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ABSTRACT
Purpose: This study explored clear speech (CS) and noise-adapted speech
(NAS) intelligibility benefits for native and nonnative English listeners. It also
examined how the two speaking style adaptations interact with maskers that
vary from purely energetic to largely informational at different signal-to-noise
ratios (SNRs).
Method: Materials consisted of 40 sentences produced by 10 young adult
talkers in a conversational and a clear speaking style under two conditions: (a)
in quiet and (b) in response to speech-shaped noise (SSN) played over headphones (NAS). Young adult native (Experiment 1) and nonnative (Experiment 2)
English listeners heard target sentences presented in two-talker (2T) babble,
six-talker (6T) babble, or SSN and at an “easier” and a “harder” SNR.
Results: When talkers produced CS and NAS, word recognition accuracy was
significantly improved for both listener groups. The largest intelligibility benefit
was obtained for the CS produced in response to noise (CS+NAS). Overall
accuracy was highest in 2T babble. Accuracy was higher in SSN than in 6T
babble for nonnative listeners at both levels of listening difficulty but only at a
more difficult SNR for native listeners. Listeners benefited from CS and NAS
most in the presence of SSN and least in 2T babble. When SNRs were the
same for the two listener groups, native listeners outperformed nonnative listeners in almost all listening conditions, but nonnative listeners benefited more
from CS and NAS in 6T babble than native listeners did.
Conclusions: Combined speaking style enhancements, CS+NAS, provided the
largest intelligibility increases for native and nonnative listeners in all listening
conditions. The results add to the body of evidence supporting speechoriented, behavioral therapy techniques for maximizing speech intelligibility in
everyday listening situations.

Comprehending speech in complex, realistic, acoustic environments is a challenging task even for a healthy,
normal-hearing person. Background noise and competing
speech can impede access to the target speech signal
(Brungart et al., 2001; Cooke, 2006; Cooke et al., 2008;
Festen & Plomp, 1990; Mattys et al., 2009, 2012), and the
signal itself can vary in terms of how clearly it is
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produced. In addition to these signal-dependent challenges, nonnative and bilingual listeners can vary in their
experience acquiring the target language, which impacts
speech processing and can make speech perception in noise
disproportionately difficult (Garcia Lecumberri et al., 2010;
Van Wijngaarden et al., 2002). Each of these factors plays
a role in daily communication, although the many ways in
which they interact still need to be determined. The goal of
this study was to extend our understanding of how variation in speech clarity through speaking style modifications
aids word recognition in different maskers and noise levels.
Additionally, we wanted to compare native and nonnative
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listener performance in these varied listening conditions.
This is relevant as daily interactions increasingly occur
between native and nonnative interlocutors in restaurants,
hospitals, classrooms, and open-plan offices where noise is
ubiquitous and can affect the quality of communication,
productivity, and health (Lou & Ou, 2020; Peng & Wang,
2016). With better understanding of how speaking style
modifications facilitate speech processing in a variety of listening conditions and for different listener groups, specific
and ecologically more relevant information can be incorporated into training, educational, and clinical practices, with
the goal of improving intelligibility (Godoy et al., 2013;
Park et al., 2016; Pichora-Fuller et al., 2010; Tjaden, Kain,
& Lam, 2014; Tjaden et al., 2013; Tjaden, Sussman, &
Wilding, 2014; Zeng & Liu, 2006).
Talkers typically adjust their speech in response to
communication challenges (Cooke et al., 2014; PichoraFuller et al., 2010; Smiljanić, 2021; Smiljanić & Bradlow,
2009). Clear speech (CS) and noise-adapted speech (NAS)
are two adaptations produced in response to listener limitations (Picheny et al., 1986) and noisy environments
(Lombard, 1911), respectively. Here, we use CS to refer to
a deliberate, clear speaking style talkers produce when
communicating with someone who has hearing loss or low
proficiency in the target language. We use NAS to refer to
the more automatic speech modifications talkers produce to
overcome reduced audibility due to environmental noise.
The acoustic characteristics and perceptual benefits of CS
and NAS compared with conversational speech (CO) and
speech produced in quiet (Q), respectively, have been
reported for various talker and listener populations as well
as listening conditions (Bradlow & Alexander, 2007;
Bradlow & Bent, 2002; Cooke & Garcia Lecumberri, 2012;
Cooke et al., 2013; Ferguson, 2004, 2012; Hazan &
Simpson, 2000; Krause & Braida, 2009; Picheny et al.,
1985; Smiljanić, 2013). Only a few studies to date, however,
have compared the intelligibility benefit of NAS and CS
directly, reporting conflicting results. Goy et al. (2013), for
example, found that NAS, not CS, significantly improved
intelligibility for older adult listeners in difficult listening
conditions (with more background noise) but not for younger adult listeners. In contrast, Smiljanić and Gilbert
(2017b) showed that both CS and NAS significantly
enhanced intelligibility for young adult listeners in the presence of a speech-shaped noise (SSN) masker, with a larger
intelligibility gain for NAS alone than for CS alone. The
two speech modifications produced together (clear speech
produced under noisy conditions [CS+NAS]) provided the
largest intelligibility benefit. Acoustic analyses (Smiljanić &
Gilbert, 2017a) revealed that NAS and CS involved similar
signal augmentation changes through a decrease in speaking rate and an increase in sound pressure level, vowel
space area, and 1- to 3-kHz energy, which characterizes
speech production with increased vocal effort (Glave &
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Rietveld, 1975; Sluijter & van Heuven, 1996). The two
speaking styles also showed several differences reflecting
the specific type of adverse listening condition speakers
were trying to overcome (e.g., increased fo mean and
decreased jitter and shimmer in NAS, increased frequency
and duration of pauses in CS; see also Cooke et al., 2014;
Cooke & Lu, 2010; Godoy et al., 2013; Goy et al., 2013;
Lu & Cooke, 2008, 2009). Here, we build on this work to
shed further light on whether the CS and NAS modifications, separately and in conjunction, provide intelligibility
benefit in different listening conditions—different maskers
and noise levels—and for native and nonnative listeners.
One motivation for carrying out this work was the difficulty in comparing findings across research studies as they
examined some of these factors separately, differing in
speech elicitation methods, speech materials, listening conditions, and listeners.
This article compares the CS and NAS intelligibility
benefits in communicative situations typically characterized by acoustic degradation of the target speech signal.
The purpose was to determine how perceptual benefit
changes through differing amounts of energetic masking
(EM) and informational masking (IM) present in background noise (Brungart et al., 2001; Freyman et al., 2004;
Pollack, 1975). EM from, for example, steady-state SSN,
which is frequently utilized in laboratory and clinical testing, occurs in the auditory periphery as spectrotemporal
overlap of the target signal and the noise signal, making
portions of the target speech less audible. The amount of
EM also depends on the target–masker signal-to-noise
ratio (SNR). IM is the additional perceptual difficulty that
occurs beyond what can be accounted for by EM
(Brungart, 2001; Brungart et al., 2001; Cooke et al., 2008;
Durlach, 2006; Freyman et al., 2004). For example,
maskers composed of competing speech or speech babble
are dominated by IM and can be more detrimental to
speech intelligibility than stationary noise, which does not
contain informational content (Brungart et al., 2006;
Durlach et al., 2003; Freyman et al., 2007; Rosen et al.,
2013). On the other hand, speech babble maskers provide
“glimpsing” opportunities of the target signal due to fluctuations in masker energy. These spectrotemporal dips
provide relief from EM so that the target speech energy
exceeds the masker energy, allowing listeners to access the
target signal (Cooke, 2006). The number of glimpsing
opportunities depends on the number of talkers in the
speech masker. With an increase in the number of background talkers (e.g., six talkers vs. two talkers), linguistic
interference causes IM while providing fewer glimpsing
windows for listeners, thereby increasing EM (e.g., Festen
& Plomp, 1990; Freyman et al., 2004; Kilman et al., 2014;
Simpson & Cooke, 2005; Van Engen et al., 2014). Finally,
speech maskers in listeners’ native language have been
found to be more detrimental for target speech recognition
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than those in an unfamiliar language (Garcia Lecumberri
& Cooke, 2006; Van Engen, 2010; Van Engen & Bradlow,
2007).
There is some evidence that maskers that vary in the
degree of IM and EM impact the intelligibility benefit listeners obtain from CS and NAS. For example, Lu and
Cooke (2008) showed that NAS was more intelligible for
matrix sentences presented in the same background of EM
and IM used to elicit speaking style modifications compared with speech produced in quiet, although the magnitude of the effect was compatible with the EM effect of
the competing talker. Hazan et al. (2012) showed that the
matched target–masker tokens (speech produced when
hearing speech babble and tested in the presence of speech
babble) were also identified faster compared with the
mismatched target–masker tokens (speech produced in
response to vocoded speech and tested in the presence of
speech babble), even though all productions were rated
as similarly clear. This effect may underlie the larger
intelligibility benefit of NAS (produced in response to
SSN and tested in the presence of SSN) compared with
that of CS (produced in quiet and tested in the presence
of SSN) found in the work of Smiljanić and Gilbert
(2017b). To our knowledge, the only study that examined
the effect of maskers that varied in the degree of EM
and IM (two-talker [2T] babble, four-talker babble,
eight-talker [8T] babble, and SSN) on CS benefit was
that of Van Engen et al. (2014). In contrast to the studies
described above, Van Engen et al. found no interactions
between masker and speaking style. That is, the CS benefit was constant in the presence of all maskers. In order
to tease apart the factors that contribute to the intelligibility benefit the speaking style enhancements provide, it
is thus crucial to consider the characteristics of the listening environment in relation to the specific adaptations
talkers implement.
Most speech perception studies discussed so far
focused on intelligibility variation due to the acoustic signal degradation, such as different maskers, or enhancements, such as CS or NAS. This study also examines
intelligibility for nonnative listeners who face the signalindependent challenges of inexperience with the target language and interference from their first language and for
whom speech perception in noise remains particularly
problematic (Cooke et al., 2008; Cutler et al., 2008; Mayo
et al., 1997; Nábělek & Donahue, 1984; Rogers et al.,
2006; Takata & Nábělek, 1990). Compared with native listeners, nonnative listeners differ in sensitivity to acoustic
cues that are important for mapping the acoustic input to
stored representations and extracting the intended meaning from the speech signal. These differences are evident
at all levels of linguistic processing: phoneme distinction
and interword competition (Cutler et al., 2006; Weber &
Cutler, 2004), syntactic processing (Clahsen & Felser,

