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Abstract

Listeners typically understand speech more accurately when they can see and hear the talker relative to hearing alone. How-
ever, seeing the talker’s face does not necessarily reduce the cognitive costs associated with processing speech as measured
by dual-task costs. In difficult listening conditions, dual-task response times may be faster for audiovisual than audio-only
speech, but when listening conditions are easy, the presence of a talking face may have no effect on dual task responses or
even slow responses relative to listening alone. The current study expanded upon this work by including samples of both
native and nonnative English speakers and assessing speech intelligibility, subjective listening effort (Experiment 1), and
dual-task costs (Experiment 2) for audio-only and audiovisual speech across multiple noise levels. We found that seeing the
talker reduces dual-task costs only in difficult listening conditions in which the visual information is necessary to accurately
identify the speech. The effects of background noise and speech modality were robust within groups of native as well as
nonnative listeners, suggesting that if researchers are interested in studying general phenomena related to speech processing
(i.e., rather than specifically studying how language background affects results), these effects would have emerged regard-
less of whether the sample was limited to native speakers of English. However, the magnitude of some effects differed for

native and nonnative listeners.
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Speech identification in noise is greatly improved when the lis-
tener can see the talker’s face in addition to hearing their voice
(often referred to as “audiovisual benefit”; Erber, 1969; Sumby
& Pollack, 1954). These effects are particularly pronounced
in adverse listening conditions, including when the speech is
presented in higher levels of background noise (e.g., Brown
& Strand, 2019; Ross et al., 2006; Sumby & Pollack, 1954)
or when it is acoustically degraded via vocoding (Blackburn
et al., 2019). Audiovisual benefit occurs in part because the
movements of a talking face provide phonetic information that
is complementary to the auditory information and can therefore
be used to disambiguate words that are acoustically similar but
visually distinct (e.g., “lap” and “lag”; Grant et al., 1998; Grant

< Violet A. Brown
violetbrown @carleton.edu

P4 Julia F. Strand
jstrand @carleton.edu

1 Carleton College, One North College St, Northfield,
MN 55057, USA

Published online: 23 February 2026

& Walden, 1996). In other words, visual cues may help reduce
lexical competition, particularly when the listening conditions
lead to a degraded acoustic input.

The reduction in lexical competition afforded by the vis-
ual signal has consequences beyond speech intelligibility.
Indeed, there is mounting evidence that visual speech cues
can reduce the cognitive costs associated with processing
speech in noisy conditions, often referred to as “listening
effort” (see Francis & Love, 2020, for a review). Although
listening effort is a multifaceted construct that has been
measured in numerous ways (e.g., Alhanbali et al., 2019;
Strand et al., 2018, 2021), one of the most common meas-
urement techniques involves implementing dual-task para-
digms.! In the context of audiovisual speech processing,

' Given the multidimensional nature of listening effort, the numerous
ways to measure each aspect of the construct, and the lack of agree-
ment about how best to define and measure the construct broadly and
the aspects specifically, we will use the term “dual-task costs” rather
than “listening effort” going forward (see also “Brown, 2025). How-
ever, we mention listening effort to draw attention to relevant litera-
ture and facilitate potential future meta-analyses.
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participants are typically asked to listen to audio-only and
audiovisual speech while completing a secondary response
time task. Given the assumption that cognitive resources
are finite (Kahneman, 1973), slowed responses on the sec-
ondary task are taken as an indication of greater cognitive
recruitment for the speech task. Consistent with this claim,
dual-task costs tend to be more pronounced in listening con-
ditions that are presumed to be more difficult—like when the
background noise is louder (e.g., Sarampalis et al., 2009;
Seeman & Sims, 2015; Strand et al., 2018), when the speech
presented in an unfamiliar accent (Brown et al., 2020), when
reverberation is present (Picou et al., 2016), and in other
adverse listening conditions (see Gagné et al., 2017, for a
review).

Dual-task studies of audiovisual speech processing have
shown that when the listening conditions are difficult (e.g.,
at low signal-to-noise ratios; SNRs) seeing the talker’s face
in addition to hearing their voice decreases dual-task costs
relative to listening alone. However, when the listening
conditions are very easy—Ilike when the background noise
is set to a relatively low level—seeing the talker’s face either
has no effect on dual-task costs relative to hearing alone, or
may even increase costs (Brown, 2025; Brown & Strand,
2019). The explanation for these findings is that when the
acoustic speech signal is degraded, the complementary
phonetic cues provided by the talking face reduce the
cognitively demanding process of lexical competition
(Kuchinsky et al., 2013; Wagner et al., 2016). Thus, even if
additional cognitive resources must be recruited to process
the visual channel in addition to the auditory channel, the
cognitive benefits outweigh any potential costs associated
with processing information from two sensory channels.
When the listening task is easy, however, the two-channel
cost does not come with the benefit of reduced lexical
competition. Thus, when the visual signal is not necessary
for successful speech identification (i.e., in very easy
listening conditions), there is either a net-neutral effect or
an overall increase in dual-task costs in audiovisual relative
to audio-only settings, depending on the overall difficulty of
the task (Brown, 2025).

Taken together, there is clear consensus that seeing
the talker facilitates speech identification in noise, and
accumulating evidence that the dual-task costs associated
with processing audiovisual speech differ depending on
the difficulty of the speech task. However, nearly all the
work supporting these conclusions has been conducted on
participants who report being “native” speakers of English.?

2 There are limitations to using the terms “native” and “nonnative” to
describe language groups, but when describing previous work in this
area, we will use these terms for consistency (see “Cheng et al., 2021;
“Strand et al., 2024; *Vulchanova et al., 2022). In our own work, how-
ever, we prefer to use the terms L1 (“native”) and LX (“nonnative”;
see “Dewaele, 2018; Strand et al., 2024).

@ Springer

Indeed, even beyond research specifically on audiovisual
speech processing, research on spoken word identification
and speech perception more generally tends to limit samples
to native speakers (unless, of course, the research question
specifically concerns native speaker status or bilingualism;
Strand et al., 2024). Although this tendency may be driven in
part by adherence to the conventions of the field, researchers
may also limit their samples out of concern that the effects
of interest may only appear in highly proficient speakers or
in those who have been exposed to the language from birth.

Research on audiovisual spoken word identification has
provided some evidence that nonnative listeners derive
less audiovisual benefit for speech identification than
native listeners, presumably because nonnative listeners
have less experience mapping English phonemes to their
corresponding mouth movements (“visemes”; Drijvers &
Ozyiirek, 2020; Xie et al., 2014; Yang et al., 2024). Although
language background appears to interact with presentation
modality when the outcome measure involves speech
identification, no work to date has assessed whether native
and nonnative listeners also differ in the extent to which
seeing the talker affects dual-task costs. In fact, research on
differences in dual-task costs between native and nonnative
listeners is quite limited, even for audio-only speech. The
only study we have identified on the topic demonstrated
that nonnative listeners exhibit slower response times
to a secondary task than native listeners (Peng & Wang,
2019), suggesting that processing speech in one’s nonnative
language is more cognitively demanding than processing
speech in one’s native language (see also Borghini & Hazan,
2018).

This finding follows from previous work demonstrating
that nonnative listeners tend to show poorer speech
identification accuracy relative to native listeners (Black &
Hast, 1962; Scharenborg & van Os, 2019), and tend to be
more adversely affected by both background noise (Cooke
et al., 2008) and lexical difficulty (Bradlow & Pisoni,
1999; Strand et al., 2024). These findings have typically
been attributed to limited experience with the nonnative
language as well as “nonselective lexical access,” whereby
lexical items from multiple languages are activated in
multilingual individuals (Hintz et al., 2023). That is, if
speech identification is more difficult for LX listeners,
and adverse listening conditions tend to increase dual-task
costs (e.g., Gagné et al., 2017), processing costs should be
greater for nonnative relative to native listeners. However, it
is unclear whether the effect of seeing the talker on dual-task
costs differs by language background.

