = -2.54), while altering back-
ground rhythm resulted in a nearly identical improvement in
performance compared to the unaltered background (altered

a o Two-Talker Background Babble
0.9 -o-Target thythm - unaltered
-=-Target thythm - altered
0.8
N
3
g 07
s
&) 0.6
=
S 0.5
=
5 04
&
S 03
=
0.2
0.1
0.0
Unaltered Altered
Background Rhythm
b o Six-Talker Background Babble
0.9 -e-Target thythm - unaltered
-=-Target thythm - altered
0.8
et
3
2 07
s
S os /
=
£ os
s 04
=
£ o3
=9
0.2 -
0.1
0.0

Unaltered Altered

Background Rhythm

Fig. 2 Mean proportion correct target Color and Number responses for
two background talkers (Panel A) and six background talkers (Panel B)
for the four rhythm conditions (target unaltered — background unaltered,
target unaltered — background altered, target altered — background unal-
tered, target altered — background altered); error bars correspond to stan-
dard error. Altering the target rhythm reduced correct reporting of the
target Color and Number, while altering the background rhythm, in-
creased correct reports of the target Color and Number
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background, M =0.57, SD = 0.15; unaltered background, M =
0.46, SD = 0.14; Cohen’s d = 3.38). The interaction between
number of background talkers and background rhythm sug-
gested that the overall better performance with two talkers in
background compared with six talkers in background was due
to a larger enhancing effect of alterations in background
rhythm with two talkers in the background (unaltered, M =
0.46, SD = 0.16; altered, M = 0.60, SD = 0.17), 1(18) = 9.86, p
< 0.001, Cohen’s d = 2.26, than with six talkers (unaltered, M
=0.46, SD = 0.16; altered, M = 0.53, SD = 0.14), #(18) = 6.50,
p <0.001, Cohen’s d = 1.49.

In sum, results of Experiment 1 favor the selective-
entrainment hypothesis over the disparity-based segregation
and increased-salience hypotheses. Altering the rhythm of a
target talker presented amongst background talkers makes it
more difficult to listen selectively to the target talker, while
altering the natural rhythm of the background talkers makes it
easier to focus on the target sentence and ignore the back-
ground talkers.

Although the results of Experiment 1 show that listeners’
speech recognition performance is affected by rhythm alter-
ation to the target and background talkers in the current selec-
tive listening paradigm, the single level of rhythm alteration
(i.e., a single value of m = 0.5) does not allow for an assess-
ment of the effect of different amounts of thythm alteration on
entrainment and selective listening. To address this issue, a
second experiment was conducted to assess how the effect of
rhythm alteration changes as the rhythm alteration varies over
a larger range. This was done by parametrically varying either
the target rhythm or the background rhythm over four levels
(m=0.0,0.25, 0.5, and 0.75) while keeping the background or
the target rhythm unaltered, respectively.

Experiment 2

Methods

Participants and design Twenty native speakers of American
English (n = 16, female), aged 20-30 years (M = 22.6, SD =
2.6) completed the experiment in return for monetary com-
pensation. All participants were screened for normal hearing
(PTA < 20 dB HL) and varied in number of years of formal
music training (0—14 years, M = 4.0, SD = 4.6). The experi-
ment implemented a 2 (stimulus condition: target vs. back-
ground) X 4 (rhythm alteration: 0.0, 0.25, 0.5, 0.75) mixed-
factorial design. Participants were randomly assigned to one
of two conditions (z = 10 in each) that held either the rhythm
of the target or background constant (m = 0.0), while varying
the rhythm of the other. Within each stimulus condition, par-
ticipants heard the four levels of rhythm alteration (m = 0.0,
0.25, 0.5, 0.75).

Procedure On cach trial, participants listened to CRM
sentences and reported the Color and Number of the target
sentence (cued by the Call sign “Baron”). The target sentence
was presented amidst a two-talker background, with the same
50-ms sentence-onset asynchrony as in Experiment 1, and the
target sentence always in the middle position. Each participant
completed eight blocks of trials with 40 trials per block for a
total of 320 trials. The rhythm alteration was held constant
within a block and the order of rhythm alternation conditions
was counterbalanced across participants in order to minimize
the potential for practice effects. Following completion of the
CRM task, participants completed a short survey that included
questions about musical background and training. The entire
experiment lasted ~1 h.

