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A causal inference explanation 
for enhancement of multisensory 
integration by co-articulation
John F. Magnotti  1, Kristen B. Smith1, Marcelo Salinas1, Jacqunae Mays2, Lin L. Zhu1 & 
Michael S. Beauchamp  1,2

The McGurk effect is a popular assay of multisensory integration in which participants report the 
illusory percept of “da” when presented with incongruent auditory “ba” and visual “ga” (AbaVga). 
While the original publication describing the effect found that 98% of participants perceived it, later 
studies reported much lower prevalence, ranging from 17% to 81%. Understanding the source of 
this variability is important for interpreting the panoply of studies that examine McGurk prevalence 
between groups, including clinical populations such as individuals with autism or schizophrenia. The 
original publication used stimuli consisting of multiple repetitions of a co-articulated syllable (three 
repetitions, AgagaVbaba). Later studies used stimuli without repetition or co-articulation (AbaVga) 
and used congruent syllables from the same talker as a control. In three experiments, we tested how 
stimulus repetition, co-articulation, and talker repetition affect McGurk prevalence. Repetition with co-
articulation increased prevalence by 20%, while repetition without co-articulation and talker repetition 
had no effect. A fourth experiment compared the effect of the on-line testing used in the first three 
experiments with the in-person testing used in the original publication; no differences were observed. 
We interpret our results in the framework of causal inference: co-articulation increases the evidence 
that auditory and visual speech tokens arise from the same talker, increasing tolerance for content 
disparity and likelihood of integration. The results provide a principled explanation for how  
co-articulation aids multisensory integration and can explain the high prevalence of the McGurk effect 
in the initial publication.

In multisensory speech perception, integrating visual mouth movements with auditory speech improves percep-
tual accuracy, but only if the information in the modalities arises from the same talker. Causal inference provides 
a theoretical framework for quantifying this determination1–4 and is especially informative when conflict between 
modalities is experimentally introduced5–7. A well-known example of cue conflict in audiovisual speech is the 
McGurk effect. If auditory “ba” is paired with visual “ga”, the two conflicting syllables are integrated to form the 
percept “da“8. In their original report, McGurk and MacDonald reported that the illusion was perceived by 98% 
of adults. In contrast, estimates of McGurk prevalence in recent studies are highly variable but are all considerably 
lower than the original report, ranging from 17% to 81% of adults9–12..
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Understanding the factors that contribute to McGurk prevalence are important for two main reasons. First, 
the illusion is an important tool for studying.

m
 multisensory speech perception, including the underlying brain 

mechanisms13–16, computational models17–19, and perceptual phenomenology20–23. Second, the McGurk effect is 
used as an assay of multisensory integration in a wide range of clinical populations, including children with 
autism spectrum disorders24–26, adults with schizophrenia27,28, and cochlear implant users29,30. Invariably, these 
studies compare the clinical population to healthy or typically-developing controls, assuming that the variability 
within each group will be overcome by the between-group difference. Understanding the factors that contribute 
to McGurk prevalence will allow us to discern which sources of variance are caused by individual/group-level 
variation and which are caused by differences in experimental procedures (e.g., testing setup, stimuli).

Since the stimuli used in the original study are not available31, subsequent studies used stimuli recorded from 
different talkers under different conditions. A comparison of these stimuli showed that they differ widely in 
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efficacy10,11. However, this does not explain why modern stimuli are consistently weaker than the stimuli used in 
the original study.

A comparison of the original and later stimuli provides a possible answer. In the original report, the stim-
ulus consisted of three presentations of a double-syllable (e.g. “ba-ba, ba-ba, ba-ba” dubbed over “ga-ga, ga-ga, 
ga-ga”) while later studies typically use a single syllable repeated once (e.g. “ba” dubbed over “ga”). From the 
vantage point of causal inference, there are three important differences between the original and modern studies. 
First, double syllables contain co-articulation: when syllables are spoken in sequence in a word, the manner of 
pronunciation varies compared to a syllable uttered in isolation. This co-articulation changes the expected lip/
voice correspondence and might be expected to mask the discrepancy between the auditory and visual syllables, 
increasing stimulus strength. Second, repeated presentations of a syllable within one stimulus provides more 
opportunity to extract the visual speech information, increasing the relative influence of visual speech on audi-
tory speech perception, the key ingredient in the McGurk effect. Third, modern studies often use the same talker 
repeated across multiple stimuli, including congruent control stimuli. Repeated exposure to a talker may make 
the observer more familiar with the talker’s natural speech gestures. This would make the incongruence in the 
McGurk stimuli more apparent and render them less effective. One previous study assessed talker familiarity on 
McGurk perception, with talkers familiar to some of the participants but not to others32. This study did not find 
a significant difference between familiar and unfamiliar talkers for an AbaVga stimulus similar to that used in 
the present study. However, this study employed a between-subjects design and did not specifically emphasize 
familiarity with a talker’s syllable articulation.

This multiplicity of factors with the potential to influence McGurk prevalence motivated a series of experi-
ment. In experiment 1, McGurk prevalence for single syllables repeated once (similar to most modern stimuli) 
was compared with double-syllables with co-articulation repeated three times (similar to the original stimuli). 
Experiment 2 tested the effect of syllable repetition without co-articulation, while experiment 3 tested the effect 
of talker familiarity. Each of these experiments used within-subject experimental designs to maximize statisti-
cal power. Because an online testing service (Amazon Mechanical Turk) was used to conduct experiments 1–3, 
experiment 4 compared online and in-person setups for studying the McGurk effect.