On the one hand, less audiovisual intelligibility benefit for
nonnative relative to native listeners (Xie et al., 2014) may
imply less audiovisual benefit at the level of cognitive effort
as well. Indeed, if the visual signal eliminates lexical com-
petitors more robustly for native than nonnative listeners, the
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additional competition experienced by nonnative listeners
should not only impair intelligibility, but also slow response
times to secondary tasks (i.e., increase effort). On the other
hand, nonnative listeners may show larger benefits from the
visual signal (as measured using the dual-task paradigm)
because identifying speech in one’s nonnative language is a
cognitively demanding task (Borghini & Hazan, 2018; Peng
& Wang, 2019) and audiovisual effort benefits tend to be
more pronounced in difficult listening conditions (Brown,
2025). The current study attempts to adjudicate between
these competing predictions.

The current study

Given limited research on the independent and joint effects
of language background and audiovisual speech on dual-task
costs, the current study assesses how seeing the talker affects
dual-task costs at multiple levels of background noise,
and whether these effects are moderated by the language
background of the participants. In addition to addressing
theoretical questions that will illuminate the cognitive
mechanisms underlying nonnative speech processing (see
above), including more representative samples rather
than limiting our sample to only native English speakers
will enhance the generalizability of these results while
simultaneously counteracting existing inequities in the
field (see Cheng et al., 2021; Strand et al., 2024). Finding
qualitatively similar results for both language groups would
supplement the argument we have made previously that the
common practice of excluding nonnative listeners from our
samples is often unnecessary when the goal of the research
is to establish general findings that should apply to most
listeners (e.g., effects of seeing the talker, background noise;
Strand et al., 2024). Of course, the extent to which limiting
the sample to native speakers affects study outcomes will
vary from one study to the next. . But at the very least,
obtaining qualitatively similar results would highlight
another research area for which patterns of results are likely
to persist regardless of the language backgrounds of the
participants. These results would suggest that research on
the dual-task costs associated with speech processing might
benefit greatly from increased generalizability with little to
no cost.

The primary goal of this study is to address theoretical
questions described above regarding audiovisual speech
processing and dual-task costs for native and nonnative lis-
teners (Experiment 2). However, research on differences in
audiovisual intelligibility benefit between language groups
is rather limited, so we will also assess speech intelligibility
in audio-only and audiovisual conditions across noise levels
for the two language groups. Given that dual-tasking may
affect performance on the speech identification task relative

to identifying speech in isolation (e.g., Fraser et al., 2010), we
will run a version of the experiment without a secondary task
to obtain a clean measure of speech intelligibility (Experi-
ment 1). This series of experiments will be conducted online
with samples from the Prolific population (Palan & Schitter,
2018), which includes individuals with more diverse demo-
graphics than most studies conducted on college campuses,
including variables such as age, education level, country of
residence, and language background (e.g., see demographic
details in the Supplementary Materials associated with
Strand et al., 2024). Replicating previous work on differences
in audiovisual benefit between native and nonnative listeners
(Xie et al., 2014) will provide insight about the generaliz-
ability of the findings or the constraints on generalizability.

Listening effort is multidimensional, and different meas-
ures tap into different features of the underlying construct
(Alhanbali et al., 2019; Francis & Love, 2020; McGarrigle
et al., 2014; Strand et al., 2018, 2021). Indeed, dual-task
costs reveal the online behavioral consequences of effortful
listening; pupillometry (Beatty, 1982; Kramer et al., 2012),
heart rate variability (Seeman & Sims, 2015), and skin con-
ductance (Mackersie & Cones, 2011) reveal the physiologi-
cal toll effortful listening has on the listener in the moment;
recall shows downstream consequences of effortful listen-
ing (Brown & Strand, 2019; Rabbitt, 1968; Sommers &
Phelps, 2016); and subjective self-reports of effort high-
light the listener’s experience during the task (Herrmann
& Johnsrude, 2020). We opted to measure dual-task costs
because we are interested in the cognitive mechanisms asso-
ciated with combining auditory and visual speech signals,
and dual-task paradigms give information about cognitive
costs in real time (see Gagné et al., 2017; Kuchinsky et al.,
2024 for reviews of the use of dual-task measures in speech
research). Given the large number of tasks used to meas-
ure listening effort and the multidimensional nature of the
construct, it is unsurprising that different tasks purporting
to measure “listening effort” for audiovisual speech show
fundamentally different patterns of results (see Brown &
Strand, 2019). Thus, in addition to assessing speech intelli-
gibility, Experiment 1 will measure subjective self-reported
listening effort using a questionnaire that is widely used in
the literature: The NASA Task Load Index (NASA-TLX;
Hart & Staveland, 1988).

Experiment 1 (intelligibility and subjective self-report)
and Experiment 2 (dual-task costs) will use different sam-
ples of online participants to shed light on audiovisual ben-
efit—or perhaps detriment—across a range of noise levels
for native and nonnative speakers of English. Rather than
using the terms “native” and “nonnative,” we instead adopt
the terms “L1” (“native”) and “LX” (“nonnative”) to dis-
tinguish between individuals who learned English first (L1)
and those who learned it after another language (see Cheng
et al., 2021; Strand et al., 2024).

@ Springer
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Experiment 1
Method

Data, materials, and code for Experiment 1 are available
online at https://osf.io/m29rw/. The preregistration
document, including details regarding sample size
justification for each experiment, is available at https://osf.
io/ctmdb.

Participants

To reach our preregistered sample size of 102 participants
per group, we recruited 109 L1 participants and 107
LX participants online via Prolific (www.prolific.co).
Participants were limited to Prolific users who were between
the ages of 18 and 45 and had self-reported normal hearing
and normal or corrected-to-normal vision. We limited L1
participants to Prolific users with American IP addresses®
who had previously specified that English was their first
language. LX participants were those who reported any
language other than English as their first language when they
registered with Prolific; this group was not geographically
constrained. We replaced participants whose language
background on Prolific did not match what they self-reported
in our demographic questionnaire (L1: N =2, LX: N = 3),
as well as those whose accuracy at the speech identification
task was worse than three standard deviations below the
mean accuracy for any noise-by-modality condition, but only
if the accuracy was also below 90% (L1: N =5; LX: N = 2).
Participants were compensated at a rate of $7 for 35 min of
participation. Carleton College’s Institutional Review Board
approved all research procedures. Data collection occurred
between March 7 and April 11, 2024, and on September 30
and October 1, 2024.

Participants were 19-45 years old (L1: M = 32.3, SD
= 7.01; LX: M = 28.4, SD = 5.5), and LX participants
learned English at an average age of 7.6 years (SD = 2.9) and
reported relatively high levels of self-reported proficiency
at understanding, reading, speaking, and writing English
(means ranging from 7.57-9.2 on a 10-point scale) In all
cases self-reported proficiency was lower for the LX group
than the L1 group. For the majority of LX listeners, English
was the second language learned and the second most
dominant language.

3 We opted to limit our sample to users with American IP addresses
to more closely match samples that have historically been studied in
the speech literature. We did not exclude listeners who spoke a dialect
of English other than American English.
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Stimuli

Words Speech stimuli consisted of 300 words (50 per
modality-by-SNR condition) from the SUBTLEX-US
database (Brysbaert et al., 2012). We excluded articles,
conjunctions, rare words (log-frequencies less than three),
and words with more than two syllables or five phonemes.
The words were randomly divided into six lists and each
list was used in each of the conditions approximately the
same number of times across participants. Within each list,
70% of the words were predominantly classified as nouns
(Brysbaert et al., 2012), and the sublists for each condition
maintain this 70% noun composition.* Participants were
randomly assigned to six groups that varied the assignment
of word lists to conditions. Thus, although each participant
only heard each word once, across participants every word
appeared in every condition. Speech stimuli were recorded
by an L1 English speaker without a strong regional accent at
16-bit, 44100 Hz using a Shure KSM-32 microphone with
a plosive screen, and visual stimuli were recorded with a
Panasonic AG-AC90 camera (these stimuli come from the
same set used by Brown, 2025). We edited speech stimuli
and equated for root-mean-square amplitude using Adobe
Audition. Speech files were leveled to -24 dB.