Results and discussion

Figure 3 shows the proportion correct in identifying both
Color and Number for the two listener groups with either the
target rhythm altered or the background rhythm altered, re-
spectively. Consistent with the selective-entrainment hypoth-
esis, increasing rhythm alteration had opposite effects depend-
ing on whether the rhythm manipulation was applied to the
target talker or to the background talkers. Both manipulations
resulted in significant linear trends. Altering the rhythm of the
target talker, while keeping the background rhythm unaltered
(intact), reduced listeners ability to report the correct Color
and Number of the target talker, F(1,9) = 51.49, p < 0.001,
n°= 0.85. Conversely, altering background rhythm, while
keeping the target rthythm unaltered (intact), improved lis-
teners ability to report the correct Color and Number of the
target talker, F(1,9) = 17.52, p = 0.002, 772= 0.66. The slopes
for the two conditions were very similar, but with opposite
signs (target rhythm effect, b = -0.27; background rhythm
effect, b = 0.25). Overall performance for the unaltered (m =
0.0) condition did not differ between the two listener groups
(target rhythm alteration group: M = 0.49, SD = 0.13; back-
ground rhythm alteration group: M = 0.46, SD = 0.20), #(18) =
0.42, p = 0.68, 95% CI [-0.19,0.13].

Two questions that emerge from these results are (1) to
what extent (when listeners make errors) do they report
Colors and Numbers that are spoken by one of the two back-
ground talkers and (2) how does the proportion of errors that
are intrusions from the background change with increasing
rhythm alteration of the target and the background. Similar
to the analyses of proportion correct recognition of Color
and Number, analyses of error responses (intrusions from
the background talkers) as a function of rhythm alteration of
the target and background revealed two linear trends.
Consistent with the selective-entrainment hypothesis, Fig. 4
shows that the tendency to make Color and Number errors that
were intrusions from one of the background talkers (but
misattributed to the target) increased with increasing amounts
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Fig. 3 Mean proportion correct target Color and word responses for the
four levels of rhythm alteration (m = 0.0, 0.25, 0.50, 0.75) in Experiment
2 applied to either target speech (squares) or background speech (circles);
error bars correspond to standard error. Also shown (dotted line) is the
effect of target rhythm alteration with speech-shaped noise in the back-
ground (Experiment 3) Increasing alteration of the target talker rhythm,
while keeping the background rhythm unaltered (intact), similarly re-
duces performance for both multi-talker background babble and speech-
shaped noise. Increasing alteration of the background rhythm, while
keeping the target thythm unaltered (intact), improves performance

of alteration of the target rhythms (Color intrusions, F(1,9) =
26.79, p=10.001, n2=0.75; Number intrusions, F(1,9) = 17.03,
p=0.003; 77°=0.65, but decreased with increasing amounts of
alteration of the background rhythms (Color intrusions, F(1,9)
= 13.35, p = 0.005, n2=0.60; Number intrusions, F(1,9) =
17.86, p = 0.002, 1°=0.67). As with the analysis of correct
responses, the slopes for the analyses of errors were similar,
but with opposite signs (target thythm effect: Color, b = 0.20,
Number, b = 0.21; background rhythm effect: Color, b = -
0.17, Number, b = -0.25).

Overall, the results of Experiment 2 show a pattern of re-
sults that favor the selective-entrainment hypothesis over both
the disparity-based segregation and increased salience hypoth-
eses. Increasing alteration of the target rhythm, predicted to
weaken entrainment to the target talker, both reduces correct
Color and Number reports and increases Color and Number
intrusions from the background. Conversely, increasing alter-
ation of the background rhythm, predicted to reduce interfer-
ence from the background by decreasing the likelihood of
inadvertent entrainment (and thereby attention) to the back-
ground, both improves correct Color and Number reports and
decreases Color and Number intrusions from the background.