2006), or prosodic processing (Akker & Cutler, 2003).
Garcia-Lecumberri and Cooke (2006), for example, showed
that nonnative listeners performed worse than native listeners on consonant identification in SSN, 8T babble,
and single-talker competing speech, even though the two
listener groups performed similarly in quiet (see also
Cutler et al., 2008). The disproportionate effect of noise
on nonnative speech perception was also found for word
and sentence materials and with increased signal distortion (decreased SNR; Bradlow & Bent, 2002; Cooke
et al., 2008; Mayo et al., 1997; Van Engen, 2010). This
difficulty is evident even when the proficiency in the target language is high (Brouwer et al., 2012; Rogers et al.,
2006; Van Wijngaarden et al., 2002).
Nonnative listeners’ ability to take advantage of
speaking style modifications for word recognition under
different communicative challenges remains largely unexplored. Bradlow and Bent (2002) found a substantially
smaller CS gain for low-proficiency nonnative listeners compared with native listeners. Bradlow and Alexander (2007)
found that nonnative word recognition in noise was
improved only when both acoustic information and semantic
information were enhanced, that is, for high-predictability
CS sentences relative to low-predictability conversational
sentences. In contrast, native adult listeners benefited from
semantic context and signal clarity separately and in conjunction. As nonnative listeners gain expertise in target language processing, they increasingly manage to attend to and
utilize CS enhancements, although they still need better signal quality (higher SNR) than native listeners for the same
intelligibility gain (Smiljanić & Bradlow, 2011). Similarly,
even though nonnative listeners benefited from NAS, the
benefit was not as large as for native listeners (Cooke &
Garcia Lecumberri, 2012; Lu & Cooke, 2008). None of the
studies discussed above, however, compared directly how
the two speaking style adaptations facilitate native and
nonnative listeners’ word recognition in different maskers
and noise levels.
The goal of this study was to directly compare the
intelligibility benefit provided by two speaking style adaptations in response to listener perceptual difficulty (CS)
and environmental noise (NAS), separately and in combination. In addition, we were interested in the variation
in CS and NAS intelligibility benefits in different listening conditions, that is, in the presence of maskers varying in the amount of EM and IM contributions and at
different SNRs. Finally, we wanted to examine whether
native and nonnative listeners show similar CS and NAS
intelligibility improvements in the presence of different
maskers and noise levels. Specifically, we compared
word recognition for meaningful sentences produced in
conversational and clear speaking styles, first produced
in quiet and then in response to SSN. Native (Experiment 1) and nonnative (Experiment 2) listeners heard
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these sentences in the presence of SSN or overlapping
speech from two talkers (2T babble) or six talkers (6T
babble) at different SNRs. Table 1 shows the procedure
used to elicit the production of CS and NAS (Smiljanić
& Gilbert, 2017a) and the listening conditions from
Experiments 1 and 2 used in this study. Using the same
speech materials will allow us to draw more meaningful
conclusions about the CS and NAS intelligibility benefits
separately and when produced in combination. Furthermore, the use of meaningful sentences, produced by 10
talkers, will enhance our understanding of the CS and
NAS intelligibility variation that was obtained from the
studies using, for example, matrix sentences (e.g., Lu &
Cooke, 2008) or produced by only one talker (e.g., Van
Engen et al., 2014).
On the basis of the research reviewed above, we
made several predictions. First, we looked at the effects of
speaking style, masker, and SNR as well as their interactions on listeners’ word recognition. We examined these
effects separately for native (Experiment 1) and nonnative
(Experiment 2) listeners. We predicted that (a) CS and
NAS will each significantly improve word recognition in
noise, and the benefit is expected to be largest when the
two modifications are produced in conjunction. (b) Intelligibility will be higher in 2T babble with relatively low
EM compared with a purely energetic masker (SSN).
Overall accuracy was expected to be lowest in 6T babble
due to the combined IM and EM. (c) Intelligibility will
decrease as the signal is more degraded (at harder
SNRs). (d) We predicted similar but less pronounced
main effect results for nonnative as for native listeners.
Next, we considered complex interactions between listener
groups, speaking styles, background noise, and SNRs. We

predicted that (a) speaking style adaptations will improve
word recognition less in SSN and 2T babble, where accuracy is expected to be relatively high as performance
approaches ceiling, whereas the benefit is expected to be
largest in 6T babble, where performance is expected to be
lowest. (b) Compared with the babble maskers and CS,
the benefit from NAS will be higher in SSN—in the
matched target–masker condition—where the masker listeners heard is the same SSN used to elicit the production
of NAS. (c) Nonnative listeners will benefit less from signal enhancements (speaking styles, more beneficial SNR)
compared with native listeners. (d) Native English listeners will be more negatively affected by IM that consists
of English babble speech compared with nonnative
English listeners for whom the target signal and the babble are presented in their second language (L2).