Noise Background noise consisted of steady-state speech-
shaped noise that matched the long-term average spectrum
of the word stimuli (Winn, 2018). Given that the current
studies use isolated words as targets, we opted to use steady-
state noise rather than an informational masker (e.g., two-
talker babble) to help ensure that participants could distin-
guish between the target talker and the masker. The level of
the speech was held constant and the noise was adjusted to
create signal-to-noise ratios (SNRs) of 10 (easy condition),
—2 (medium condition), and —8 (hard condition). SNRs
were selected via in-lab pilot testing to produce audio-only
identification accuracies in the ~40-50% range in the hardest
noise level and near ceiling accuracy in the easy condition.

* We controlled the proportion of words that could be used as nouns
because we had originally planned to use a dual-task paradigm that
involved making speeded noun judgments ("Picou & Ricketts, 2014;
“Strand et al., 2018). However, while running Experiment 1, we real-
ized that L1 and LX listeners may differ in their baseline performance
on a noun judgment task (i.e., regardless of listening effort), so we
switched to a nonverbal dual-task paradigm. As a result, the prereg-
istration for Experiment 1 linked above contains a description of
the noun judgment task for Experiment 2 which we did not use. An
updated preregistration for Experiment 2 detailing the tone classifica-
tion task we actually used is linked to in the Experiment 2 Methods
section.
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Procedure

The experiment was created and conducted via Gorilla
Experiment Builder (Anwyl-Irvine et al., 2020). Participants
were instructed to wear headphones and complete the task
in a quiet space. Before beginning, participants completed
a sound check to ensure they could comfortably hear the
audio and were asked not to adjust the volume after this
initial phase. Next, participants completed a headphone
screening consisting of six trials containing three 200 Hz
sinusoidal tones, and participants were asked to identify
which tone was the quietest (a task that cannot be reliably
completed with speakers). Participants could only continue
if they correctly identified the quietest tone in all six trials
of the screening. If they failed on the first attempt, they had
an opportunity to repeat the task one additional time (see
Woods et al., 2017 for additional stimulus details).

After the headphone screening, participants completed
the main word identification task, which involved identifying
words in audio-only and audiovisual conditions at three
SNRs (-8, 2, and +10). Each trial consisted of an isolated
word in one of six SNR-by-modality conditions. After each
word was presented, participants typed what they heard
in a text box, guessing when unsure. Participants pressed
the enter key to move on, and the next trial began after an
interstimulus interval randomly selected from 1,500 ms to
3,000 ms, during which a fixation cross appeared on the
screen. The word task was divided into six blocks of 50
words each, with each block consisting of a single SNR-
by-modality condition. Participants were randomly assigned
to one of six list assignments, and the order of the blocks
within a list assignment was randomized. Each participant
heard each word exactly once, but each word appeared in
every condition approximately the same number of times
across participants. Participants completed six practice
trials (using stimuli that did not appear in the main task)
before beginning the main task, including one word in each
of the noise-by-modality conditions. Participants did not
receive feedback, and we did not evaluate performance on
the practice trials.

After every 10 words within a single condition,
participants completed the NASA-TLX to measure subjective
listening effort (Hart & Staveland, 1988). This questionnaire
is commonly used in the listening effort literature, and
asks participants to rate subjective effort, performance,
frustration, and mental demand.’ Participants provided
responses via an unnumbered sliding scale; the position
of the slider on the unnumbered scale was transformed to

3 Note the full scale also includes questions on physical demand
and temporal demand, which we omitted to omit due to a lack of rel-
evance to the speech identification task and to avoid participant con-
fusion.

a 1-100 scale for analysis. The questions were listed in a
consistent order (mental demand, performance, effort, and
frustration) following each block of words.

Finally, after the main task, participants completed a
demographic and language background questionnaire that
was adapted from the Language Proficiency and Experiment
Questionnaire (Marian et al., 2007; see https://osf.io/m29rw/
for complete questionnaire).

Results and discussion

Accuracy at identifying the speech was scored on a trial-
by-trial basis such that correct responses were scored as 1
and incorrect responses were scored as 0. Prior to scoring
trials for accuracy, we removed extraneous punctuation and
modified responses that were homophones of the correct
response (e.g., if the target word was “heard,” participants
received credit for typing the word “herd”). To correct
misspellings in a systematic way that allows phonologically
probable misspellings, we entered all incorrect responses
into a software called “Ponto” (Kessler, 2017; see Strand
et al., 2024, for details of implementation in similar
research). This system flexibly scores participant responses
by assigning each answer a value that represents the
phonological similarity to the target word. Given that LX
listeners typically have less experience with English spelling,
this flexible scoring method serves as a systematic way to
tease apart misspellings and mishearings. For example, for
the target word “castle,” the responses “cassel,” “castel,”
and “casttle” were all counted as correct, given that they
are phonologically plausible misspellings of the target. The
flexible scoring method (Ponto; Kessler, 2017) corrected
4.6% of previously incorrect trials (see R script for details).

Given the binary nature of the outcome (correct/incor-
rect), intelligibility data were analyzed using logistic regres-
sion assuming a binomial data-generating process with a
logit link function. Subjective effort data from the NASA-
TLX questionnaire were analyzed assuming a Gaussian
data-generating process and an identity link function. All
data were analyzed using linear mixed effects models via
the Ime4 (Bates et al., 2014) package in R (Version 4.2.2; R
Core Team, (R 2022)). Statistical significance was evaluated
by comparing nested models differing only in the effects of
interest via likelihood ratio tests, and we provide coefficient
estimates for effects. All reported coefficients were derived
from models lacking higher-order effects to avoid interpreting
lower-order terms in the presence of an interaction. Specifi-
cally, when testing main effects, we controlled for all other
variables. When testing two-way interactions, we included all
lower-order terms and controlled for all other variables, but
only included the two-way interaction of interest.

We first analyzed the L1 and LX participants separately
and then combined the data from the two groups to evaluate

@ Springer
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the effects of language background on spoken word identi-
fication accuracy and subjective effort. For analyses con-
ducted on L1 and LX participants separately, we attempted
to model the maximal random effects structure justified by
the design. For intelligibility analyses, this included random
intercepts for participants and words, and by-participant as
well as by-word random slopes for noise and modality. For
subjective effort analyses, this included random intercepts
for participants as well as by-participant random slopes
for noise and modality, but no word-level random effects
(because responses corresponded to blocks of words rather
than individual words). Any deviations from this random
effects structure are explicitly noted below. For intelligibil-
ity analyses of the combined L1/LX data, we opted not to
attempt to model by-word random slopes for language group
because we expected little variability in the effect of partici-
pant group across words (note that by-participant random
slopes for language group are not justified because this is a
between-subjects variable). Variables were dummy coded
such that the easiest noise level, audio-only, and L1 were

coded as 0 (where appropriate, we re-leveled models with
the medium noise level as the reference level to obtain the
medium/hard comparison).

Identification accuracy

Mean speech identification accuracies for both experiments
are presented in Table 1. The results of the model
comparisons are shown in Tables 2 and 3, and coefficient
estimates for each model are reported below in the text. The
models reported below are based on 30,495 observations for
L1 participants and 30,588 observations for LX participants
(a full dataset for each group would include 102 participants
X 300 words = 30,600 observations; the missing items
appear to be from participants experiencing technical issues
during data collection).