To further clarify the role of the background rhythm in
selective attention to the target, a third experiment was con-
ducted in which listeners performed the same speech recogni-
tion experiment using CRM sentences, but with the target
sentence embedded in speech-shaped noise, rather than
multi-talker babble. The speech-shaped noise was presented
at a SNR that matched performance with the unaltered target
sentences presented in two-talker babble in Experiment 2. Of
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Fig. 4 Mean proportions of Color errors (Panel A) and Number errors
(Panel B) in Experiment 2 that were Colors and Numbers, respectively,
spoken by the background talkers, but misattributed to the target (i.e.,
intrusions). The two lines in each panel are a function of the four levels
of rhythm alteration. Squares represent manipulations of the target
rhythm and circles represent manipulation of the background rhythm;
error bars correspond to standard error

interest was performance for alterations in the target talker
rhythm presented with speech-shaped noise in the background
compared to the two-talker background condition in
Experiment 2. Because the rhythmic alteration had a substan-
tial effect on performance in the presence of competing
talkers, but little or no effect when sentences were presented
in isolation, the question arises as to whether the reduced
recognition of the target speech with increased alteration of
the target rhythm is dependent on having multi-talker babble
in the background. That is, the target-rhythm effect may be
dependent upon interference from the background speech to
such a degree that the effect is not present (or greatly dimin-
ished) when listening is made more challenging by the pres-
ence of a non-speech background sound. If so, then
Experiment 3 should reveal no target rhythm effect when the
target is embedded in speech-shaped noise. However, if the



Atten Percept Psychophys (2020) 82:3222-3233

3229

target rhythm effect is present whenever difficult listening
conditions make it more difficult to follow the temporal pat-
terns of speech and predict the timing of speech events, then
the same target rhythm effect should be found in Experiment 3
as in Experiment 2: Weaker selective entrainment to the target
speech should result in poorer performance as the target
rhythm is made more variable, even without the competition
from competing speech.

Experiment 3
Methods

Participants and design Eleven native speakers of American
English (n = 10, female), aged 18-22 years (M = 19.0, SD =
1.2) completed the experiment in return for monetary com-
pensation or course credit. All participants were screened for
normal hearing (PTA < 20 dB HL) and varied in number of
years of formal music training (0-9 years, M =3.6, SD = 3.2).
Participants heard four levels of rhythm alteration applied to
the target talker (m = 0.0, 0.25, 0.5, 0.75) while the back-
ground was speech-shaped noise. The SNR of the speech-
shaped noise was set to -6 dB, based on a series of pilot
studies, which were used to determine the SNR that matched
performance for the intact rhythm conditions for the two-
talker background in Experiment 2. For these pilot studies,
we tested small numbers of participants (n = 3—4) on the intact
target presented in speech-shaped noise for a range of SNR
values and then used the resulting performance curve to esti-
mate the SNR predicted to yield a performance score (~47%)
that matched performance for the corresponding intact condi-
tions in Experiment 2.

Procedure On cach trial, participants listened to CRM
sentences and reported the Color and Number of the target
sentence. Each participant completed eight blocks of trials
with 40 trials per block for a total of 320 trials. The level of
rhythm alteration was held constant within a block and ran-
domized between blocks, such that each level of rhythm alter-
ation was presented in two blocks (80 total trials). Following
completion of the CRM task, participants completed a short
survey that included questions about musical background and
training. The entire experiment lasted ~1 h.

Results and discussion

Figure 3 (dashed line) shows proportion correct in identifying
both Color and Number as a function of target rhythm alter-
ation for the target talker embedded within speech-shaped
noise with a -6 dB SNR, in comparison to the findings from
Experiment 2 in which a two-talker background was used with
SNR = 0. Similar to Experiment 2, there was a robust linear

drop in performance with increasing target rhythm alteration,
F(1,10)=45.6, p < 0.001, 772= 0.85. Moreover, visual inspec-
tion of the data from the two experiments reveals two over-
lapping lines with almost identical slopes (Experiment 2, tar-
get rhythm effect, b = -0.27; Experiment 3, target rhythm
effect, b = -0.25). Thus, when the difficulty of recognition of
the unaltered target speech is equated by adjusting the SNR
for the two types of background sounds, the detrimental effect
of altering the target rhythm is the same for both backgrounds.
These results provide support for the view that the target-
talker rhythm effect is due to less effective entrainment to
the target speech rather than attention being drawn to (or
entrained by) the more natural rthythm of the background
speech.