Results
Experiment 1: Repetition with Co-Articulation Increases McGurk Prevalence. In experiment 1, 
76 participants reported their percept of two different stimulus types. The first stimulus type was modeled after 
the most common stimulus in current studies of the McGurk effect: a single repetition of an incongruent audio-
visual syllable (auditory component “ba”, visual component “ga”). The second stimulus type, modeled after the 
original McGurk stimulus, consisted of a double syllable (providing co-articulation) repeated three times for six 
total repetitions (auditory component “ba-ba, ba-ba, ba-ba”, visual component “ga-ga, ga-ga, ga-ga”).

As shown in Fig. 1A, there was a significant difference between the one-repetition and six-repetition stimuli. 
The six-repetition stimuli had a higher McGurk prevalence (mean = 68% ± 4%, standard error of the mean across 
participants) than the non-repeated single syllable (48% ± 4%), significantly different by paired t-test, t(75) = 3.5, 
p = 0.0009. However, t-tests are poorly suited to proportional data such as McGurk prevalence. For instance, 
the t-test considers increases in McGurk prevalence from 0.1 to 0.2 or from 0.5 to 0.6 as identical even though 
they represent different effect sizes: 0.1 to 0.2 is an increase of 225% in the odds-ratio (0.1/0.9 ÷ 0.2/0.8) while 
0.5 to 0.6 is an increase of only 150% (0.6/0.4 ÷ 0.5/0.5). Therefore, we performed an additional analysis using 
generalized linear mixed-effects models (GLMM). Comparing the goodness of fit of different models using the 
Bayesian Information Criterion (BIC) allows for an assessment of their relative predictive validity while avoiding 
the problems that arise from selecting an arbitrary statistical significance threshold and using it to reject (or fail 

Figure 1. Significant effect of syllable repetition with co-articulation. (A) Percent of trials on which participants 
reported the McGurk percept of “da” for the combination of the auditory syllable “ba” dubbed over the visual 
syllable “ga”, AbaVga. The syllable was repeated either one time or six times with co-articulation (AbaVga vs. 
AbabaVgaga, AbabaVgaga, AbabaVgaga). Mean across all trials and participants, error bars show standard 
error of the mean, p-value from the categorical repetition parameter of the GLMM. (B) Individual participant 
data for the difference between six repetitions and one repetition, sorted by difference. One bar per participant, 
blue bars show participants with increased McGurk responses for six repetitions, gray circles show participants 
with no change, black bars show participants with decreased McGurk responses.
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to reject) a null hypothesis. Two competing models were constructed, one of which included a fixed effect of rep-
etition (both models included participant and stimulus as random effects and stimulus counterbalancing group 
as a fixed effect). Model comparison decisively favored the model that included repetition (∆BIC = 73, model 
with repetition factor is 1017 times more likely) and yielded an estimated odds-ratio for the repetition effect of 3.1 
± 1.1 (standard error of the estimate; z = 8.7, p = 10−18). Translating the odds-ratio into McGurk prevalence, an 
average participant would be expected to increase from 49% McGurk percepts for the one-repetition stimuli to 
74% McGurk for the six-repetition stimuli (prediction obtained by marginalizing over all other model factors).

To avoid any carryover effects, subjects heard different talkers speaking the one-repetition and six-repetition 
stimuli. To assess if the repetition effect interacted with talker identity, we constructed another GLMM that 
allowed for differences in the repetition effect between talkers, but this did not improve the model fit (∆BIC = 10 
in favor of the simpler model).

During the same testing session, participants viewed a third single-syllable McGurk stimulus recorded from 
a different talker (each subject viewed only one stimulus from each talker). This control stimulus evoked similar 
rates of McGurk percepts in the current study (73% ± 4%) as in an earlier study that used the same stimulus (75% 
± 3%; independent t-test: t(191) = 0.5, p = 0.6) (S2.5 from11) demonstrating that the repetition manipulation 
increased illusory percepts for the repeated stimulus rather than decreasing them for non-repeated stimuli.

Although the majority of participants (50/76) experienced an increase in McGurk percepts for the repeated 
stimulus, there was substantial inter-individual variability in the strength and direction of the repetition effect 
(Fig. 1B).

Experiment 2: Repetition without co-articulation does not change McGurk prevalence. In 
experiment 1, the six-repetition stimuli contained co-articulation within each double syllable. To separate the 
effect co-articulation from repetition alone, in experiment 2 we constructed stimuli consisting of eight talkers 
speaking one-syllable McGurk stimuli, repeated one, two, three or six times. These new stimuli contained mul-
tiple repetitions without co-articulation (e.g., repeated “ba, ba” instead of a continuous speech stream “ba-ba”).

Figure 2A shows the results from 40 participants viewing repetition without co-articulation. McGurk rates 
were similar across the different numbers of repetitions (65% ± 5% for 1-rep, 58% ± 5% for 2-rep, 67% ± 4% 
for 3-rep, and 57% ± 3% for 6-rep). To quantify this lack of difference, we compared two GLMMs with and 
without fixed effects for repetition. Unlike in experiment 1, the model without the fixed effect of repetition fit the 
data better (∆BIC = 6 in favor of the simpler model; p-value for repetition parameter = 0.921; repetition effect 
odds-ratio = 0.98 ± 1.18).

Although repetition did not increase the prevalence of the McGurk effect, it might still impact perception by 
decreasing the variability of an individual’s percept. If individuals are treating each presentation as a repetition of 
an identical exemplar, they should get more precise information from repeated presentations than from a single 
presentation. This increase in precision is akin to the increase in precision produced by multisensory integration 
in general. To test for a change in variance, we first converted proportion “da” to a variance term (binomial var-
iance = n*p*q, where n is the number of trials, p the proportion of McGurk responses, and q the proportion of 
non-McGurk responses). Next, we fit linear mixed effects models (not GLMMs) with and without a linear term 
for number of repetitions (both models had random effects for participant and stimulus). The model without the 
repetition parameter fit the data better (∆BIC = 6 in favor of the simpler model; p-value for repetition parame-
ter = 0.926; repetition effect parameter = −0.003 ± 0.03), suggesting no change in variance for different numbers 
of stimulus repetitions.