L1 All models for analyzing intelligibility data from L1
listeners excluded by-noise random slopes for participants
to facilitate model convergence. As would be expected,

Table 1 By-condition identification accuracy (percentage correct) in Experiments 1 and 2, and mean response times (ms) in Experiment 2
(grouped by participant such that standard deviations reflect variability across participant means)

SNR Language Experiment 1 mean speech identification Experiment 2 mean speech Experiment 2 mean
group accuracy (SD) identification accuracy (SD) response time (SD)
AO AV AO AV AO AV
10 (easy) L1 96.94 (3.12) 97.66 (2.64) 95.33 (5.89) 95.92 1,456 1,451 (513)
(6.56) (501)
LX 89.78 (8.08) 89.90 (8.97) 89.63 (8.98) 91.04 1,579 1,559 (491)
(6.97) (443)
—2 (medium) L1 82.48 (8.16) 89.78 (5.81) 86.81 (10.24) 90.08 1,508 1,460 (503)
(9.54) (549)
LX 69.39 (12.91) 77.43 (12.56) 77.90 (11.63) 84.04 1,640 1,672 (498)
(9.08) (514)
—8 (hard) L1 49.00 (12.84) 72.05 (11.84) 68.61 (13.06) 80.66 1,634 1,567 (551)
(10.63) (532)
LX 38.74 (15.91) 54.88 (16.88) 56.23 (12.63) 70.49 1,846 1,745 (612)
(11.39) (612)

Table 2 Results of model comparisons (likelihood ratio test; LRT) testing the effects of noise, modality, and their interaction on word identifica-
tion accuracy and subjective listening effort for the L1 and LX groups separately (Experiment 1)

Effect tested
in the reduced model)

Larger model (italicized term is omitted Group

Identification accuracy LRT Listening effort LRT

Main effect of noise noise + modality

Main effect of modality noise + modality

Interaction between noise
and modality

noise + modality + noise:modality

L1
LX
L1
LX
L1
LX

X% = 565.47, p < .001
x>, = 285.18, p < .001
X% = 132.61, p < .001
x> = 84.72, p < .001

x% = 104.77, p < .001
x% = 102.77, p < .001

x% = 132.34, p < .001
x% = 136.51, p < .001
x% = 14.77, p < .001
x% = 12.65, p < .001
x% =99.72, p < .001
x% = 57.53, p < .001
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Table 3 Results of model comparisons (likelihood ratio test; LRT) for word identification accuracy and subjective listening effort data, L1 and

LX data combined (Experiment 1)

Effect tested
the reduced model)

Larger model (italicized term is omitted in

Identification accuracy LRT Listening effort LRT

Main effect of language group

Interaction between noise and language

noise + modality + participant_group

noise + modality + group + noise:group

x?1 =60.71, p < .001
x%, = 18.48, p < .001

X1 =123.92, p <.001
x% =499, p=.08

x* = 1111, p < .001 x*1=0.73,p=.39

group
Interaction between modality and language  noise + modality + group + noise:modality
group + noise:group + modality:group

Interaction among noise, modality, and
language group
noise:modality:group

noise + modality + group + noise:modality
+ noise:group + modality:group +

x%=6.34,p=.04 x> =15.91, p < .001

identification accuracy was significantly affected by noise
such that accuracy was higher in the easy than the medium
SNR (B,,.gium = —1.78, SE = 0.14, z = —13.07, p < .001)
and higher in the easy than the hard SNR (B,,,,;, = —3.97,
SE =0.14, z = -29.10, p < .001), controlling for modality.
Re-leveling the noise variable revealed that accuracy was
significantly higher in the medium than the hard SNR (B,
=-2.19,SE =0.08, z = -27.93, p < .001). We also found a
robust effect of modality, with higher identification accuracy
for audiovisual relative to audio-only speech, controlling for
noise (B,, = 1.13, SE = 0.08, z = 13.88, p < .001).

The interaction between noise and modality was sig-
nificant such that the audiovisual intelligibility benefit was
larger in the hard than the medium SNR (B, = 0.78, SE

L1 listeners

= 0.10, z = 8.06, p < .001) and larger in the medium than
the easy SNR (B v peqivm = 0.55, SE =0.16, z = 3.40, p <
.001). Unsurprisingly, therefore, the easy-hard comparison
was also significant (Byy ., = 1.33, SE=0.16, z = 8.36, p
<.001). These results are consistent with previous research
showing larger effects of seeing the talker on intelligibility at
more difficult SNRs (Sumby & Pollack, 1954), presumably
because the visual cues provided by the talking face have
greater opportunity to benefit speech identification in louder
levels of background noise (see Fig. 1).

LX The results for the LX participants were qualitatively

the same as those for the L1 group. Controlling for modal-
ity, identification accuracy was higher in the easy than the

LX listeners

1.001

0.751

050' o)

0.251

Proportion of words correctly identified

0.00+

Audio-only
Audiovisual

Eésy Medium  Hard

Eésy

Medium  Hard

Fig. 1 Violin plot showing by-participant identification accuracies grouped by language group, noise, and modality. Dots indicate mean values

for each condition
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medium SNR (B,,,4im = —1.72, SE = 0.09, z = —18.16, p
< .001), higher in the medium than the hard SNR (B,,,,
= —1.70, SE = 0.07, z = —23.97, p < .001), and higher in
the easy than the hard SNR (B,,,,;, = —3.42, SE=0.12, z =
—27.73, p < .001). Seeing the talker also improved speech
identification accuracy overall, controlling for noise level
(Byy=10.67, SE =0.06, z=10.62, p < .001).

There was again an interaction between noise and
modality, and the pattern of results mirrored those described
above for L1 listeners (Fig. 1). The effect of modality was
stronger in the hard than the medium SNR (B,y+,,,4 = 0.50,
SE =0.08, z = 6.39, p < .001) and stronger in the medium
than the easy SNR (B4y«nedium = 0-52, SE = 0.10, z = 5.45,
p < .001). Consistent with the L1 data, the modality effect
was also stronger in the hard than the easy SNR (Byy,4,0 =
1.02, SE =0.10, z = 10.23, p < .001).

Combined analysis Next, we combined the L1 and LX data
to assess the effects of language background on speech intel-
ligibility in different noise levels and modalities. Relative to
L1 participants, LX participants had lower accuracy overall
(B=-098, SE=0.12, z = —8.41, p < .001) and showed
smaller effects of modality (Bys«g,, = —0.28, SE = 0.08,
z=-3.42, p < .001). The interaction between participant
group and noise level was also significant: Relative to easy
noise, the negative effects of both medium (B, medium =
0.28, SE=0.11, z =2.68, p = .007) and hard (B, ,,psqra =
0.54, SE = 0.13, z =4.28, p < .001) noise were slightly less
pronounced for LX listeners than L1 listeners, and effects
of hard relative to medium noise were also less pronounced
for LX listeners (B,,,,,«haq = 0.26, SE =0.08, z=3.29, p
=.001).

This finding may at first glance appear somewhat
puzzling and inconsistent with the condition means reported
in Table 1. Indeed, the effects of noise on the raw (linear)
scale are larger for LX than L1 listeners in all cases except
one (the difference between medium and hard noise in
the audio-only condition). However, the proportional
detriment of going from easier to harder noise (i.e., the
change relative to identification in the easier noise level)
was smaller for LX listeners in all cases, consistent with
the interpretation of the logistic regression coefficients.
This issue is quite common in logistic regression, and is
driven by the fact that interaction effects are scale-dependent
(see Rohrer & Arslan, 2021). Consistent with this claim,
rebuilding the interaction model on the linear scale (i.e.,
assuming normally distributed residuals®) revealed a trend
consistent with the condition means reported in Table 1:
LX listeners were more negatively affected by noise than
L1 listeners. Further, generating predictions based on the
logistic regression model indicated larger effects of noise for
L1 listeners when the outcome was predicted logits or odds,
but larger effects of noise for LX listeners when the outcome

group
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was predicted probabilities. Thus, we refrain from making a
broad claim about which group is “more affected” by noise,
because the answer depends on whether one is interested in
raw or proportional changes. However, it is worth nothing
that the weaker modality effect in the LX sample persists on
both the log-linear and linear scales.