General discussion

Three experiments investigated listeners’ use of rhythm to
selectively attend to a target speech stream in the presence of
competing speech or speech-shaped noise, contrasting a selec-
tive entrainment hypothesis with a disparity-based segregation
hypothesis and an increased salience hypothesis. All three
experiments used the Coordinate Response Measure (CRM)
paradigm in which listeners report the Color and Number
spoken by a target talker, presented amidst multi-talker babble
(Experiments 1 and 2) or speech-shaped noise (Experiment 3).
Consistent with the selective entrainment hypothesis,
Experiments 1 and 2 revealed that rhythmic alteration of the
target speech leads to poorer recognition of the words in the
target sentences (a target rhythm effect), while rhythmic alter-
ation of the competing background speech results in less in-
terference with recognition of the rhythmically-intact target
speech (a background rhythm effect). Providing further sup-
port for the selective entrainment hypothesis, error analyses
showed that the proportion of intrusion errors (misreporting
Colors and Numbers that were present in the background, but
not the target) increased with rhythm alterations of the target,
but decreased with rhythm alterations of the background.
While these findings provide support for the selective en-
trainment hypothesis, the pattern of results is not consistent
with either the disparity-based segregation hypothesis or the
increased salience hypothesis, which both incorrectly predict
that altering the speech rhythm of the target should improve
(not worsen) performance by making the target speech rhythm
more distinct from the competing speech. The increased sa-
lience hypothesis further incorrectly predicts that recognition
of the target speech should be worse when the speech rhythm
of the background is altered; we found the opposite. Thus,
while rhythmic differences can facilitate segregation of co-
occurring speech streams, attentional focus on a particular
stream is dependent on the presence of predictable speech
rhythms that provide a basis for attentional entrainment.
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Listening to a spoken message is more difficult when the
natural speech rhythm of the target is disrupted, even when
that disruption results in an increase in the to-be-attended tar-
get’s rhythmic distinctiveness from competing speech
patterns.

Experiment 3 extended the present results by examining
the influence of the type of background sounds on the target
rhythm effect. Here, speech-shaped noise was used as the
background, rather than multi-talker babble, so that the effect
of different amounts of target rhythm alteration (i.e., the target
rhythm effect) could be examined without the presence of
competing speech rhythms, but for listening environments
that were more difficult than presenting the target in isolation
(i.e., in quiet). For this experiment, the SNR for the speech-
shaped noise had to be set 6 dB lower than for the two-talker
babble in order to roughly equate performance for the unal-
tered (intact) target rhythm across the two background condi-
tions. The fact that a lower SNR ratio was required to equate
performance in the speech-shaped noise and two-talker back-
ground conditions (-6 dB vs. 0 dB) indicates that the rhythmic
or linguistic content in the background speech produces more
interference than steady-state noise at the same SNR.
Nonetheless, increasing amounts of rhythm alteration to the
target speech degraded recognition of the target speech in a
graded manner that was nearly identical to the two-talker
background condition in Experiment 2 across the different
levels of rhythm alteration (2 = 0.25, 0.50, and 0.75).

These results indicate that the target rthythm effect is not
simply due to a tendency to entrain to the more regular
(natural) speech rhythms in the presence of competing speech.
Rather, entrainment aids selective listening to speech in diffi-
cult listening situations regardless of the type of background
interference — at least for the speech-shaped noise and multi-
talker backgrounds investigated here.