Experiment 1: Intelligibility of CS and
NAS in SSN and in Multitalker
Babble for Native Listeners
Method
Listeners
One hundred twenty listeners participated in the
word-recognition-in-noise task. Participants were native
English speakers (73 women; two participants declined to
answer, and response from one participant was not recorded)
with an average age of 20.3 years (SD = 4, range: 18–40). Our

Table 1. Overview of the speaking style elicitation conditions (left panel) and listening conditions (right panel).

Note. Conversational (CO) and clear speaking (CS) styles were elicited under two conditions: (a) in quiet (Q) and (b) in response to the
speech-shaped noise (SSN) played over the headphones (noise-adapted speech). Listeners heard target sentences presented in two-talker
(2T) babble, six-talker (6T) babble, or SSN and at two signal-to-noise ratios.
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participants were considered “native” because they selfreported to have been born and raised in environments where
English was the primary language. All listeners were students
at The University of Texas at Austin (UT Austin). The study
was approved by the institutional review board at UT Austin,
and participants provided written consent to use their
responses anonymously. Before beginning the experimental
task, they filled out a detailed language background questionnaire adapted from the Language Experience and Proficiency
Questionnaire (Marian et al., 2007). All listeners passed a
hearing screening bilaterally at 25 dB HL at 500, 1000, 2000,
and 4000 Hz. They received class credit or a small monetary
compensation for participation.

Sentence Materials
The stimuli used in this study were a subset of 40
sentences (e.g., “Mice like to eat cheese”; Fallon et al.,
2002) used in the work of Smiljanić and Gilbert (2017a,
2017b). Ten young adult talkers (18–29 years old, Mage =
21, five women), identified as native monolingual speakers
of American English, read all sentences using CO and then
CS. The conversational and clear sentences were first elicited
in quiet (Q), and then, both styles were produced in response
to noise (NAS) presented over headphones (80 dB SPL). The
SSN that talkers heard over headphones had been generated
by shaping white noise to match the long-term average spectrum of the 6T babble (three female and three male talkers;
Van Engen & Bradlow, 2007). When eliciting CO in quiet,
talkers were told to speak in a casual manner as if they were
talking to a friend or a family member. For CS elicited in
quiet, they were instructed to speak as if they were communicating with someone who has low proficiency in English and
who has difficulty following them conversationally. When
eliciting NAS, the talkers were told that they would hear
background noise and to imagine they were speaking with
someone in a noisy place. They followed the same instructions for producing CO and CS in quiet while hearing the
SSN interference through headphones.
Forty unique meaningful sentences produced by
each of the 10 talkers in four speaking styles, for a total
of 1,600 sentences (40 sentences × 4 speaking styles × 10
talkers), were used in the word recognition experiments. All
sentences were normalized for root-mean-square amplitude
and mixed with SSN and competing speech. The competing
speech consisted of either 2T (two female talkers) or 6T (three
female and three male talkers) babble (Van Engen &
Bradlow, 2007). Different portions of the multitalker babble
were mixed with different target sentences to avoid repeating
the same background speech in each sentence. We used two
SNRs, “easier” (−5 dB) and “harder” (−7 dB), to get a range
of intelligibility scores across speaking style enhancements
and maskers. We chose these two SNR levels for two reasons.
First, we were hoping to avoid the ceiling and floor

performance in any listening condition. If the task was too
hard (close to 0% accuracy) or too easy (close to 100% accuracy), we would not be able to observe CS and NAS intelligibility benefits or interactions with maskers. We hoped to get
the accuracy range in CO produced in quiet and presented in
the SSN masker such that we could observe performance
improvement from speaking style enhancements in the harder
(6T babble) listening condition and in the easier (2T babble
and SSN) listening conditions. The second goal in choosing
the SNRs in Experiment 1 (−5 and −7 dB) and Experiment
2 (−3 and −5 dB) was to attempt to equate the performance
across the two listener groups in CO produced in quiet and
presented in the SSN masker. This would ensure that group
differences in performance relative to the baseline condition
are not confounded by starting-level differences (Bradlow &
Alexander, 2007; Sommers, 1996, 1997). The SNR levels
were determined based on previous work using the same
materials (Smiljanić & Gilbert, 2017b), through pilot data
with a small number of participants using the materials from
this study, and on previous work (Bradlow & Alexander,
2007; Smiljanić & Bradlow, 2011). Acoustic analyses for the
sentences used in this study were reported in the work of
Smiljanić and Gilbert (2017b).

Procedure
One hundred twenty listeners participated in one of
the six listening conditions (3 maskers × 2 SNRs). Each
listener thus heard target sentences mixed with SSN, 2T
babble, or 6T babble at an easier (−5 dB) or a more difficult (−7 dB) SNR. Following the procedure used in the
work of Smiljanić and Gilbert (2017b), the experiment
began with five practice sentences mixed with the masker
used in that listening condition (SSN or multitalker babble) to familiarize listeners with the task and the nature of
the stimuli; practice sentences consisted of talkers and
stimuli not included in the test stimuli. In the babble conditions, the participants were told that they will first hear
the background speech and that the target speaker will be
briefly delayed in each trial. During the test phase, listeners heard four sentences from each of the 10 speakers,
for a total of 40 unique sentences. The four sentences
included from each talker were produced in a different
speaking style (e.g., Sentence 1 in CO produced in quiet,
Sentence 12 in CS produced in quiet, Sentence 30 in CO
produced in noise, and Sentence 39 in CS produced in
noise, all from the same talker). Each listener heard a
different combination of 40 unique sentences produced
by all 10 talkers and across all four speaking styles. The
40 items were randomized for each listener, and the pairing
of sentences to speaking styles was counterbalanced across
listeners. This ensured that each listener heard every talker in
every speaking style without sentence repetition. Speaking
style was thus a within-subject factor, whereas masker type
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and SNR were across-subjects factors. The experiment was
presented in MATLAB. Listeners were instructed to write
what they heard, typing one sentence at a time on a keyboard after a stimulus presentation. They were asked to
guess when they were unsure or unable to understand the
complete sentence. After each trial, participants initiated the
next trial by clicking a button. Items were presented only
once. For each trial, the noise started 500 ms before the target sentence and stopped 500 ms after the target ended. The
experimental session lasted approximately 30 min.

Analyses
All sentences contained three target words that were
scored “1” (correct) or “0” (incorrect). Key words with omitted morphemes were considered incorrect responses, but obvious spelling errors or homophones were considered correct.
Data were analyzed with logistic mixed-effects
regression, fitted using the glmer function in the lme4
package in R (Bates et al., 2015). To determine the model
with the best fit, regressions were performed using a backward stepwise selection method with the drop1() function
(Heumann et al., 2016, p. 282). All models had word recognition (correct vs. incorrect) as a dependent variable
with a binomial link function and random intercepts for
talkers and stimuli. The best model for the analysis of
native English listeners’ responses included speaking style
(CO vs. CS, Q vs. NAS), masker type (SSN, 2T babble,
6T babble), and SNR (easier, harder) as fixed effects.
Interactions between the two types of speaking style,
between masker and each of the two speaking styles, and
between masker and SNR were included.
Type III Wald chi-square tests were used to determine significance for model parameters. Significant results
were further analyzed with estimated marginal means
using the emmeans package in R (Lenth, 2018). Effect size
is explained in terms of odds ratios (ORs). ORs provide
probability estimates that indicate a change in the odds of
the outcome occurring for a certain predictor. An OR
greater than 1 means that a predictor was positively related
to the outcome, whereas an OR smaller than 1 means a
predictor was negatively related to the outcome.