Finally, the three-way interaction was significant, and
examination of the summary output for the re-leveled model
revealed that this effect was driven by the medium-hard
comparison (B, sy x = —0.28, SE=0.11,z=-2.54,p =
.01); neither individual three-way interaction coefficient esti-
mate was significant in the model with easy as the reference
level. Thus, we found evidence that the extent to which the
talking face affects speech intelligibility across noise levels
differed by participant group, and this effect is driven by the
weaker modality-by-noise interaction for LX relative to L1
listeners specifically for the medium-hard noise comparison.

Subjective effort

The models reported below include 3,050 observations for
L1 participants and 3,060 for LX participants. Ten observa-
tions were missing from L1 participants due to technical
issues during data collection.

L1 Next we analyzed the effects of noise, modality, and their
interaction on self-reported listening effort in the L1 group.
In line with the intelligibility data, we found that participants
reported less subjective effort in the audiovisual condition
than the audio-only condition (B, = —5.61, SE = 1.42, ¢
= —3.97, p < .001), controlling for noise level. In addition,
subjective effort scores were lower in the easy condition than
both the medium (B,,,.;,,, = 16.49, SE = 1.59, t = 10.39, p
< .001) and hard conditions (B,,,; = 37.71, SE = 2.30, t =
16.37, p < .001), and lower in the medium relative to the
hard condition (B,,,; = 21.22, SE = 1.69, t = 12.54, p <
.001), controlling for modality.

The interaction between noise and modality was signifi-
cant, and the pattern of results mirrored that described above
for the intelligibility data. The beneficial effect of seeing
the talker was stronger in the hard than the medium SNR
(Baysarg = —6.02, SE=1.17,t = -5.16, p < .001), stronger
in the medium than the easy SNR (B4yspnegivm = =375, SE
=1.17,t = -4.93, p < .001), and stronger in the hard than
the easy SNR (B4 = —11.77, SE=1.17, t = —10.08, p
< .001; Fig. 2).

% We are aware that using such models to analyze binary data vio-
lates regression assumptions and generates absurd predictions, but we
ran this exploratory analysis for demonstration purposes.
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Fig.2 Violin plot showing by-participant NASA-TLX ratings grouped by language group, noise, and modality. Dots indicate mean values for

each condition

LX Subjective effort ratings were lower in the audiovisual
condition than the audio-only condition (B,, = —3.81, SE
= 1.04, t = =3.65, p < .001), controlling for noise level.
Ratings were also lower in the easy condition than both the
medium (B,,, 4, = 18.45, SE = 1.54, t = 12.01, p < .001)
and hard conditions (B,,,,, = 34.84, SE=2.07, t = 16.86, p
< .001), and lower in the medium condition than the hard
condition (B,,,; = 16.40, SE = 1.45, t = 11.29, p < .001),
controlling for modality. The interaction between noise and
modality was also significant: Although the beneficial effect
of seeing the talker on subjective effort ratings was not more
pronounced in the hard relative to the medium SNR (B 44,44
=0.14, SE = 1.10, t = 0.13, p = .90), the modality effect
was stronger in both the medium relative to the easy SNR
Bavsmedium = —1-34, SE=1.10, t = —6.67, p < .001) and the
hard relative to the easy SNR (Byy,q0 = —7.20, SE = 1.10,
t=-6.54,p < .001).

Combined analysis Relative to L.1 participants, LX partici-
pants reported more effort (B = 13.25, SE = 2.60, t = 5.09,
p < .001). There were no group differences in the effects of
modality or noise on subjective effort (see Table 3 above).
The three-way interaction between participant group, noise,
and modality was significant, and examination of the sum-
mary output for the model with the easy SNR as the ref-
erence level indicated that only the three-way interaction
term involving the hard SNR was significant: The negative
effect of noise on effort ratings at the hard SNR was less

pronounced in the audiovisual condition than the audio-only
condition, but this beneficial effect of seeing the talker in the
hard noise level was less pronounced for LX participants
Bavsnararx = 4.57, SE = 1.61, t = 2.85, p = .004). The
three-way interaction term for the medium-hard compari-
son was also significant, again indicating that the beneficial
effects of seeing the talker on effort ratings in the hard rela-
tive to the medium noise level was less pronounced for LX
listeners (By«qrq+x = 6.16, SE = 1.60, t = 3.84, p < .001).

Experiment 1 demonstrated that seeing the talker
improves speech intelligibility and reduces subjective
effort for both L1 and LX listeners, particularly in louder
background noise. Relative to L1 listeners, LX listeners had
lower accuracy and more subjective effort. Consistent with
previous work (Drijvers & Ozyﬁrek, 2020; Xie et al., 2014;
Yang et al., 2024), LX listeners showed less audiovisual
intelligibility benefit than L1 listeners. Several other group
differences emerged, including differences in the effect of
noise on intelligibility and differences in the magnitude of
the interaction between noise and modality on subjective
effort.

Recall that the primary goal of this study was to evaluate
the dual-task costs of audiovisual speech processing in L1
and LX listeners; Experiment 1 was included to obtain a
measure of speech intelligibility in single-task conditions,
and to replicate and build on some previous work addressing
group differences in audiovisual speech processing and
subjective effort. However, no work to date has addressed
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whether L1 and LX listeners differ in the dual-task costs
associated with processing audiovisual speech. Experiment
2 therefore implemented a dual-task paradigm to provide
insight into how cognitive resources are allocated during
native and nonnative speech processing.

Experiment 2

As described above, “listening effort” has been measured
using a wide variety of paradigms (see, for example, Strand
et al., 2018), and this variability persists even within the
dual-task paradigm “umbrella” (see Gagné et al., 2017,
for a review). However, many dual-task paradigms are not
appropriate for audiovisual speech because the secondary
task requires making visual judgments. To avoid auditory or
visual interference, some studies have implemented tactile
secondary tasks in which participants make speeded judg-
ments to vibrotactile stimuli while listening to speech (e.g.,
Brown & Strand, 2019). Although these tasks can reliably
detect changes in the dual-task costs associated with listen-
ing to speech in noise, they necessitate in-person data col-
lection and require specialized equipment.

To overcome these issues, one of the authors recently
developed and validated a novel dual-task paradigm to
enable researchers to study the dual-task costs associated
with audiovisual speech processing that can be implemented
in online studies (Brown, 2025). This task is an auditory
analogue to the vibrotactile task mentioned above, and
requires that participants classify tones as short, medium,
or long while listening to speech in noise. Crucially, the
background noise is filtered to remove a band of frequencies
approximately 200 Hz wide, centered on the frequency of
the tone so that increasing the level of the background noise
does not decrease the audibility of the tone. Therefore, any
noise-induced changes in response times to the secondary
tone task cannot be attributed to reduced audibility of
the tone, so must instead reflect changes in the cognitive
demands of the speech task (see Brown, 2025, for details).

Experiment 2 implemented this dual-task paradigm
using new groups of L1 and LX participants. We used the
same words and experimental conditions as in Experiment
1, but rather than simply identifying words, participants
simultaneously completed the secondary tone classification
task. Experiment 2 follows the conventions of Experiment
1 unless explicitly noted.

Method
Data, materials, and code for Experiment 2 are available

online at https://osf.io/m29rw/. The preregistration
document is available at https://osf.io/z7ert.