One potential alternative account of the target rhythm effect
that warrants consideration is based on the observation that
there may be a more stable auditory template for identifying
the word “Baron” in the intact (unaltered) target rhythm con-
dition than in the altered target rhythm conditions. Although a
possibility, which we cannot rule out entirely to account for at
least part of the target rhythm effect, we think that an auditory
template matching strategy for explaining the target rhythm
effect is unlikely for several reasons. First, the target is the
same male talker in all conditions — so listeners have the target
voice to use to identify the target talker in addition to the code
name “Baron.” Second, the Call sign Baron is the only Call
sign that begins with B and thus it seems likely that Baron is
readily discriminable form the other Call signs for all levels of
the target rhythm manipulations. Moreover, none of the par-
ticipants reporting difficulty identifying the target talker or
Baron, and our subjective impression is that identifying the
speaker that says “Baron” is not where the difficulty arises in
performance of the target rhythm altered conditions, but rather
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occurs upstream in predicting the timing of the Color and
Number. Finally, Experiment 2 further shows that the target
rhythm effect is graded, with increasingly worse performance
with increasing alteration of the target rhythm. Given that the
selective entrainment hypothesis explains both the target
rhythm and background rhythm effects, which are in opposite
directions, we find this account to be the more parsimonious
explanation.

An additional aspect of the background rhythm effect that
warrants discussion is why the magnitude of the background
rhythm effect in Experiment 1 was found to be larger with two
talkers in the background compared with six. There are several
possible reasons why this may have been the case. First,
acoustically, the two-talker background exhibits a greater de-
gree of envelope fluctuations and a more evident peak in its
modulation spectrum near the syllabic rate than the six-talker
background (Humes et al., 2017). Imposing rhythm alteration
to a two-talker background reduces the total modulation pow-
er and broadens the modulation spectrum, causing a greater
difference between the envelopes of the target and back-
ground. On the other hand, the six-talker background exhibits
a broad modulation spectrum, which is already distinct from
that of the target speech even before applying rhythm alter-
ation. Therefore, the same degree of rhythm alteration may
have a larger effect for the two-talker than six-talker back-
ground. Second, as the number of background talkers in-
creases from two to six, individual background talkers become
less likely to be perceived as perceptually segregated sound
sources (e.g., Kashino & Hirahara, 1996; Zhong & Yost,
2017). Since the rhythm alteration was imposed on individual
background talkers, its effect may be stronger when each of
the talkers is perceptually distinct from other talkers. Third,
the SNR in the current study is expressed relative to the overall
level of the multi-talker background. This means that the tar-
get levels relative to each individual background sentence
were 3.01 and 5.78 dB for the two- and six-talker back-
grounds, respectively. Since a higher target intensity may
draw greater attention to the target (e.g., Richards et al.,
2013), the reduced effect of background rhythm alteration
observed for the six-talker background may be caused by the
higher relative target level in that condition.

An examination of response strategies reported by partici-
pants in a survey given at the end of each experiment revealed
that while some subjects (~10%) commented on following the
timing or rhythm of the sentences, there were several different
strategies, with “closing the eyes” being the most common
reported strategy by far. There was no evidence of a shift in
strategies across the different listening conditions in the three
experiments in the current study. Our examination of response
strategies further revealed, however, that no particular strategy
appeared to be associated with either better or worse perfor-
mance on the CRM task, or the tendency for participants to
show an effect of thythm alteration. Indeed, the consistency of
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the pattern of results across participants was particularly strik-
ing with most participants showing an effect of rthythm alter-
ation in line with the selective-entrainment hypothesis, regard-
less of any strategy they may have reported using in the task.
Thus, it appears that most listeners are either unaware of using
rhythm as a listening strategy, or it is so second nature, that
they don’t consider it to be a “strategy” for performing the
task, any more than “listening carefully”” would be considered
a strategy.

The current findings in support the selective entrainment
hypothesis add to a growing body of evidence demonstrating
the importance of talker rthythm in understanding speech in
difficult listening situations. Behavioral and neurophysiologi-
cal evidence (cited in the introduction) has shown behavioral
and neural entrainment to speech rhythms plays an important
role in speech perception. Much of this work suggests that
entrainment to speech rhythms is not a simple, passive,
stimulus-driven entrainment process, but rather involves an-
ticipation and active predictions of future events and incorpo-
rates hierarchical levels of temporal structure. Along these
lines, a number of studies have shown that neural oscillations
can be selectively entrained by the amplitude envelope of the
target speech in multi-talker listening situations (Ding &
Simon, 2012; Golumbic et al., 2013; Horton et al., 2013;
Rimmele et al., 2015).