Figure 2. (A) No effect for syllable repetition without co-articulation. Percent of trials on which participants 
reported the McGurk percept of “da” for AbaVga repeated 1x, 2x, 3x, or 6x without co-articulation. Mean 
across all trials and participants, error bars show standard error of the mean, p-value from the scalar repetition 
parameter of the GLMM. (B) No effect for talker repetition. McGurk percentage for an unfamiliar talker or a 
talker familiarized with a pre-exposure manipulation. P-value from the categorical familiarity parameter of the 
GLMM.
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Experiment 3: Repetition of Talker Does Not Change McGurk Prevalence. In experiment 3, we 
attempted to modify the weight given to the lip/voice correspondence cue by familiarizing participants with 
exemplars of a given talker’s congruent audiovisual speech stimuli (audiovisual “ba”, “da”, and “ga”). After famil-
iarization with the congruent stimuli, the participant then viewed McGurk stimuli from the familiar talker and an 
unfamiliar talker. Stimuli from two different talkers were used with the familiar and unfamiliar talkers counter-
balanced across participants to control for any talker-specific effects.

As shown in Fig. 2B, participants reported similar rates of McGurk effect for familiar and unfamiliar talk-
ers: 70% ± 5% for familiar, 68% ± 5% for unfamiliar, t(54) = 0.7, p = 0.48. We compared two GLMMs with and 
without a fixed effect of talker familiarity (both models had random effects of talker and participant). The model 
without the effect of talker familiarity fit the data better (∆BIC = 3 in favor of the simpler model; p-value for 
familiarity parameter = 0.19; familiarity effect odds-ratio = 0.77 ± 1.2). Although the odds ratio is in the pre-
dicted direction (familiarity with a talker reduces McGurk prevalence), the data suggest brief familiarization does 
not have a robust effect on integration.

Experiment 4: On-line vs. in-person testing does not change McGurk prevalence. To assess the 
generalizability of the results obtained using on-line testing in experiments 1–3, in experiment 4 we compared 
data collected using identical testing procedures and stimuli from 60 participants tested in-person with 160 par-
ticipants tested on-line. As shown in Fig. 3A, both groups were near ceiling accuracy for discriminating control 
stimuli consisting of auditory-only syllables: 97% ± 1% in-person vs. 97% ± 1% on-line, t(108) = 0.61, p = 0.54).

Previous studies have described tremendous variability across individuals in their susceptibility to the 
McGurk effect, a finding that was replicated in both in-person (Fig. 3C,D) samples. In both groups, the complete 
range of McGurk susceptibility was observed: within each group, some participants never reported the McGurk 
percept on any presentation of any stimulus, while some participants reported the McGurk percept on every pres-
entation of every stimulus. Rates of McGurk perception similar between groups (Fig. 3B; in-person, mean = 74%, 
sd = 26% vs. online, mean = 69%, sd = 29%; t(176)−1.14, p = 0.26]. To quantify this effect, GLMMs were com-
pared with and without a factor for testing mechanism (in-person vs. online). Model comparison favored the 
model that did not include a factor for testing mechanism (∆BIC of 6, estimated odds-ratio = 0.65, p = 0.2).

Discussion
There is a large difference in McGurk prevalence between the initial publication describing the illusion (98%; 
McGurk & MacDonald, 1976) and subsequent studies (from 18% to 81% in one review; Magnotti & Beauchamp, 
2015). Since the stimuli used in the original publication are no longer available31, subsequent studies used stim-
uli recorded from different talkers. While these stimuli differ widely in efficacy10,11 this does not explain why 
modern stimuli are consistently weaker than the original stimuli. We found that McGurk syllables repeated with 
co-articulation, as used in the initial publication, reliably evoke more McGurk percepts than single syllables, as 
used in most subsequent studies. This boost (a tripling in the probability of perceiving the illusion for an average 
individual, leading to a net increase of 20% at the group level) explains a significant fraction of the difference in 
prevalence in the McGurk effect between the original publication and subsequent studies.

To understand how a subtle stimulus difference—repeating a double-syllable vs. repeating a mono-syllable—
results in a large perceptual effect, we turn to the framework of causal inference in multisensory perception1–3,33. 
Multisensory speech perception is conceptualized as four linked steps. The first two steps match those found in 
traditional Bayesian models: the auditory and visual speech information are encoded with modality-specific noise 
and integrated to generate a multisensory representation of the stimulus (Fig. 4A). The stimuli in our studies 
(“ba”, “da”, and “ga”) are mapped to a two-dimensional representational space, with locations reflecting the relative 