@ Springer

Participants

To reach our preregistered sample size of 120 participants
per group, we recruited 136 L1 participants and 131 LX
participants via Prolific. Before removing participants
for meeting our preregistered exclusion criteria, we
removed eight participants for not completing the task
in at least one condition (i.e., identifying zero or one of
the 50 words in a condition correctly). The decision to
remove these individuals immediately—that is, before
identifying participants to be removed due to any other
exclusion criteria—was not preregistered (though excluding
participants for having poor accuracy was preregistered).
However, we opted to remove them because not completing
the task means that their speech identification accuracies
artificially deflate the average and increase variability (and
therefore interfere with the data-driven exclusion criteria),
which may also contaminate response times. We additionally
removed individuals for meeting the following preregistered
criteria: The participant’s language background on Prolific
did not match what they self-reported in the demographic
questionnaire (one LX participant), accuracy at the speech
identification task in any noise or modality condition was
worse than three standard deviations below the mean
(provided that the accuracy was also below 90%; L1: N =
4, LX: N = 1), mean response times were more than three
standard deviations from the mean in any noise or modality
condition (L1: N =4, LX: N = 3), or mean tone classification
accuracy was worse than three standard deviations below
the mean in any noise or modality condition (one L1
participant). Together, these preregistered excursion criteria
identified eight additional participants for exclusion. After
excluding participants for these reasons, we had usable data
from 125 L1 and 121 LX listeners; we only analyzed data
from the first 120 usable participants in each group to adhere
to our preregistered sample size.

Participants were compensated at a rate of $7 for 30
min of participation. Data collection occurred between
December 20, 2024 and April 1, 2025.

Stimuli

Words and noise The word and noise stimuli were identical
to those in Experiment 1.

Tones Each word trial contained a single 700-Hz tone, pre-
sented at the same level as the speech and lasting for 100 ms
(short), 200 ms (medium), or 325 ms (long). The video files
were edited to start and end with a closed mouth, resulting
in an average word onset of 327 ms relative to the onset of
the video file. Tones occurred either 400 ms or 750 ms after
the onset of the video file. These positions were selected to
prevent participants from predicting the onset of the tone
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while ensuring that the tone overlapped with the word (or at
least with the cognitive processing that occurs after the word
that leads to word identification). Thus, on average, tones
appeared either 73 ms or 423 ms after word onset (see stimu-
lus spreadsheet at the OSF link for more information). Tone
lengths and positions were yoked to words such that a given
word was presented with the same tone at the same position
in every condition. Each list of 50 words had approximately
the same number of tone lengths and tone positions.

Procedure

After providing consent and passing the headphone
screening, participants completed a tone exposure phase
where they were familiarized with the tones they would
hear in the main dual task to ensure they could identify
the short, medium, and long tones. First, each tone length
was played twice consecutively—the short tone twice, the
medium tone twice, and then the long tone twice. Next, the
sequence of three tones—short, medium, then long—was
repeated three times. All tones in this phase were played
without background noise.

After this phase, participants completed 18 randomized
trials of a tone discrimination screening where they were
asked to identify the tones they heard in the tone exposure
phase using their keyboard, pressing “J” for short tones, “K”
for medium tones, and “L” for long tones. After pressing the
response key there was an interstimulus interval of 1,000
ms. If participants identified more than 12 tones correctly
out of 18, they moved on to the next phase. If they identified
fewer than 12 tones correctly, they were required to redo
the tone discrimination screening. If they did not pass on
the second screening, the experiment ended and they were
given partial compensation. After successfully completing
the discrimination screening, participants completed another
36 trials identical to the 18 trials in the previous phase.
These trials were composed of twelve trials of each tone
length presented at random, and were included because they
provide us with a single-task measure of response times
to the tone task (i.e., in the absence of speech) to use as a
covariate in the analysis of the combined data from L1 and
LX listeners (see the Combined Analyses section below).
As in the tone discrimination screening, an interstimulus
interval of 1,000 ms occurred between each trial. After these
single-task tone trials, participants began the main task.

For the main task, participants heard each word in either
the audio-only or audiovisual condition at one of three levels
of background noise (easy, medium, or hard SNR). Each word
contained either a short, medium, or long tone at the beginning
or end of the word. The 300 words were divided into six lists.
Given 50 words and three tone lengths, there were 16 words
with medium tones and 17 each with short and long tones.

Participants were not instructed to prioritize one task over
the other, but were required to complete the tasks in a spe-
cific order. They were told to first identify the tone lengths
they heard in each word by pressing the corresponding keys
used in the previous phases as quickly and accurately as
possible. They were then prompted to type the word they
heard in a text box. An interstimulus interval of 500 ms
occurred between each of the 300 trials. After every list of
50 words, participants were given the opportunity to take a
self-paced break.

Results and discussion

Unless otherwise noted, analyses followed the conventions
outlined in Experiment 1. In all cases, participant random
effects included random intercepts and random slopes for
both noise and modality. None of the models including
by-item (i.e., word) random slopes for noise converged.
Thus, item random effects included random intercepts and
by-word random slopes for modality for all models.

The flexible scoring method (Ponto; Kessler, 2017)
corrected 5.4% of originally incorrect trials (see R script
for implementation details). Mean accuracy at classifying
the tones as short, medium, or long was 63.4%. The analyses
reported below only include response time data from trials
in which the tone was correctly classified (regardless of
speech identification accuracy). Individual response times
were excluded if the response time was more than three
median absolute deviations (MADs) above or below that
participant’s median response time for that condition (Leys
etal., 2013).7 Given these exclusions, the models we report
below include 21,910 observations for L1 participants
and 20,928 for LX participants. The results of the model
comparisons are shown in Tables 4 and 5, and coefficient
estimates for each model are reported below in the text.®

L1

A likelihood ratio test indicated that the effect of back-
ground noise on response time was significant (see
Table 4). Examination of the summary output for the
model including effects of noise and modality indicated
that response times did not differ significantly between

7 Note that we preregistered that we would remove individual
response times that were extreme for a particular participant in any
noise or modality condition, but not any noise-by-modality condition.
This was an error, however, as we intended to remove response time
trials that were extreme for that participant in any condition.

8 Although visual inspection of model assumptions revealed some
evidence of non-normality and heteroskedasticity, we rebuilt key
models with log-transformed response times as the outcome (which
more closely adhered to model assumptions), and results were quali-
tatively the same.
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Table 4 Results of model comparisons testing the effects of noise, modality, and their interaction on secondary task response times (ms) for the

L1 and LX groups separately (Experiment 2)

Effect tested Larger model (italicized term is omitted in the =~ Group Outcome of likelihood ratio test
reduced model)
Main effect of noise noise + modality L1 x%2 = 32.65, p < .001
LX x% =43.69, p < .001
Main effect of modality noise + modality L1 le =3.08,p=.08
LX x*1 =168,p=.20
Interaction between noise and noise + modality + noise:modality L1 X22 = 14.76, p < .001
modality LX x% = 40.66, p < .001

Table 5 Results of model comparisons for secondary task response time data for the L1 and LX data combined (Experiment 2)

Effect tested
model)

Larger model (italicized term is omitted in the reduced Outcome of likelihood ratio test

Main effect of language group

Interaction between noise and language group
noise:group
Interaction between modality and language group