Results
The proportion of key words correctly identified for
each masker and SNR for native English listeners is shown
in Figure 1. Results from Type III Wald chi-square tests as
well as the 95% confidence intervals (CIs) and p values for
ORs from post hoc comparisons are shown in Table 2.
Regression analyses revealed that both speaking style
modifications were significant predictors of word recognition
accuracy. CS was significantly more intelligible than CO,

6

and NAS was significantly more intelligible than speech produced in quiet. The interaction between the two speaking
style modifications, χ2(1) = 28.95, p < .001, showed that relative to CO, CS improved intelligibility when produced in
quiet and when produced in response to noise (CS+NAS).
CO and CS were more intelligible when produced in
response to noise (CO+NAS and CS+NAS) than when produced in quiet. NAS was, overall, significantly more intelligible than CO and CS. Word recognition accuracy was highest
when both modifications were combined (CS+NAS).
Speaking styles also interacted with masker, CS ×
Masker: χ2(2) = 32.21, p < .001; NAS × Masker: χ2(2) =
19.06, p < .001. In all three maskers, CS and NAS
improved word recognition accuracy compared with CO
and speech produced in quiet, respectively. Pairwise comparisons showed that the intelligibility benefit for both CS and
NAS was highest in SSN. The odds of accurate word recognition for CS compared with that for CO were 2.54 times
higher in SSN compared with 1.49 times higher in 6T babble
and 1.78 times higher in 2T babble. For NAS compared with
speech in quiet, the odds of accurate word recognition were
2.88 times higher in SSN compared with 2.25 times higher
in 6T babble and 1.88 times higher in 2T babble.
A significant interaction between SNR and masker,
χ2(2) = 380.51, p < .001, revealed that word recognition accuracy was significantly higher in 2T babble than in 6T babble
as well as in SSN at both SNRs. While there was no significant
difference between 6T babble and SSN at an easier SNR (p =
.54), intelligibility in SSN was significantly better than
that in 6T babble at a harder SNR. Finally, word recognition accuracy was significantly higher at an easier SNR
compared with that at a harder SNR for both babble noise
conditions. The odds of successful key word identification
increased by 394% in 6T babble and by 202% in 2T babble.
Unexpectedly, word recognition accuracy was significantly
lower (p = .02) at an easier SNR compared with that at a
more difficult SNR, in SSN only. As we do not currently
have an explanation, it would be important to try and replicate this finding in the future to eliminate the possibility of a
spurious result.

Experiment 2: Intelligibility of CS
and NAS in SSN and in Multitalker
Babble for Nonnative Listeners
Method
Listeners
One hundred twenty listeners participated in the
word-recognition-in-noise task (71 women) with an
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Figure 1. Native English listeners’ key word correct score for four different speaking styles, namely, conversational speech produced in quiet
(CO+Q), clear speech produced in quiet (CS+Q), noise-adapted conversational speech (CO+NAS), and noise-adapted clear speech (CS
+NAS), presented in two-talker (2T) babble (left panels), six-talker (6T) babble (middle panels), and speech-shaped noise (SSN; right panels).
The top panels show performance at an easier signal-to-noise ratio (SNR; −5 dB), and the bottom panels show performance at a harder
SNR (−7 dB). Error bars are standard errors of the mean. Diamond symbols and numerical values (in blue) indicate mean word recognition
accuracy for each speaking style and masker.

average age of 22.8 years (SD = 4.6, range: 18–38). On
average, they were first exposed to English after the age of
8.5 years (range: 2–19). Participants’ language background
information is provided in Table 3. Participants were
recruited at UT Austin. The study was approved by the institutional review board at UT Austin, and participants provided written consent to use their responses anonymously. All
listeners passed a hearing screening bilaterally at 25 dB HL at
500, 1000, 2000, and 4000 Hz. They received class credit or a
small monetary compensation for participation.

Sentence Materials
The stimuli in Experiment 2 were the same 40 sentences produced in CO and CS in quiet and in response to
noise (NAS) by 10 talkers as in Experiment 1. The only

difference between the two experiments, besides the listener groups, is in the SNR levels used in the listening
task. For nonnative listeners, we adjusted the SNR to
−3 dB (easier) and −5 dB (harder), as opposed to −5
and −7 dB SNRs, which were used for native listeners.
Because of the well-established disproportionate effect
of noise on nonnative speech recognition in noise, we
used a slightly more beneficial SNR for nonnative than
native listeners (Bradlow & Alexander, 2007; Mayo
et al., 1997; Smiljanić & Bradlow, 2011; Van Summers
et al., 1988). The goal was to assess the CS and NAS
intelligibility benefits relative to a similar baseline performance (CO produced in quiet and presented in SSN)
for the two listener groups (see a similar approach in
Bradlow & Alexander, 2007; Smiljanić & Bradlow, 2011;
Sommers, 1997). Any observed group differences in word
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Table 2. Results of the linear mixed-effects logistic regression for native English listeners’ intelligibility.
Fixed effects
Q vs. NAS
CO vs. CS
Masker (SSN, 2T, 6T)
SNR (−5 dB, −7 dB)
NAS × CS

χ2

df

Pr(> χ2)

160.82
5.48
315.43
520.57
28.95

1
1
2
1
1

< .001
.0193
< .001
< .001
< .001

OR
CO+NAS vs. CO+Q
CS+NAS vs. CS+Q
CS+Q vs. CO+Q
CS+NAS vs. CO+NAS
CO+NAS vs. CS+Q

CS × Masker

CS vs. CO (presented in SSN masker)
CS vs. CO (presented in 6T masker)
CS vs. CO (presented in 2T masker)

NAS × Masker

NAS vs. Q (presented in SSN masker)
NAS vs. Q (presented in 6T masker)
NAS vs. Q (presented in 2T masker)

Masker × SNR

2T vs. SSN (−5 dB)
2T vs. 6T (−5 dB)
SSN vs. 6T (−5 dB)
2T vs. SSN (−7 dB)
2T vs. 6T (−7 dB)
SSN vs. 6T (−7 dB)
−5 dB vs. −7 dB (presented in 6T masker)
−5 dB vs. −7 dB (presented in 2T masker)
−5 dB vs. −7 dB (presented in SSN masker)

2.86
1.85
2.34
1.52
1.22

95% CI
[2.46,
[1.59,
[2.02,
[1.31,
[1.05,

3.32]
2.16]
2.72]
1.77]
1.41]

p
<
<
<
<
<

.001
.001
.001
.001
.001

χ2

df

Pr(> χ2)

32.21

2

< .001

OR

95% CI

p

[2.09, 3.09]
[1.22, 1.82]
[1.43, 2.22]

< .001
< .001
< .001

χ2

df

Pr(> χ2)

19.06

2

< .001

OR

95% CI

p

[2.37, 2.50]
[1.84, 2.75]
[1.51, 2.33]