Figure 3. No difference between in-person and online testing. (A) Accuracy of responses for auditory-only 
syllables, mean and standard error within in-person (orange) and online (red) participants, p-value from t-test. 
(B) Percent of McGurk responses averaged within in-person and online participants. (C) Individual participant 
McGurk prevalence for in-person participants. One symbol per participant, sorted by magnitude, error bars 
show standard error across stimuli. (D) Individual participant McGurk prevalence for online participants.
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Figure 4. Causal inference explanation of repetition with co-articulation. (A) A two-dimensional 
representational space is constructed with auditory speech features on the x-axis and visual speech features on 
the y-axis. Three syllables are placed in this space according to their feature values. When presented with an 
auditory “ba”, the participant encodes the feature values with noise (red ellipse labeled “A” shows the sampling 
distribution over many trials, centered on the prototype). The noise is modality-specific, with the short axis of 
the ellipse aligned with the auditory axis indicating greater auditory precision. Similarly, for a visual “ga”, the 
features are encoded with the visual features more accurately encoded than the auditory features (dark blue 
ellipse labeled “V” with short axis of ellipse along the visual axis). The unisensory representations are integrated 
using Bayes’ rule to produce an integrated representation that is located between the unisensory components 
in the “da” region of representational space (light blue ellipse, “AV”). (B) With causal inference, participants 
recombine the integrated multisensory representation (C = 1, gray ellipse labeled “AV”) with the two-cause 
representation, assumed for speech to be the auditory representation (C = 2, gray ellipse labeled “A”). The weight 
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similarity of their auditory (x-axis) and visual (y-axis) features. This results in a tripartite map with “da” inter-
mediate between “ba” and “ga”. For a McGurk stimulus consisting of auditory “ba” and visual “ga”, the integrated 
representation is the average of the component locations, weighted by precision, and lies in the “da” region of the 
space.

The observation that many participants do not report “da” when presented with the McGurk stimulus sug-
gested the need for causal inference to supplement traditional Bayesian models (Fig. 4B). Rather than mandating 
integration of the auditory and visual representations, causal inference adds an additional step in which the likeli-
hood of the integrated representation is assessed. If it is unlikely, perception is heavily weighted to the unisensory 
cue with the greatest reliability (for speech, this is the auditory representation). The final representation of the 
causal inference model is therefore a location in representational space intermediate between the auditory rep-
resentation and integrated audiovisual representation. The higher the likelihood of a single talker, the closer the 
final representation is to the integrated representation.

For multisensory speech, there are many cues that can be used to assess the likelihood that the auditory and 
visual speech streams arise from a single talker. A particularly powerful cue is the temporal coincidence between 
visual mouth gestures and auditory speech features. In the McGurk effect, there is strong temporal synchrony 
between the mouth gesture “ga” and the auditory syllable “ba”. The temporal synchrony cue provides evidence for 
a single talker. This opposes the speech content cue, which provides evidence for separate talkers (because of the 
disparity between the “ga” mouth gesture and the auditory “ba”).

Under the causal inference model, additional repetitions with co-articulation provide accumulating evidence 
for a single talker (Fig. 4C). If only a single syllable is heard, the auditory and visual syllables could have been 
temporally coincident by chance. As more and more syllables are heard, the likelihood of chance coincidence 
decreases and subjects are more likely to assign the auditory and visual speech tokens to a single talker. There is 
behavioral evidence for such a benefit of audiovisual streams compared to isolated sounds34,35.

In the causal inference model, this is quantified as the likelihood that the encoded integration representation 
of the McGurk stimulus emanates from a single talker or two talkers (Fig. 4D). The speech content incongruity, 
which provides evidence for two talkers, stays the same with multiple repetitions while the evidence for a single 
talker provided by temporal synchrony, grows, resulting in a change in the perceived causal structure.

In the final step of the model, a linear classifier is used to generate a categorical percept from the causal 
inference representation (Fig. 4E). Initially, the likelihood of one vs. two talkers is similar, and the causal infer-
ence representation is intermediate between the unisensory auditory “ba” representation and the integrated 
representation, predicting a mixture of “ba” and “da” responses (Fig. 4F). As the repetitions accumulate, the 
likelihood of a single talker increases, and the causal inference representation moves closer to the integrated rep-
resentation, resulting in a preponderance of “da” responses.

Our results are consistent with evidence from studies that study the effect of exposure to congruent or incon-
gruent speech tokens on the McGurk effect20,21. Exposure to even brief periods of incongruent audiovisual speech 
lowers McGurk prevalence. This suggests that the probability of integration is influenced by recent experience 
with speech and that the probability of integration can be separated from the integration process, consistent with 
the tenets of causal inference. An interesting question for further research is how an incongruent contextual cue 
(provided by pre-exposure to incongruent speech) would interact with the temporal cue provided by repeated 
presentation of co-articulated McGurk syllables.

Other factors contributing to the observed results. Experiment 2 demonstrated that stimulus rep-
etition alone (without co-articulation) did not increase the prevalence of the McGurk effect. While it might 
be expected that gaining experience with the pairing of auditory “ba” and visual “ga” for a single talker might 
increase the likelihood of integration, we did not observe this in our data. This suggests that there is little learning 
in a paradigm with relatively few exposures. We also did not provide feedback; rewarding participants for report-
ing the McGurk percept could lead to different results. Experiment 3 found that talker familiarity (generated 
with brief exposure to a previously unknown talker) did not result in a change in McGurk prevalence. This is 
consistent with a previous report showing no effect of familiarity32, even for talkers who were personally familiar 
to the participant.

Using Amazon Mechanical Turk for studying individual differences in speech perception. Because 
we wished to measure the effect of stimulus repetition without the confound of talker repetition, we used different 
talkers for each stimulus. This required a between-subjects design. To obtain the larger sample size required by 

given to each representation is determined by the likelihood for a common cause of the AV representation. The 
distribution of the final representation across trials is shown with the red ellipse labeled “CI”. (C) Repetitions 
with co-articulation increase the prior probability of a common cause. Black circles illustrate trials with fewer 
and more repetitions. (D) For each location in the representational space, we can use the natural statistics of 
audiovisual speech and the number of stimulus repetitions to calculate the likelihood of a common cause. For 
the locations resulting from AbaVga (black circles), a common cause is less likely with fewer repetitions (more 
red within black circle in left panel) and more likely with more repetitions (more blue within black circle in right 
panel). (E) This change in common cause probability results in the final causal inference representation landing 
in different regions of representational space (left and right panels). Applying a linear decision rule to the causal 
inference representation (necessary because of the categorical nature of speech perception) allows for percept 
prediction. (F) Predicted behavioral responses for fewer repetitions (left panel) and more repetitions (right 
panel) showing increased McGurk responses (“da”) with more repetitions.
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these designs, data was collected using the Amazon Mechanical Turk (MTurk) online testing platform. Experiment 
4 demonstrated the validity of this approach by showing no difference in McGurk effect for the same stimuli tested 
on-line and in-person.