Interaction among noise, modality, and language
group

noise + modality + single_task_rt + group
noise + modality + group + single_task_rt +

noise + modality + group + single_task_rt +
modality:group

noise + modality + group + single_task_rt +
noise:modality + noise:group + modality:group +

le =17.67, p =.006
x> =5.09,p=.08

x% =0.18, p = .67

x% =21.76, p < .001

noise:modality:group

the easy and medium noise levels (B,,.4im = 28.22, SE
= 19.62, t = 1.44, p = .15), but were an estimated 141
ms slower in the hard than the easy noise level (B,,,; =
140.79, SE = 23.90, t = 5.89, p < .001). Re-leveling the
noise variable with “medium” rather than “easy” as the
reference level revealed that response times in the hard
noise level were on average an estimated 113 ms slower
in the hard than the medium noise level (B, = 112.58,
SE =22.01,t=5.12, p < .001). The effect of modality
was not significant (B,,, 44,y = —31.14, SE = 17.69, t =
—1.76, p = .08), but the interaction between noise and
modality significantly improved model fit. The reduction
in dual-task costs associated with seeing the talker was
more pronounced in the hard than the easy SNR (B, 44y
= —-62.92, SE=17.92,t = -3.51, p < .001; in fact, the
estimate for the modality effect was numerically positive
in the easy SNR) and more pronounced in the medium
than the easy SNR (B,,,.jim#=ay = —53.53, SE=17.55,t =
—3.05, p = .002), but did not differ between the medium
and the hard SNR (B,,,,;, = 9.39, SE = 18.12, t = —0.52,
p = .60). Thus, consistent with previous work (Brown,
2025), seeing the talker only reduced dual-task costs when
the addition of the visual signal was necessary to under-
stand the speech—that is, in moderate and difficult levels
of background noise, but not easy ones (see Fig. 3).
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LX

The data from the LX listeners mirror those described above
for the L1 listeners. Controlling for modality, secondary task
response times differed by noise level, with response times
on average an estimated 79 ms slower in medium (B,,,i,m
=79.10, SE =20.46,t=3.87, p < .001) and 221 ms slower
in hard levels of background noise (B,,,; = 220.74, SE =
31.21, t = 7.07, p < .001) relative to the easy condition.
Re-leveling the noise variable revealed that response times
were an estimated 142 ms slower in hard relative to medium
noise (B, = 141.64, SE =30.72, t =4.61, p <.001). As in
the L1 analysis, the effect of modality was not significant for
LX listeners (controlling for noise level), but the interaction
between noise and modality significantly improved model
fit. In general, there was a greater reduction in dual-task
costs in more difficult listening conditions, consistent with
the results from the L1 listeners. However, for the LX partic-
ipants, the reduction in dual-task costs associated with see-
ing the talker was significantly more pronounced in the hard
than the medium SNR (B, 4«4y = —129.94, SE = 20.78, t
= —6.25, p < .001) and more pronounced in the hard than
the easy SNR (B,,,,g+ay = —90.77, SE = 20.59, t = —4.41,
p < .001), but did not differ between the medium and easy
SNRs (B v =39.16, SE = 20.00, t = 1.96, p = .05).

medium*A
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Note that the numerically positive interaction term in the
medium noise level is somewhat puzzling and inconsistent
with the theoretical framework that seeing the talker relieves
cognitive load to a greater extent as listening conditions
become more difficult. This effect is nonsignificant, but is
likely driving the significant three-way interaction between
language group, noise, and modality described below (see
Fig. 3; Table 5).

Combined analyses

The final set of analyses combined the data from L1 and LX
listeners. We first assessed whether L1 and LX participants
differed in how quickly they responded to the single-task tri-
als. If we were to find group differences in response times to
the tone classification task when no speech was presented, it
would confound the claim that group differences in the dual
task trials reflect the cognitive costs of listening to speech.
The single-task analysis revealed no significant effect of
language background when speech was not present ( le
= 1.49, p = .22). In fact, response times were numerically
slower for L1 listeners than LX listeners (B = —24.80, SE =
20.39, t = —1.22, p = .23). Thus, it is clearly not the case that
individuals who learned another language before learning
English have slower response times overall; instead, these
results suggest that listening to speech in one’s nonnative
language is more cognitively demanding than listening to
speech in one’s native language.

For the analysis of the dual-task trials that included lan-
guage background below, we calculated the mean single-
task response time for each participant—excluding incor-
rect trials to be consistent with the dual-task analyses—and
included this variable in the model to control for individual
differences in processing speed and/or hardware differ-
ences that might affect overall response times. A likelihood
ratio test indicated that the three-way interaction between
noise, modality, and participant group was significant (see
Table 4). Examination of the summary output for the model
including the three-way interaction indicated that the three-
way interaction was significant for the medium but not the
hard noise level. This effect was driven by the numerically
positive (though nonsignificant) interaction term for the LX
listeners in the medium noise level. Indeed, this effect is
inconsistent with the theoretical framework described in
the Introduction section—informed by previous research
(Brown, 2025; Brown & Strand, 2019)—and with the gen-
eral trend that the beneficial effects of audiovisual speech
on dual-task costs become more pronounced as listening
conditions become more difficult. To statistically evaluate
the claim that the three-way interaction is driven by the
medium noise level, we conducted exploratory analysis in
which we only analyzed data from the easy and hard condi-
tions, which revealed a nonsignificant three-way interaction
(le = 1.05, p = .31). Thus overall, we have some evidence
that the magnitude of the noise-by-modality interaction may
differ by language background, but given the puzzling nature

L1 listeners LX listeners
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Fig.3 Violin plot showing by-participant secondary task response times grouped by language group, noise, and modality. Dots indicate mean

values for each condition
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of the interaction, this finding should be replicated in future
research. Neither of the two-way interactions between par-
ticipant group and noise or modality was significant. How-
ever, the main effect of language background was significant
such that response times for LX listeners were on average an
estimated 153 ms slower than L1 listeners (B = 152.95, SE
=54.50,t=2.81, p =.005).

General discussion

Experiment 1 revealed clear effects of background noise
as well as audiovisual intelligibility benefits for both L1
and LX listeners. As expected, noise impaired speech
intelligibility, and identification accuracy improved when
participants could both see and hear the talker relative
to audio-only conditions. Consistent with prior work on
word identification, this audiovisual benefit became more
pronounced as the level of the background noise increased
(e.g., Brown & Strand, 2019; Ross et al., 2006; Sumby
& Pollack, 1954); indeed, the visual signal has greater
opportunity to improve speech identification when audio-
only accuracy is low.” Thus, LX listeners can benefit from
the phonetic cues provided by a talking face, despite having
less experience with the language.

Although all effects of interest (i.e., noise, modality, and
the noise-by-modality interaction) emerged in both groups,
we found some differences in the magnitudes of these
effects across groups. For intelligibility, we found that LX
listeners showed less audiovisual benefit and were differently
affected by background noise relative to L1 listeners (though
assigning a direction to the effect is more complicated than
it may appear; see above). We also found some evidence
that the magnitude of the noise-by-modality interaction
differed by group, though this effect only emerged for one
of the three pairwise comparisons. For subjective effort, the
only group difference was in the magnitude of the noise-by-
modality interaction. Finally, LX listeners had lower speech
identification accuracy and rated the speech identification
task as more effortful overall relative to L1 listeners.

Experiment 2 used a dual-task paradigm to assess the
cognitive costs associated with processing noisy speech in
audio-only and audiovisual conditions. As in Experiment 1,
audiovisual speech led to better word identification accuracy
than audio-only speech for both L1 and LX participants
(see Table 3), even under dual-task demands. This is to be
expected and suggests that visual speech cues continue to

° Note, however, that this pattern may differ for sentence-length
materials; indeed, “Xie et al. (2014) showed that audiovisual benefit
decreased at SNRs below —12. This may occur because sentence-
length materials are very difficult to lipread, especially for listeners
who are not highly familiar with the language.
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support speech identification when attention is divided.
Surprisingly, however, examination of Table 1 indicates
that speech identification accuracy was considerably
better in Experiment 2 than in Experiment 1, particularly
as the listening conditions became more difficult. This is
unexpected given the assumption that dividing attention
between two challenging tasks uses resources that exist
in finite amounts (Kahneman, 1973), thereby impairing
performance on both tasks. Further, given the assumption of
multiple resource theory that tasks that are similar in terms
of modality or other overlapping features (see Brown, 2025;
Isreal et al., 1980) interfere with one another to a greater
extent than unrelated tasks in separate modalities, one might
expect substantial interference from the auditory secondary
task that would impair performance on the primary task.
This puzzling finding may perhaps suggest that a challenging
secondary task—particularly one that does not interfere with
sensory processing in either of the primary task modalities—
leads to greater task engagement and therefore better
performance on the primary task. This may allay the concern
about dual-task paradigms that they lead to poorer primary
task performance, which complicates interpretation of dual-
task costs. However, we hesitate to draw firm conclusions
from this trend, and suggest that future researchers attempt
to clarify the situations in which dual-tasking may actually
improve primary task performance.