< .001
< .001
< .001

χ2

df

Pr(> χ2)

380.51

2

< .001

OR

95% CI

p

2.54
1.49
1.78

2.88
2.25
1.88

6.11
5.33
1.15
1.63
8.72
5.36
4.94
3.02
0.81

[4.87,
[4.26,
[0.95,
[1.34,
[7.06,
[4.35,
[4.03,
[2.41,
[0.66,

7.65]
6.66]
1.39]
1.98]
10.77]
6.60]
6.07]
3.78]
0.98]

< .001
< .001
.54
< .001
< .001
< .001
< .001
< .001
.016

Note. Estimated odds ratios and z statistics from post hoc comparisons are also provided for interaction terms.
Q = speech produced in quiet; NAS = noise-adapted speech; CO = conversational speaking style; CS = clear
speaking style; SSN = speech-shaped noise; 2T = two-talker babble; 6T = six-talker babble; SNR = signal-tonoise ratio; OR = odds ratio; CI = confidence interval.

recognition in more difficult or easier listening conditions
would thus not be confounded by the starting/baselinelevel differences. As in Experiment 1, it was also important to avoid ceiling or floor performance in any listening conditions, which would obscure any CS and NAS
intelligibility benefits. The SNR levels were determined
based on previous work using the same materials (Smiljanić
& Gilbert, 2017b), through pilot data with a small number
of participants using the materials from this study, and on
previous work (e.g., Bradlow & Alexander, 2007; Smiljanić
& Bradlow, 2011). Note that the same −5 dB SNR is considered the “harder” condition for nonnative listeners and the
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“easier” condition for native listeners, which we will return
to below.

Procedure
The experimental procedure was identical to that for
Experiment 1.

Analyses
The results were scored and analyzed as in Experiment 1. The best model for the analysis of nonnative
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Table 3. Language background information for nonnative listeners (N = 120).
M
Age of first exposure to English (in years)
Age of arrival to USA (in years)
Time spent in USA (in years)
Daily exposure to Englisha
Daily exposure to L1
Self-estimated proficiency in Englishb
Self-estimated proficiency in L1
L1

SD

Range

8.5
3.1
2–19
16.0
7.9
0–35
6.8
6.1
0.08–30
4.7
0.6
2–5
4.5
0.9
2–5
3.9
1.0
1–5
4.3
0.9
1–5
Spanish (n = 44), Mandarin (n = 33), Korean (n = 12), French (n = 4), Vietnamese (n = 3), Hindi
(n = 3), Arabic (n = 3), Portuguese (n = 2), Russian (n = 2), Cantonese (n = 2), Turkish (n = 2),
German (n = 1), Japanese (n = 1), Czech (n = 1), Hebrew (n = 1), Farsi (n = 1), Dutch (n = 1),
Nepali (n = 1), Yoruba (n = 1), Polish (n = 1), Amharic (n = 1)

Note. The following information in this table was not provided by some participants: age of first exposure to English (n = 2), daily exposure
to English/L1 (n = 31), self-estimated proficiency in English (n = 3), self-estimated proficiency in L1 (n = 7). L1 = first language.
a
For each language, self-estimated amount of daily exposure on a scale from 1 (no current exposure) to 5 (constant exposure). bFor each
language, average of self-estimated proficiency for each skill, that is, writing, speaking, reading, and listening, on a scale from 1 (low) to 5
(high). Ratings by 28 participants were converted to a 5-point scale from a 10-point scale used in a previous version of a language questionnaire used in our lab.

English listeners’ accuracy data was the same as for the
native listeners. It included speaking style (CO vs. CS,
Q vs. NAS), masker type (SSN, 2T babble, 6T babble),
and SNR (easier, harder) as fixed effects. Interactions
between the two types of speaking style, between masker
type and each of the two speaking styles, and between
masker and SNR were considered.

Results
The proportion of words correctly identified for
each masker and SNR for nonnative listeners is shown in
Figure 2. Results from Type III Wald chi-square tests as
well as the 95% CIs and p values for ORs from post hoc
comparisons are shown in Table 4.
As was found for native listeners, regression analyses
showed that CS, χ2(1) = 10.44, p < .01, and NAS, χ2(1) =
78.42, p < .001, were significant predictors of key word
identification for nonnative listeners. The two-way CS ×
NAS interaction was also significant, χ2(1) = 32.93, p <
.001. Pairwise comparisons showed that speaking clearly
and in response to noise significantly improved word
recognition compared with CO and speech produced in
quiet, respectively. When both speaking style modifications were produced simultaneously (CS+NAS), intelligibility was significantly greater than when produced
alone. In contrast to native listeners, nonnative listeners
benefited equally from NAS and CS in word recognition
in noise.
The analyses further revealed significant two-way
interactions between speaking style and masker, CS ×
Masker: χ2(2) = 13.84, p < .001; NAS × Masker: χ2(2) =
30.77, p < .001. Speaking clearly and in response to noise,

separately and combined, significantly improved intelligibility
compared with CO and speech produced in quiet in all
three maskers, but the magnitude of the effect varied. Compared with CO, the odds of correct word recognition for CS
more than doubled in SSN and increased by 1.61 in 6T babble and by 1.47 in 2T babble. Compared with speech produced in quiet, the odds of correct word recognition for
NAS increased by 2.46 in SSN, by 1.61 in 6T babble, and
by 1.53 in 2T babble.
Lastly, an interaction between SNR and masker was
also significant, χ2(2) = 68.16, p < .001. Contrast analyses
revealed that, at both SNRs, word recognition accuracy
was highest in 2T babble, followed by SSN, and lowest in
6T babble. Finally, the odds of successful key word identification were significantly higher for the easier than for
the more difficult SNR in all three maskers. The odds
increased by 171% in 6T babble and by 27% in SSN.

Listener Group Comparison: Native
Versus Nonnative English Listeners
The above analyses assessed the effect of speaking
style, masker, and SNR on word recognition accuracy for
native (Experiment 1) and nonnative (Experiment 2) listeners separately. To shed light on the listener-related differences more directly, here, we compare word recognition
accuracy for native and nonnative listeners in the overlapping −5 dB SNR condition. In order to visualize the
results with respect to how much each speaking style, separately and in combination, enhanced intelligibility for
native and nonnative listeners in different maskers, the raw
data are presented in Figure 3 as average improvement
scores relative to the baseline intelligibility in the most
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Figure 2. Nonnative English listeners’ key word correct score for four different speaking styles, namely, conversational speech produced in
quiet (CO+Q), clear speech produced in quiet (CS+Q), noise-adapted conversational speech (CO+NAS), and noise-adapted clear speech
(CS+NAS), presented in the presence of two-talker (2T) babble (left panels), six-talker (6T) babble (middle panels), and speech-shaped noise
(SSN; right panels). The top panels show performance at an easier signal-to-noise ratio (SNR; −5 dB), and the bottom panels show performance
at a harder SNR (−7 dB). Error bars are standard errors of the mean. Diamond symbols and numerical values (in blue) indicate mean
word recognition accuracy for each speaking style and masker.

difficult condition, that is, CO produced in quiet (e.g., intelligibility of CO produced in response to noise [CO+NAS]
minus intelligibility of CO produced in quiet [CO in quiet]
divided by intelligibility of CO in quiet).