Studies similar to the current one have examined the effects
of different types of rhythm manipulations in an attempt to
understand how listeners use temporal structure to guide se-
lective listening. For example, Wang et al. (2018) found that
natural rhythmic speech was recognized better than speech
that was rhythmically altered (by mixing portions of fast, nor-
mal, and slow speech within a sentence) in a two-talker babble
background. They also found that the advantage of rhythmi-
cally intact speech was more pronounced for words later in the
sentence, suggesting that attentional entrainment improves
over time throughout a sentence. Aubanel et al. (2016) found
that altering natural speech rhythm harms speech intelligibility
in speech-shaped noise, even when speech is made artificially
isochronous (although some isochronous schemes, such as
ones based on vowel onset rather than envelope peaks, were
less disruptive than others). These findings indicate that the
entrainment underlying speech perception is an active process
of tracking and predicting quasi-periodic speech rhythms,
rather than a more passive response to fluctuations in the am-
plitude envelope.

The lack of support for the disparity-based segregation or
the increased salience hypothesis does not mean that entrain-
ment is the only factor involved in the segregation of spoken
sentences. Strong pitch or spatial differences between talkers
may lead to good segregation (and selective listening) even
when temporal irregularities are introduced. This may mean
that some stimulus differences, like pitch and spatial location,
are more primitive or obligatory, while segregation based on

rhythmic differences involves higher-level mechanisms (see
Bregman’s (1990) discussion of primitive vs. schema-based
segregation). However, the influence of supposedly more
primitive cues, like pitch, on segregation is dependent on tem-
poral relations (see Bregman, 1990; Jones et al., 1981) and
primitive or obligatory segregation may reflect the limits of
attentional mechanisms, rather than a more peripheral mech-
anism. Further research examining the types of rhythmic dif-
ferences that can be utilized for selective listening when dif-
ferent pitch or spatial (or other) cues are present may help to
clarify how listeners use spectral-temporal structure to guide
selective listening, and in doing so, it may help to clarify the
relation between stream segregation and selective listening.

In summary, there are two main findings that emerge from
the present set of experiments. First, the experiments reveal a
target rhythm effect in understanding speech in difficult lis-
tening conditions. Alteration of the natural speech rhythm of a
to-be-attended target utterance that is embedded in either a
multi-talker background, or speech-shaped noise, degrades
recognition of target speech. The target rhythm effect does
not appear, however, when the to-be-attended target appears
in quiet listening conditions (i.e., in isolation). Thus, natural
speech rhythms, with their quasi-periodic structure, appear to
take on an increasingly important role in speech understand-
ing in more challenging listening environments, independent
of the type of interfering background sounds.

Second, the experiments are the first (as far as we are
aware) to reveal a background rhythm effect whereby alter-
ation of the natural speech rhythms of interfering background
speech improves recognition of target speech. However, the
rhythm sensitivity demonstrated in the current study suggests
that other studies of speech-on-speech masking that have
shown better performance when background speech consists
of a different language or has a different “accent” than the
target speech (e.g., Calandruccio et al., 2010, 2014; Van
Engen & Bradlow, 2007), may reflect (at least in part) a close-
ly related background-rhythm effect based on the difference
between target and background speech rhythms associated
with different languages and accents. One outstanding ques-
tion that warrants future investigation is whether the back-
ground rhythm effect reported here may depend on the lin-
guistic content of the background. Some support for this pos-
sibility comes from the work of Peele and colleagues who
have provided evidence that linguistic content strengthens
neural entrainment (Peelle, Gross, & Davis, 2013).

From dynamic attending theory (DAT) perspective, the
alterations of the background speech rhythm reduce the like-
lihood that listeners’ attention to the background speech will
be inadvertently entrained by the background speech (as great-
er irregularity in the background speech rhythms supports
weaker entrainment than the more natural speech rhythms of
the target). This interpretation is supported by the observed
decrease in Color and Number intrusion errors with increased
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rhythm alteration of the background speech. Taken together,
the DAT-based selective entrainment hypothesis provides a
unified account of both the target rhythm effect and the back-
ground rhythm effect, highlighting the importance of speech
rhythm in understanding speech in difficult listening
conditions.
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