Conclusions
From a causal inference perspective, a major factor in integrating incongruent audiovisual stimuli is the relative 
strength of the temporal synchrony cue vs. the voice/lip correspondence cue. We have shown that syllable repeti-
tion with co-articulation can strengthen the evidence for a common cause, and therefore increases the tolerance 
to poor audiovisual correspondence. Mere repetition of a McGurk syllable, however, was insufficient to establish 
strong evidence for a common cause. We also tested the ability of a brief talker familiarization period to modu-
late the audiovisual correspondence but found no effect on integration. This result is in-line with previous work 
arguing little impact of familiarity on McGurk perception32 and mismatched face/voice gender on McGurk prev-
alence36. Taken together, the mere existence of seemingly relevant and detectable cue is not sufficient for it to be 
used in the causal inference decision (or, more precisely, not given a large relative weight in the causal inference 
decision). One intriguing possibility is that cues related informing where (spatial location), when (temporal syn-
chrony), and what (speech content) are used for the causal inference decision, but not cues related to who is doing 
the talking (talker identity, talker gender).

Method
All experiments were performed in accordance with relevant guidelines and regulations and was approved by 
the Rice University Institutional Review Board. All participants provided informed consent. For the online test-
ing conducted for experiments 1–4, participants were recruited using Amazon Mechanical Turk11,37,38. For the 
in-person testing conducted for experiment 4, participants were recruited from the Rice University community.

General Procedure. Both online and in-person experiments followed the same template. First, participants 
completed a brief demographics questionnaire and affirmed normal or corrected-to-normal hearing and vision. 
Second, a congruent audiovisual syllable video was displayed and participants were instructed to adjust the vol-
ume and window size until they could see and hear the video clearly. Third, task instructions were presented 
on-screen: “You will see videos and hear audio clips of a person saying syllables. Please watch the screen at all 
times. After each syllable, press a button to indicate what the person said. If you are not sure, take your best guess.” 
Fourth, participants were presented with a sequence of experimental stimuli. After each stimulus presentation, 
participants selected the response that best matched their percept from three on-screen choices: “ba”, “da/tha”, or 
“ga”. Experiments were self-paced, and no feedback was given.

These three choices were based on a previous experiment using McGurk stimuli with an open choice response 
format11. In this experiment, the vast majority of responses consisted of either “ba”, “ga”, “da” or “tha”. The advan-
tage of a forced choice design is that it greatly increases the efficiency of data collection, as participants do not 
need to type a response following each and every trial, and the experimenter does not need to code every possible 
response variant (e.g. “da”, “thah”,“d-tha”, etc.).

Experiment 1. Participants. Participants (N = 76; 32 Female; mean age = 32 ± 9 years, range = 18 to 65 
years) were recruited using the Amazon Mechanical Turk platform. Participants performed the experiment on 
their own device in a location of their choice by signing into the MTurk website. Since speech stimuli are sensitive 
to the quality of the stimulus presentation, software checks were used to ensure that participants used a supported 
web browser. We tested the supported web browsers on a variety of hardware/software platforms to ensure that 
the stimuli displayed properly.

Stimuli. The control stimuli consisted of three highly-discriminable congruent audiovisual syllables (“ba”, “da”, 
and “ga”) produced by a female talker11. The experimental stimuli consisted of five variants of the McGurk incon-
gruent syllable pair of auditory “ba” dubbed over visual “ga” (AbaVga). One stimulus was taken from a previous 
study (Stimulus 2.5 from11) and the remaining four consisted of a two-by-two design with two talkers and two 
repetition counts (6 or 1). The 6-repetition stimulus consisted of the talker repeating the double syllable “ba-ba” 
or “ga-ga” three times and the 1-repetition stimulus was a single repetition selected from the 6-repetition stimu-
lus. The stimuli are freely available at http://openwetware.org/wiki/Beauchamp:DataSharing.

Procedure. Participants completed the experiment in one of two counterbalancing groups, each of which viewed 
the 1-repetition stimulus from one talker and the 6-repetition stimulus from the other talker. Both counterbal-
ancing groups viewed the previously created McGurk stimulus. Participants viewed their group’s McGurk stimuli 
10 times each (30 trials), randomly interleaved with audiovisual congruent stimuli (presented 3 or 4 times each, 
randomly determined) for a total of 40 trials.

Experiment 2. Participants. Participants (N = 40; 22 Female; mean age 31 ± 8 years, range = 18 to 55) were 
recruited from Amazon Mechanical Turk.

Stimuli. Stimuli consisted of the three congruent audiovisual syllables “ba”, “da”, and “ga” from experiment 1, and 8 
McGurk stimuli in a two talker by four repetition level (1, 2, 3 or 6 repetitions) design. The base stimuli consisted of 
a single-syllable McGurk stimuli (AbaVga) recorded from 8 different talkers (4 male, 4 female) in a previous study 
(stimuli 2.1 through 2.8 in11). The single-syllable stimuli from each talker were concatenated to create 2, 3, or 6 total 
syllable utterances using the morph option in Final Cut Pro to smooth the transition between the repetitions. To 
minimize carry-over effects, different talkers were used for each repetition level (two for each level).

http://openwetware.org/wiki/Beauchamp:DataSharing
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Procedure. Participants viewed each of the 8 McGurk stimuli 10 times (80 total trials), randomly interleaved 
with the 3 control stimuli (viewed 3 or 4 times each, 10 total trials).