Analysis
The best model for the group comparison included
speaking style (CO vs. CS, Q vs. NAS), masker type
(SSN, 2T babble, 6T babble), and listener group (native,
nonnative) as fixed effects. The model also included twoway interactions for the listener group and each fixed
effect as well as three-way interactions between the listener
group and the two speaking styles and between the listener
group, each speaking style, and masker type. The four-way
interaction was also examined, but it was not significant
and, thus, will not be further discussed.

10

Results
Combined word recognition accuracy for the two
listener groups in the −5 dB SNR condition is shown in
Figure 4. Results from Type III Wald chi-square tests as
well as the 95% CIs for each OR and p values are provided in Table 5.
Results showed significant interactions between listener
group and speaking styles, χ2(2) = 23.86, p < .001. Threeway interactions were also significant, Listener Group ×
Masker × NAS: χ2(4) = 45.16, p < .001; Listener Group ×
Masker × CS: χ2(4) = 20.08, p < .001. Post hoc analyses
showed that native listeners benefited significantly more than
nonnative listeners did from CS and NAS adaptations.
However, the significant interactions revealed that this varied
across the three maskers: Compared with nonnative listeners,
native listeners’ odds of successful word recognition for CS
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Table 4. Results of the linear mixed-effects logistic regression for nonnative English listeners’ intelligibility.
Fixed effects
Q vs. NAS
CO vs. CS
Masker (SSN, 2T, 6T)
SNR (−3 dB, −5 dB)
NAS × CS

χ2

df

78.42
10.44
365.16
219.38
32.93

1
1
2
1
1

OR
CO+NAS vs. CO+Q
CS+NAS vs. CS+Q
CS+Q vs. CO+Q
CS+NAS vs. CO+NAS
CO+NAS vs. CS+Q

CS × Masker

CS vs. CO (presented in SSN masker)
CS vs. CO (presented in 6T masker)
CS vs. CO (presented in 2T masker)

NAS × Masker

NAS vs. Q (presented in SSN masker)
NAS vs. Q (presented in 6T masker)
NAS vs. Q (presented in 2T masker)

Masker × SNR

2T vs. SSN (−5 dB)
2T vs. 6T (−5 dB)
SSN vs. 6T (−5 dB)
2T vs. SSN (−7 dB)
2T vs. 6T (−7 dB)
SSN vs. 6T (−7 dB)
−3 dB vs. −5 dB (presented in 6T masker)
−3 dB vs. −5 dB (presented in 2T masker)
−3 dB vs. −5 dB (presented in SSN masker)

2.28
1.45
2.13
1.35
1.08

Pr(> χ2)
<
<
<
<
<

95% CI
[1.97,
[1.26,
[1.84,
[1.17,
[0.93,

2.65]
1.68]
2.46]
1.57]
1.24]

.001
.01
.001
.001
.001
p

< .001
< .001
< .001
< .001
1.00

χ2

df

Pr(> χ2)

13.84

2

< .001

OR

95% CI

p

[1.72, 2.49]
[1.32, 1.96]
[1.18, 1.83]

< .001
< .001
< .001

χ2

df

Pr(> χ2)

30.77

2

< .001

OR

95% CI

p

[2.04, 2.98]
[1.32, 1.96]
[1.23, 1.89]

< .001
< .001
< .001

χ2

df

Pr(> χ2)

68.16

2

< .001

OR

95% CI

p

2.08
1.61
1.47

2.46
1.61
1.53

4.63
6.31
1.36
3.52
10.28
2.92
2.71
1.66
1.27

[3.75,
[5.11,
[1.13,
[2.89,
[8.33,
[2.39,
[2.23,
[1.34,
[1.05,

5.72]
7.79]
1.65]
4.29]
12.69]
3.56]
3.30]
2.06]
1.53]

<
<
<
<
<
<
<
<

.001
.001
.001
.001
.001
.001
.001
.001
.004

Note. Estimated odds ratios and z statistics from post hoc comparisons are also provided for interaction terms.
Q = speech produced in quiet; NAS = noise-adapted speech; CO = conversational speaking style; CS = clear
speaking style; SSN = speech-shaped noise; 2T = two-talker babble; 6T = six-talker babble; SNR = signal-tonoise ratio; OR = odds ratio; CI = confidence interval.

style were 121% higher in 2T babble, 278% higher in 6T
babble, and 60% higher in SSN. For sentences produced
in NAS, native listeners’ odds of successful word identification were 140% higher in 2T babble, 349% higher in
6T babble, and 50% higher in SSN compared with nonnative listeners.
As predicted, the similarly small proportional gain
for any speaking style enhancement for both listener
groups was found in 2T babble, where intelligibility was
high overall. Larger proportional gains were found in 6T
babble and SSN for both groups. Compared with nonnative listeners, native listeners benefited significantly more

from CS produced in quiet, CO+NAS, and CS+NAS
when listening to target speech masked with SSN. In the
6T babble masker, however, nonnative listeners benefited
significantly more from the speaking style enhancements
even though their performance was lower overall.

Discussion
The goal of this study was to compare the intelligibility benefit associated with two speaking style modifications
produced in response to listener perceptual difficulty (CS)
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Figure 3. Native (red bars) and nonnative (blue bars) listeners’ intelligibility benefits for three speaking styles, namely, clear speech produced
in quiet (CS+Q), noise-adapted conversational speech (CO+NAS), and noise-adapted clear speech (CS+NAS), relative to intelligibility in
baseline conversational speech (CO) produced in quiet. Intelligibility gains vary for sentences presented in the presence of two-talker (2T)
babble (left panels), six-talker (6T) babble (middle panels), and speech-shaped noise (SSN; right panels) at −5 dB SNR.

and environmental noise (NAS), separately and in combination. We focused on the effectiveness of CS and NAS for
improving word recognition in the presence of maskers
varying in the amount of EM and IM contributions and at
different SNRs. We also assessed whether native and nonnative listeners derived similar intelligibility benefit from
CS and NAS under different listening conditions. Consistent with our predictions, the main effects of the tested
factors were in line with previous work: (a) CS and
NAS, separately and in combination, were significantly
more intelligible than CO and speech produced in quiet,
for both native and nonnative listeners; (b) intelligibility
of the target speech presented in 2T babble was better
than that in 6T babble and SSN; and (c) speech was
more intelligible at an easier SNR than at a harder SNR.
The findings revealed several significant interactions
demonstrating that the CS and NAS intelligibility benefits
were determined by the listening environment, both the
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masker and the SNR. We will discuss these results in turn
next.
Each speaking style modification (CS and NAS) alone
improved intelligibility, and their combination (CS+NAS)
resulted in the highest intelligibility in the presence of all
three maskers (2T babble, 6T babble, and SSN) and at both
SNR levels (“easier” and “harder”). This finding is in line
with previous work that demonstrated improved intelligibility of CS and NAS over CO and speech produced in quiet
separately (Cooke et al., 2014; Godoy et al., 2013; PichoraFuller et al., 2010; Smiljanić, 2021). The results expand on
previous findings by showing the CS advantage in maskers
other than SSN (Bradlow & Alexander, 2007; Liu & Zeng,
2006; Van Engen, 2017; but see Van Engen et al., 2014, for
the CS benefit in SSN and multitalker maskers). Furthermore, the findings provide new evidence that intelligibility
benefit is largest when the two speaking style enhancements are combined, CS+NAS, in multitalker babble
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Figure 4. Native (NA, red bars) and nonnative (NN, blue bars) English listeners’ key word correct score for four speaking styles at −5 dB
SNR, namely, conversational speech produced in quiet (CO+Q), clear speech produced in quiet (CS+Q), noise-adapted conversational
speech (CO+NAS), and noise-adapted clear speech (CS+NAS), presented in two-talker (2T) babble (left panel), six-talker (6T) babble (middle
panel), and speech-shaped noise (SSN; right panel). Error bars are standard errors of the mean. Diamond symbols and numerical values (in
blue) indicate mean word recognition accuracy for each speaking style and masker.