The outcome of greatest interest in Experiment 2,
however, was response time to the secondary tone clas-
sification task. Consistent with a large body of work in
the listening effort literature, increasing the level of the
background noise increased cognitive load in both groups,
as indicated by slower response times to the secondary
tone task. This finding is consistent with the claim that
more challenging listening conditions demand greater
cognitive resources, leaving fewer resources available to
quickly complete the challenging tone classification task
(e.g., Brown & Strand, 2019; Gagné et al., 2017; Picou
& Ricketts, 2014). The interaction between modality and
noise level also emerged in both groups, and the effect
was in the hypothesized direction based on prior research
(Brown, 2025; Brown & Strand, 2019): Seeing the talker
sped secondary task response times (relative to the audio-
only condition) only in difficult listening conditions. These
results suggest that although processing speech in two
modalities might incur a small processing cost—perhaps
as a result of integration costs, simultaneously monitoring
two channels, distraction, or some other mechanism—the
reduction in lexical competition afforded by visual pho-
netic cues offsets these costs when the listening conditions
are challenging.

Although we did not find clear evidence of an
audiovisual processing cost in this study (i.e., response
times did not differ between audio-only and audiovisual
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conditions in the easy SNR), the direction and magnitude
of the effect of seeing the talker on dual-task costs is
dependent upon the relative difficulty of the speech task
in the “easy” listening condition, as well as the difficulty
of the secondary task (see Brown, 2025). Together, these
results reinforce the notion that although audiovisual
speech is beneficial in adverse listening conditions—
whether “beneficial” refers to intelligibility or dual-task
costs—visual cues may not always reduce cognitive load
relative to audio-only conditions, particularly when such
cues are unnecessary to successfully identify the speech.
Overall, the fact that the effects of noise, modality, and
their interaction on dual-task costs were robust and in the
same direction for both language groups suggests that
the cognitive mechanisms underlying audiovisual speech
processing function similarly for individuals with less
experience with the language.

Experiment 2 also revealed that secondary task response
times were slower overall for LX listeners, suggesting that
processing speech in one’s nonnative language is more
cognitively demanding than processing speech in one’s
native language (see Borghini & Hazan, 2018; Peng &
Wang, 2019). Crucially, this effect cannot be driven by
baseline differences in response times between groups:
Analysis of single-task response time data indicated that
response times to classify the tone in noise did not differ
between L1 and LX listeners. Although LX listeners had
increased dual-task costs overall, there was no evidence
that the magnitude or direction of the noise or modality
effects on dual-task costs differed by language group.
These findings—namely, that LX listeners expend greater
cognitive effort to identify speech in their nonnative
language than L1 listeners, but this effect does not appear
to be moderated by the difficulty of the listening task—are
consistent with prior work using pupillometry to measure
listening effort (Borghini & Hazan, 2018). Together,
results of the experiments reported here suggest that
although background noise level and modality may have
different effects on speech intelligibility for L1 and LX
listeners (Experiment 1), these variables do not appear
to differentially affect cognitive demand (Experiment 2).

The only interaction with language background that
emerged in Experiment 2 was the three-way interaction
between noise, modality, and language background,
which provides some evidence that the magnitude of the
interaction between noise and modality may differ for L1
and LX listeners. However, as we mentioned in the “Results
and Discussion” section of Experiment 2, this interaction
appears to be driven by an unexpected increase in mean
response times for audiovisual speech in the medium
noise level, which only occurred for LX listeners. Indeed,
when we omitted the data from the medium SNR and only
analyzed the data from the easy and hard conditions, we

did not find evidence that the magnitude of the noise-by-
modality interaction differed by language background. Thus,
audiovisual speech appears to similarly affect dual-task costs
for L1 and LX listeners at most noise levels, though there
may be some differences at moderate levels of listening
difficulty. This could be because a given SNR might not lead
to the same actual level of difficulty across groups; therefore,
the more informative data points are the general changes
across a range of difficulty rather than pairwise comparisons.
Future researchers might consider conducting a similar study
to this one that includes a wider range of SNRs and perhaps
smaller changes between adjacent SNRs to obtain a more
fine-grained picture of the relationship between modality,
noise, and dual-task costs for L1 and LX listeners.

Constraints on generality

The current study demonstrated similar patterns of results
regarding the effects of modality and background noise level
on speech intelligibility, subjective listening effort, and dual-
task costs. As we discuss in the paper, modality effects are
highly dependent on background noise level (regardless of
the outcome measure). We therefore would not necessarily
expect the effect of seeing the talker to be the same as we
report here at different levels of background noise, or dif-
ferent manipulations of task difficulty (e.g., reverberation,
sine wave speech). However, we expect the general pattern
of increased audiovisual benefit on response times in more
difficult listening conditions to persist for most manipula-
tions of task difficulty. This experiment also used isolated
words, so we do not wish to make claims about the extent to
which seeing the talker affects dual-task costs for sentence-
or passage-length materials, though this is a fruitful avenue
for future research. Our LX listeners included individuals
with a wide variety of L1s, so we do not expect that these
results are dependent on the particular languages spoken
by LX participants. However, participants must have either
self-reported or objectively-demonstrated fluency in English
for these results to apply. Finally, our participants had self-
reported normal hearing and normal or corrected-to-normal
vision and were between 18 and 45 years of age; we do not
necessarily expect these results to generalize to much older
or much younger samples, nor to individuals with hearing
or uncorrected visual limitations.

Conclusions

The most notable takeaway from this study was that although
there were some group differences in the magnitudes of the
effects (more so for intelligibility than dual-task costs), all
effects of interest across both experiments were robust and
in the same direction for L1 and LX listeners. Indeed, effects
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of modality, background noise level, and their interaction
persisted in both groups, regardless of whether the outcome
was speech intelligibility, subjective ratings of listening
effort, or dual-task costs. Together, these data suggest that
if researchers are interested in establishing general findings
regarding audiovisual speech processing across levels of
background noise, including LX listeners like those sampled
here are not likely to significantly affect outcomes.'” These
results are consistent with our recent work demonstrating
that effects of lexical difficulty and semantic constraint
on intelligibility and subjective listening effort persist
regardless of language background (Strand et al., 2024).
The current study therefore adds to the growing list of
general speech-related phenomena that emerge in listeners
coming from a wide variety of language backgrounds, and
provides further evidence that loosening or eliminating
the “native English speaker” participation restriction often
does not substantially impact study outcomes (and has the
potential to diversify our samples and therefore increase
the generalizability of our work; see Ghai et al., 2025 for
more on the value of including more diverse samples in
psychological research). To be clear: We are not arguing
that the entire field of psycholinguistics and related domains
should ignore language background, nor that studying
differences in speech processing between L1 and LX
listeners is not valuable work. Quite the contrary. Rather,
our goal is to encourage researchers to reflect on whether
and how participant selection might affect study outcomes,
and whether limiting samples to L1 listeners is likely to
be worth the reduction in generalizability that comes with
sample homogeneity.
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