Experiment 3. Participants. Participants (N = 60; 23 Female; mean age 32 ± 8 years, range = 21 to 69) were 
recruited from Amazon Mechanical Turk.

Stimuli. There were three types of stimuli. The familiarization stimuli consisted of congruent audiovisual stim-
uli (“ba”, “da” and “ga”) from two female talkers. The McGurk stimuli (AbaVga) were created from each talker’s 
congruent stimuli. Control stimuli were the congruent audiovisual stimuli (“ba”, “da”, and “ga”) from experiments 
1 and 2.

Procedure. Participants completed the experiment in one of two counterbalancing groups, each of which were 
familiarized to one talker by viewing that talker’s congruent audiovisual stimuli (10 repetitions each, randomly 
interleaved, 30 trials total). After this familiarization phase, participants viewed McGurk stimuli for both talkers 
(10 trials of each), randomly interleaved with audiovisual congruent stimuli (presented 3 or 4 times each, ran-
domly determined).

Experiment 4. Participants. Online participants (N = 160; 76 Female) were recruited from Amazon 
Mechanical Turk; data from these subjects was previously reported11. In-person participants (N = 60; 35 Female) 
were recruited from Rice University.

Stimuli. Audiovisual stimuli consisted of McGurk stimuli (AbaVga) from eight different talkers and congruent 
syllables (AbaVba, AdaVda, AgaVga) from a ninth talker. Unisensory stimuli consisted of auditory syllables (Aba, 
Ada, Aga) and visual syllables (Vba, Vda, Vga) recorded from the same eight talkers used for the McGurk stimuli.

Procedure. The same stimuli were presented to online and in-person participants and the same software inter-
face was used to present stimuli and record responses. For online testing, one group of subjects (N = 117) viewed 
only audiovisual syllables and another group (N = 50) viewed only unisensory stimuli. Seven participants were 
in both groups. For the first group, McGurk stimuli were presented 10 times each, randomly interleaved with 
audiovisual congruent stimuli (presented 3 or 4 times each, randomly determined) for a total of 40 trials; all other 
experimental details matched experiment 1. For the second group, 96 randomly interleaved unisensory stimuli 
were presented (8 talkers x 3 syllables x 2 modalities x 2 repetitions per stimuli). These data have previously been 
reported as experiments 2 and experiment 3, respectively11.

In-person testing was conducted with participants seated approximately 60 cm from a laptop (15” MacBook 
Pro) connected to wired headphones. In the first testing block, the 96 unisensory trials were presented; in the 
second testing block, the 40 audiovisual trials were presented.

Experiments 1–4: Data analysis. For each subject, the responses to all congruent stimuli were combined 
into a single overall accuracy percentage. For McGurk stimuli, the percentage of “da/tha” responses was used as 
the estimate of McGurk prevalence for that stimulus and participant. We adopted this approach because there was 
only a very small fraction of “ga” (visual) responses, so that analyzing the visual-only responses did not produce 
informative results, consistent with previous results11. To model the effects of the experimental manipulations 
on McGurk prevalence, generalized linear mixed effects (GLMM) models were constructed in R (using function 
glmer, with family set to binomial) with the lme4 package39,40. To convert the behavioral data into count format, 
the data was coded as the frequency of “da/tha” responses and frequency of not “da/tha” responses.

The baseline model included random effects of participant and stimulus; a fixed effect for counterbalanc-
ing group was included for experiments 1 and 3. The second model consisted of the baseline model with an 
additional fixed effect for the experimental manipulation. In experiment 1, the experimental manipulation 
of “repetition with co-articulation” was coded a categorical variable (repetition or not). In experiment 2, the 
manipulation of “number of repetitions (without co-articulation)” was coded as a scalar (1, 2, 3, or 6). In 
experiment 3, the manipulation of “talker familiarity” was coded as a categorical variable (familiar or not). 
In experiment 4, the manipulation of “testing mechanism” was coded as a categorical variable (online or 
in-person).

To choose the best model, we used Bayesian Information Criterion (BIC). Lower BIC values correspond 
to a better fit of the data to the model. BIC includes a penalty term such that, given equal fit to the data, the 
model with fewer parameters is preferred to the model with more parameters. The difference in BIC (∆BIC) is 
a measure of the relative fit of the two models given the data. Differences of 10 or higher are considered decisive 
in favor of the model with the lower BIC41. For the nested models considered in this paper, even small BIC 
differences in favor of the baseline model (baseline model BIC < complex model BIC) are interpreted as sup-
portive of the baseline model because the maximum BIC difference in favor of the baseline model is limited by 
the number of observations. We use this direct model comparison technique because it can determine which of 
the two models is best given the data, rather than merely failing to reject a null model of no difference between 
the groups. To provide an alternative to assess the statistical evidence for an experimental manipulation, we 
also provide p-values for the fixed-effect of interest in each experiment, corresponding to the null hypothesis 
that the true odds-ratio is 1.
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Data Availability Statement
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

References
 1. Rohe, T. & Noppeney, U. Cortical hierarchies perform Bayesian causal inference in multisensory perception. PLoS Biol 13, e1002073 

(2015).
 2. Kording, K. P. et al. Causal inference in multisensory perception. PLoS One 2, e943, https://doi.org/10.1371/journal.pone.0000943 