maskers (cf. Gilbert et al., 2014; Smiljanić & Gilbert,
2017b). As in previous work, both native and nonnative
listeners benefited from each intelligibility-enhancing speaking style (Bradlow & Alexander, 2007; Bradlow & Bent,
2002; Cooke & Garcia Lecumberri, 2012; Cooke et al.,
2008; Smiljanić & Bradlow, 2011). Here, we extended previous findings to show that, similar to native listeners, nonnative listeners benefited most from the combined CS+NAS
modifications. When talkers increased vocal effort in
response to noise in combination with deliberate, clear productions, listeners’ word recognition accuracy improved significantly more than when each modification was produced
separately. Acoustic–phonetic modifications in the form of
speaking style adjustments are efficient strategies for improving speech perception in noise for both native and nonnative
listeners in a variety of listening conditions.

With regard to maskers, listeners were least affected
by a predominantly informational masker (2T babble) and
most affected by 6T babble with the combined IM and
EM. Word recognition was intermediate for the purely energetic masker (SSN; Brouwer et al., 2012; Calandruccio et al.,
2010; Van Engen et al., 2014). The word recognition accuracy difference among the maskers is in line with the glimpsing model of speech perception whereby 2T babble exerts
less EM and provides more and larger spectrotemporal dips
compared with 6T babble and SSN. For energetically more
constant maskers, such as SSN or 6T babble, temporal
glimpses are rarer, hindering access to the target speech and,
hence, resulting in worse performance. The available
glimpses in 2T babble contain important information to support speech recognition in noise despite the lexical intrusion
of the intelligible background speech. Note that in this study,
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Table 5. Results of the linear mixed-effects logistic regression for native versus nonnative English listeners’ intelligibility at −5 dB SNR.
χ2

Fixed effects
Q vs. NAS
CO vs. CS
Masker (SSN, 2T, 6T)
Listener group (NA, NN)
CS × Listener Group
NAS × Listener Group
Masker × Listener Group
NAS × CS × Listener Group

79.12
0.73
198.66
170.66
2.22
0.0003
83.01
23.86
OR

NA
NA
NA
NA

vs.
vs.
vs.
vs.

NN
NN
NN
NN

(in
(in
(in
(in

CS+Q)
CO+NAS)
CO+Q)
CS+NAS)

2.08
2.37
2.04
2.70

df
1
1
2
1
1
1
2
2

NA vs. NN (CS presented in 2T masker)
NA vs. NN (CS presented in 6T masker)
NA vs. NN (CS presented in SSN masker)

NAS × Masker × Listener Group

NA vs. NN (NAS presented in 2T masker)
NA vs. NN (NAS presented in 6T masker)
NA vs. NN (NAS presented in SSN masker)

45.16

< .001
.394
< .001
< .001
.137
.986
< .001
< .001

95% CI
[1.78,
[2.02,
[1.74,
[2.29,

χ2
CS × Masker × Listener Group

Pr(> χ2)

2.44]
2.77]
2.39]
3.19]

df
4

p
<
<
<
<

.001
.001
.001
.001

Pr(> χ2)
< .001

OR

95% CI

p

2.21
3.78
1.60

[1.76, 2.78]
[3.14, 4.54]
[1.34, 1.92]

< .001
< .001
< .001

χ2

df

Pr(> χ2)

20.08

4

< .001

OR

95% CI

p

2.40
4.49
1.50

[1.91, 3.02]
[3.74, 5.40]
[1.25, 1.80]

< .001
< .001
< .001

Note. Estimated odds ratios and z statistics from post hoc comparisons are also provided for interaction terms.
Q = speech produced in quiet; NAS = noise-adapted speech; CO = conversational speaking style; CS = clear
speaking style; SSN = speech-shaped noise; 2T = two-talker babble; 6T = six-talker babble; NA = native listeners; NN = nonnative listeners; OR = odds ratio; CI = confidence interval.

we used a two-female masker in the 2T babble listening condition. It is likely that differences in voice characteristics
between talkers of different genders lead to greater masking
release intelligibility for the target male talkers than for the
target female talkers (Brungart, 2001; Brungart et al., 2001;
Ericson et al., 2004). Nonetheless, we expect that this masking release advantage was consistent such that the overall
accuracy patterns would still hold across the speaking style
conditions. In other words, while the overall intelligibility for
the target female talkers could be somewhat lower in 2T
babble than that for the target male talkers, the pattern of
CS and NAS intelligibility benefits would be similar for all
target talkers. Future studies examining speaking style intelligibility benefits should include listening conditions with
mixed-gender and opposite-gender babble maskers.
A greater decrease in performance observed for 6T
babble compared with SSN could be due to several reasons, including larger spectral variations and smaller modulation depths present in the multitalker babble compared
with the highly modulated masker such as SSN (Simpson
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& Cooke, 2005) as well as from IM based on target–
masker linguistic misallocation. The exact contribution of
each of these sources should be investigated more in the
future. The interference ranking across masker types seems
to hold when the auditory and cognitive systems are performing a more difficult task. Calandruccio et al. (2010),
for example, found that native English listeners’ performance was better when listening to sentences presented
with an English 2T babble masker than an SSN masker
but only at a more difficult SNR (at −5 dB SNR compared
with −3 dB SNR). Our results showed a superior performance in 2T babble but no difference between SSN and 6T
babble at −5 dB SNR for native listeners. With increased
difficulty, at −7 dB SNR, native listeners’ performance was
higher in 2T babble than that in both SSN and 6T babble,
and performance in SSN was better than that in 6T babble.
Thus, the difference between the word recognition accuracy
in 6T babble and that in SSN became evident only in the
“harder” SNR condition. In contrast, the difference among
the three types of maskers already emerged at an easier −3
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dB SNR for nonnative listeners who are performing a cognitively more demanding task of L2 listening in noise
(Garcia Lecumberri et al., 2010). This shows that the difficulty of perceiving speech in noise is not just a monotonic
function of SNR but is determined by an interaction with a
masker type and listener characteristics.
Next, we turn to the interactions among the speaking styles and maskers. As mentioned above, CS and
NAS led to improved speech perception in all three
maskers for both listener groups. However, the benefit
varied across the maskers. The intelligibility benefit was
largest in SSN and smallest in 2T babble, with the intermediate benefit in 6T babble. The listening task was
harder overall in SSN and 6T babble than in 2T babble,
as evidenced by the lower accuracy scores. In these challenging listening conditions, CS and NAS modifications
made larger contributions toward increased intelligibility.
The larger NAS benefit in SSN than in 6T babble could
be further attributed to the matched target–masker (the
same SSN was used when producing NAS and as a
masker in perception). The listeners could have benefited
from the acoustic–phonetic modifications talkers produced
specifically in response to SSN, giving them an advantage
compared with a 6T babble masker that was not used to
elicit NAS in the production task. This, however, cannot
account for the CS advantage in the SSN masker compared with the 2T babble and 6T babble maskers. CS was
produced in quiet and then mixed with the SSN masker
for the listening test. As suggested above, larger spectral
variations and smaller modulation depths in 6T babble
than in SSN could contribute to it being the most challenging for listeners (Van Engen et al., 2014; Zinszer
et al., 2019).
The relatively small intelligibility benefit of CS and
NAS in 2T babble compared with that in SSN could be
explained by an overall high accuracy for the target speech
presented in this masker. Listeners’ overall performance in
2T babble was significantly higher compared with that in
the other two maskers at both SNR levels. Listeners likely
reached their maximum performance in this condition with
little room for improvement from speaking style adaptations. Even though we chose the particular SNR levels in
an attempt to avoid ceiling performance and even though
the two listener groups performed similarly in the baseline
condition (CO produced in quiet and presented in SSN),
the large intelligibility variation arising from the two speaking styles, masker types, different SNRs, and individual listener abilities in speech-in-noise perception, we failed to
achieve this goal for speech presented in 2T babble, the easiest listening condition. Nonetheless, the results suggest that
the speaking style enhancements could significantly improve
intelligibility in the presence of maskers that allow substantial glimpsing opportunities when presented in more challenging listening conditions (e.g., increased noise levels).