(2007).
 3. Shams, L. & Beierholm, U. R. Causal inference in perception. Trends Cogn Sci 14, 425–432, doi:S1364-6613(10)00147-6 (2010).
 4. Magnotti, J. F., Ma, W. J. & Beauchamp, M. S. Causal inference of asynchronous audiovisual speech. Frontiers in Psychology 4, 798 

(2013).
 5. Seilheimer, R. L., Rosenberg, A. & Angelaki, D. E. Models and processes of multisensory cue combination. Curr Opin Neurobiol 25, 

38–46 (2014).
 6. Angelaki, D. E., Gu, Y. & DeAngelis, G. C. Multisensory integration: psychophysics, neurophysiology, and computation. Curr Opin 

Neurobiol 19, 452–458, https://doi.org/10.1016/j.conb.2009.06.008 (2009).
 7. Knill, D. C. & Pouget, A. The Bayesian brain: the role of uncertainty in neural coding and computation. Trends Neurosci 27, 712–719, 

https://doi.org/10.1016/j.tins.2004.10.007 (2004).
 8. McGurk, H. & MacDonald, J. Hearing lips and seeing voices. Nature 264, 746–748 (1976).
 9. Strand, J., Cooperman, A., Rowe, J. & Simenstad, A. Individual Differences in Susceptibility to the McGurk Effect: Links With 

Lipreading and Detecting Audiovisual Incongruity. Journal of Speech, Language, and Hearing Research 57, 2322–2331 (2014).
 10. Jiang, J. & Bernstein, L. E. Psychophysics of the McGurk and other audiovisual speech integration effects. J Exp Psychol Hum Percept 

Perform 37, 1193–1209, https://doi.org/10.1037/a0023100 (2011).
 11. Basu Mallick, D., Magnotti, J. F. & Beauchamp, M. S. Variability and stability in the McGurk effect: contributions of participants, 

stimuli, time, and response type. Psychonomic Bulletin & Review, 1–9 (2015).
 12. Magnotti, J. F. & Beauchamp, M. S. The noisy encoding of disparity model of the McGurk effect. Psychonomic Bulletin & Review 22, 

701–709 (2015).
 13. Gau, R. & Noppeney, U. How prior expectations shape multisensory perception. NeuroImage 124, 876–886 (2016).
 14. Romero, Y. R., Senkowski, D. & Keil, J. Early and late beta-band power reflect audiovisual perception in the McGurk illusion. J 

Neurophysiol 113, 2342–2350 (2015).
 15. Nath, A. R. & Beauchamp, M. S. A neural basis for interindividual differences in the McGurk effect, a multisensory speech illusion. 

Neuroimage 59, 781–787, https://doi.org/10.1016/j.neuroimage.2011.07.024 (2012).
 16. Jones, J. A. & Callan, D. E. Brain activity during audiovisual speech perception: an fMRI study of the McGurk effect. Neuroreport 14, 

1129–1133, https://doi.org/10.1097/01.wnr.0000074343.81633.2a (2003).
 17. Olasagasti, I., Bouton, S. & Giraud, A.-L. Prediction across sensory modalities: A neurocomputational model of the McGurk effect. 

Cortex 68, 61–75 (2015).
 18. Massaro, D. W. Perceiving talking faces: from speech perception to a behavioral principle. (MIT Press, 1998).
 19. Bejjanki, V. R., Clayards, M., Knill, D. C. & Aslin, R. N. Cue integration in categorical tasks: insights from audio-visual speech 

perception. PLoS One 6, e19812, https://doi.org/10.1371/journal.pone.0019812 (2011).
 20. Nahorna, O., Berthommier, F. & Schwartz, J. L. Audio-visual speech scene analysis: characterization of the dynamics of unbinding 

and rebinding the McGurk effect. The Journal of the Acoustical Society of America 137, 362–377 (2015).
 21. Nahorna, O., Berthommier, F. & Schwartz, J. L. Binding and unbinding the auditory and visual streams in the McGurk effect. J 

Acoust Soc Am 132, 1061–1077, https://doi.org/10.1121/1.4728187 (2012).
 22. Berger, C. C. & Ehrsson, H. H. Mental imagery changes multisensory perception. Current Biology 23, 1367–1372 (2013).
 23. Alsius, A., Navarra, J., Campbell, R. & Soto-Faraco, S. Audiovisual integration of speech falters under high attention demands. Curr 

Biol 15, 839–843, https://doi.org/10.1016/j.cub.2005.03.046 (2005).
 24. de Gelder, B., Vroomen, J. & Van der Heide, L. Face recognition and lip-reading in autism. European Journal of Cognitive Psychology 

3, 69–86 (1991).
 25. Mongillo, E. A. et al. Audiovisual processing in children with and without autism spectrum disorders. J Autism Dev Disord 38, 

1349–1358, https://doi.org/10.1007/s10803-007-0521-y (2008).
 26. Stevenson, R. A. et al. The cascading influence of multisensory processing on speech perception in autism. Autism, 1362361317704413, 

https://doi.org/10.1177/1362361317704413 (2017).
 27. de Gelder, B., Vroomen, J., Annen, L., Masthof, E. & Hodiamont, P. Audio-visual integration in schizophrenia. Schizophr Res 59, 

211–218 (2003).
 28. Pearl, D. et al. Differences in audiovisual integration, as measured by McGurk phenomenon, among adult and adolescent patients with 

schizophrenia and age-matched healthy control groups. Compr Psychiatry 50, 186–192, https://doi.org/10.1016/j.comppsych.2008.06.004 
(2009).

 29. Rouger, J., Fraysse, B., Deguine, O. & Barone, P. McGurk effects in cochlear-implanted deaf subjects. Brain Res 1188, 87–99, 
doi:S0006-8993(07)02455-9 (2008).