This result further highlights the need to tease apart the
contributions of the various factors shaping intelligibility
variation in daily communication.
Finally, turning to the listener group differences, the
current results revealed that native listeners benefited more
from NAS adaptations than did nonnative listeners.
Smiljanić and Gilbert (2017a) showed that both speaking
style modifications included a decrease in speaking rate
and an increase in 1- to 3-kHz energy, sound pressure
level, and vowel space area, but they also differed. For
example, increased fo mean and decreased jitter and shimmer were produced only in NAS, whereas increased frequency and duration of pauses were produced only in CS.
The difference in the CS and NAS intelligibility benefits
for the two listener groups suggests a more efficient use of
NAS enhancements by native listeners to overcome the
interference from maskers. It is, however, not the case that
nonnative listeners cannot use NAS acoustic–phonetic
modifications to aid their word recognition. For both listener groups, intelligibility of CO produced in response to
noise is substantially improved over that of CO produced
in quiet. The results instead suggest that nonnative listeners may be less efficient in utilizing some of the modifications. It is possible that the intelligibility benefit for
native listeners was also enhanced because the same noise
(SSN) that was used to elicit the production of NAS was
also used as one of the maskers in the listening task. In contrast, CS production was elicited in quiet and was subsequently mixed with the SSN masker for the listening task.
This suggests that acoustic–phonetic modifications produced
in response to noise (NAS) place energy in the parts of the
spectrum that provide release from EM during perception
(cf. Cooke & Garcia Lecumberri, 2012). Nonnative listeners did not show the additional benefit from the
matched target–masker condition. It remains to be determined to what extent this discrepancy in NAS benefit
between native and nonnative listeners is a result of their
ability to rely on the various acoustic–phonetic enhancements in guiding their word recognition and at what specific level of perceptual processing this difference arises.
A direct comparison of native and nonnative listeners’ performance in the overlapping SNR condition
showed that native listeners outperformed nonnative listeners in almost all listening conditions. This is in line
with previous work demonstrating that nonnative listeners
reliably perform worse than native listeners in both energetic and informational maskers (Cooke et al., 2008;
Mayo et al., 1997; Nábělek & Donahue, 1984) even when
proficiency in the target language is high, as was the case
in our study (Brouwer et al., 2012; Van Wijngaarden
et al., 2002). Nonnative and bilingual listeners have a
qualitatively different target language model compared
with native monolingual listeners (see Garcia Lecumberri
et al., 2010, for a review). When perceiving speech in
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noise, listeners need to integrate bottom-up acoustic information with top-down linguistic knowledge (Rönnberg
et al., 2013). This allows them to fill in missing information in the acoustically degraded speech signals by using
linguistically driven predictions (Cooke, 2006). Nonnative
listeners, even the highly proficient ones, due to a different
experience with the target language, may be less able to
draw on linguistic knowledge at all levels to alleviate the
noise interference (Zinszer et al., 2019). Higher accuracy
for native listeners was found even for the target speech
presented in 2T babble, where we predicted that the intelligible masker is going to interfere more with the native
listeners’ word recognition due to the interference from
the intelligible background speech (Garcia Lecumberri &
Cooke, 2006; Van Engen, 2010; Van Engen & Bradlow,
2007). It is not clear if this effect is due to our nonnative
listener group’s high proficiency with the target language
such that the misattribution of linguistic information from
speech masker noise components to the target speech (and
vice versa) was similar between the two listener groups or
due to a combination of factors suggested above. More
work with listeners who vary in target language proficiency is needed to shed light on these questions.
Importantly, we showed that nonnative listeners significantly benefited from CS and NAS modifications, separately and in combination, improving their speech perception in different maskers and noise levels. In contrast
to some previous work and to our predictions, we did not,
however, find that native listeners benefited more from CS
and NAS modifications in all listening conditions. Smaller
CS and NAS intelligibility increases compared with native
listeners found in the presence of the SSN masker align
with previous work (Bradlow & Bent, 2002; Cooke et al.,
2008; Smiljanić & Bradlow, 2011) and are consistent with
the difficulty of performing the task in L2. Bradlow and
Alexander (2007), for example, demonstrated that native
listeners’ word recognition significantly improved from
semantic context and CS separately and in combination.
In contrast, nonnative listeners could integrate sentence
context information only when hearing CS sentences. The
nonnative listeners were thus able to rely on top-down
knowledge, just as native listeners did, but they needed
enhanced signal clarity to take advantage of the contextual
information. The smaller CS and NAS benefit found in the
presence of SSN here could thus be rooted in the dual challenge faced by nonnative listeners: lack of experience in
using the L2-specific acoustic–phonetic CS and NAS
enhancements coupled with the less efficient use of signalindependent information to compensate for the signal degradation. However, the results from the 6T babble masker
condition, in which nonnative listeners showed larger CS
and NAS intelligibility improvement at the same SNR,
suggest that our understanding of the speaking style intelligibility benefit in noise for the nonnative listeners may
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be incomplete. It is not likely that the source of this result
lies exclusively in the largest processing difficulty in 6T
babble leading to the biggest CS and NAS improvements,
as we would then expect the two listener groups to show
similar results. It remains a pressing goal to specify further
how CS and NAS aid integration of bottom-up and topdown information and speech processing in energetic and
informational maskers for native and nonnative listeners.

Conclusions
The current results indicate that the well-documented
intelligibility benefit derived from the speaking style modifications crucially interacts with the masking conditions
and with the listener characteristics. While many are
known, the current work highlights that many aspects of
these interactions remain poorly understood. The findings
have implications for the testing of human speech processing in noise in clinical settings, which are typically limited
to providing information about listeners’ ability to understand speech in only one of many listening contexts. This
study adds to the research suggesting that listeners should
be tested in several maskers for a more comprehensive picture of one’s ability to understand speech in noise (Van
Engen, 2012). With better understanding of how CS and
NAS facilitate speech processing in different listening conditions and for different listener groups, the more specific
information on how to use this speech style effectively can
be incorporated into training, clinical, and educational settings (see Peng & Wang, 2016). Finally, the findings
reported here provide support for speech-oriented, behavioral therapy techniques, such as using CS elicited in combination with background noise (NAS+CS) rather than
targeting individual speech parameters (e.g., speaking
slowly) as valid approaches for maximizing speech intelligibility (Beukelman et al., 2002; Park et al., 2016; Stipancic
et al., 2016; Tjaden, Sussman, & Wilding, 2014).
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