 30. Stropahl, M., Schellhardt, S. & Debener, S. McGurk stimuli for the investigation of multisensory integration in cochlear implant users: The 
Oldenburg Audio Visual Speech Stimuli (OLAVS). Psychon Bull Rev 24, 863–872, https://doi.org/10.3758/s13423-016-1148-9 (2017).

 31. MacDonald, J. Hearing Lips and Seeing Voices: the Origins and Development of the ‘McGurk Effect’ and Reflections on Audio–Visual 
Speech Perception Over the Last 40 Years. Brill (2017).

 32. Walker, S., Bruce, V. & O’Malley, C. Facial identity and facial speech processing: Familiar faces and voices in the McGurk effect. 
Perception & Psychophysics 57, 1124–1133 (1995).

 33. Magnotti, J. F. & Beauchamp, M. S. A Causal Inference Model Explains Perception of the McGurk Effect and Other Incongruent 
Audiovisual Speech. PLoS Comput Biol 13, e1005229, https://doi.org/10.1371/journal.pcbi.1005229 (2017).

 34. Parise, C. V., Spence, C. & Ernst, M. O. When correlation implies causation in multisensory integration. Current Biology 22, 46–49 
(2012).

 35. Denison, R. N., Driver, J. & Ruff, C. C. Temporal structure and complexity affect audio-visual correspondence detection. Front 
Psychol 3, 619, https://doi.org/10.3389/fpsyg.2012.00619 (2012).

 36. Green, K. P., Kuhl, P. K., Meltzoff, A. N. & Stevens, E. B. Integrating speech information across talkers, gender, and sensory modality: 
Female faces and male voices in the McGurk effect. Attention, Perception, & Psychophysics 50, 524–536 (1991).

 37. Paolacci, G., Chandler, J. & Ipeirotis, P. G. Running Experiments on Amazon Mechanical Turk. Judgment and Decision Making 5, 
411–419 (2010).

 38. Buhrmester, M., Kwang, T. & Gosling, S. D. Amazon’s Mechanical Turk: A New Source of Inexpensive, Yet High-Quality, Data? 
Perspect Psychol Sci 6, 3–5, https://doi.org/10.1177/1745691610393980 (2011).

 39. R: A language and environment for statistical computing (R Foundation for Statistical Computing, Vienna, Austria, 2017).
 40. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using lme4. Journal of Statistical Software, 1–48 (2015).
 41. Kass, R. E. & Raftery, A. E. Bayes factors. Journal of the American Statistical Association 90, 773–795 (1995).

http://dx.doi.org/10.1371/journal.pone.0000943
http://dx.doi.org/10.1016/j.conb.2009.06.008
http://dx.doi.org/10.1016/j.tins.2004.10.007
http://dx.doi.org/10.1037/a0023100
http://dx.doi.org/10.1016/j.neuroimage.2011.07.024
http://dx.doi.org/10.1097/01.wnr.0000074343.81633.2a
http://dx.doi.org/10.1371/journal.pone.0019812
http://dx.doi.org/10.1121/1.4728187
http://dx.doi.org/10.1016/j.cub.2005.03.046
http://dx.doi.org/10.1007/s10803-007-0521-y
http://dx.doi.org/10.1177/1362361317704413
http://dx.doi.org/10.1016/j.comppsych.2008.06.004
http://dx.doi.org/10.3758/s13423-016-1148-9
http://dx.doi.org/10.1371/journal.pcbi.1005229
http://dx.doi.org/10.3389/fpsyg.2012.00619
http://dx.doi.org/10.1177/1745691610393980


Unco
rre

ct
ed

 p
ro

of

www.nature.com/scientificreports/

1 0Scientific RepoRts | _#####################_ | DOI:10.1038/s41598-018-36772-8

Acknowledgements
This research was supported by NIH R01NS065395 to MSB. JFM was supported by the NLM Training Program 
in Biomedical Informatics (NLM Grant No. T15LM007093) administered by the Gulf Coast Consortia. KBS and 
MS are undergraduates at Rice University and were supported by the Howard Hughes Medical Institute through 
the Precollege and Undergraduate Science Education Program. LLZ was supported by NIH F30DC014911 and 
Baylor Research Advocates for Student Scientists.

Author Contributions
K.B.S., M.S., J.M. and L.L.Z. performed the experiments. J.F.M. analyzed the data. J.F.M. and M.S.B. wrote 
the manuscript. All authors conceived and designed the experiments, interpreted the experimental results, 
contributed to the final manuscript, and approved of manuscript submission.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	A causal inference explanation for enhancement of multisensory integration by co-articulation
	Results
	Experiment 1: Repetition with Co-Articulation Increases McGurk Prevalence. 
	Experiment 2: Repetition without co-articulation does not change McGurk prevalence. 
	Experiment 3: Repetition of Talker Does Not Change McGurk Prevalence. 
	Experiment 4: On-line vs. in-person testing does not change McGurk prevalence. 

	Discussion
	Other factors contributing to the observed results. 
	Using Amazon Mechanical Turk for studying individual differences in speech perception. 

	Conclusions
	Method
	General Procedure. 
	Experiment 1. 
	Participants. 
	Stimuli. 
	Procedure. 

	Experiment 2. 
	Participants. 
	Stimuli. 
	Procedure. 

	Experiment 3. 
	Participants. 
	Stimuli. 
	Procedure. 

	Experiment 4. 
	Participants. 
	Stimuli. 
	Procedure. 

	Experiments 1–4: Data analysis. 

	Acknowledgements
	Figure 1 Significant effect of syllable repetition with co-articulation.
	Figure 2 (A) No effect for syllable repetition without co-articulation.
	Figure 3 No difference between in-person and online testing.
	Figure 4 Causal inference explanation of repetition with co-articulation.


