
BRIEF REPORT

Sensorimotor influences on speech perception in pre-babbling
infants: Replication and extension of Bruderer et al. (2015)

Dawoon Choi1 & Alison G. Bruderer2 & Janet F. Werker1

Published online: 29 April 2019
# The Psychonomic Society, Inc. 2019

Abstract
The relationship between speech perception and production is central to understanding language processing, yet remains under
debate, particularly in early development. Recent research suggests that in infants aged 6 months, when the native phonological
system is still being established, sensorimotor information from the articulators influences speech perception: The placement of a
teething toy restricting tongue-tip movements interfered with infants’ discrimination of a non-native contrast, /Da/-/da/, that
involves tongue-tip movement. This effect was selective: A different teething toy that prevented lip closure but not tongue-tip
movement did not disrupt discrimination. We conducted two sets of studies to replicate and extend these findings. Experiments 1
and 2 replicated the study by Bruderer et al. (Proceedings of the National Academy of Sciences of the United States of America,
112 (44), 13531-13536, 2015), but with synthesized auditory stimuli. Infants discriminated the non-native contrast (dental /da/ -
retroflex /Da/) (Experiment 1), but showed no evidence of discrimination when the tongue-tip movement was prevented with a
teething toy (Experiment 2). Experiments 3 and 4 extended this work to a native phonetic contrast (bilabial /ba/ - dental /da/).
Infants discriminated the distinction with no teething toy present (Experiment 3), but when they were given a teething toy that
interfered only with lip closure, a movement involved in the production of /ba/, discrimination was disrupted (Experiment 4).
Importantly, this was the same teething toy that did not interfere with discrimination of /da/-/Da/ in Bruderer et al. (2015). These
findings reveal specificity in the relation between sensorimotor and perceptual processes in pre-babbling infants, and show
generalizability to a second phonetic contrast.
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Introduction

Decades of research have investigated speech sound discrim-
ination in infancy, but only recently have researchers begun to
explore how oral-motor processes might interact with, or con-
tribute to, phoneme discrimination. Phonemes are the elemen-
tary building blocks of speech, and their combinatorial power

is one of the key contributors to the rich complexity of lan-
guage. Establishing the native phoneme inventory is thus an
essential first step toward acquisition of the native language.
Infants, like adults, perceive phonemes in a categorical-like
manner, with better discrimination across than within phonetic
category boundaries (Eimas, Siqueland, Jusczyk, & Vigorito,
1971; Werker & Lalonde, 1988). Initially, pre-verbal infants
are sensitive to the phonetic categories of both native and non-
native languages (Werker, Gilbert, Humphrey, & Tees, 1981).
Within the first year of life, infants’ perceptual sensitivities
simultaneously become sharpened to native phonetic distinc-
tions (Kuhl et al., 2006; Narayan, Werker, & Beddor, 2010)
and diminished to many non-native ones (e.g., Best &
McRoberts, 2003; Kuhl, Williams, Lacerda, Stevens, &
Lindblom, 1992; Werker & Lalonde, 1988; Werker & Tees,
1984; see Maurer & Werker, 2014, for a review, including
interesting exceptions to this common pattern).

The acquisition of a proficient oral communication system
requires not only a richly structured auditory linguistic system,
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with phonemes as the basic units, but also the kinematic con-
trol for production. During speech production, the acoustics of
speech that carry linguistically meaningful information occur
synchronously with salient visible and felt facial movements;
each form of information is the product of an underlying
source – the gestures used to produce speech. The dynamic
visual features associated with different facial configurations
and the accompanying head movements are correlated in time
with the dynamic auditory signals of speech, such as the
speech envelope and the fundamental frequency
(Chandrasekaran, Trubanova, Stillittano, Caplier, &
Ghazanfar, 2009; Munhall & Vatikiotis-Bateson, 2004).
Shared amodal attributes (e.g., intensity, duration, tempo,
and rhythm) in both visual and auditory speech signals reflect
articulator actions, and suchmultimodal information enhances
speech perception (e.g., Erber, 1975; Grant & Seitz, 2000;
Sumby & Pollak, 1954). Neurally, concurrent visual stimuli
modulate activity in auditory pathways (Reale et al., 2007;
VanWassenhove, Grant, & Poeppel, 2004), and both auditory
and audiovisual speech activate the speech motor system in
the perceiver (Okada & Hickok, 2009; Skipper, van
Wassenhove, Nusbaum, & Small, 2007). Further, there is ev-
idence that self-produced articulatory movements can alter
adult perception of speech produced by others (Sams,
Möttönen, & Sihvonen, 2005; Scott, Yeung, Gick, &
Werker, 2013), as can disrupting articulator-specific areas in
the premotor cortex (Möttönen, Dutton, & Watkins, 2013).
However, not every study replicates the influence of self-
produced movements on perception (see Matchin, Groulx, &
Hickok, 2014). Moreover, the extent to which auditory-motor
interactions influence the processing of acoustic speech in a
feedforward manner is actively debated (Hickok, Houde, &
Rong, 2011; Rauschecker & Scott, 2009).

The structural development of adult-like language net-
works – including the links between speech perception,
word comprehension, and motor production – occurs over
many years, but the neural organization present at birth
may facili tate the rapid acquisit ion of language.
Neuroimaging studies of young infants show that the struc-
tural connectivity supporting language processing is pres-
ent at or shortly after birth, including very early appearing
pathways linking the auditory cortices to the premotor
areas (Leroy et al., 2011; Perani et al., 2011), and rapidly
developing links to the frontal language areas (e.g.,
Broca’s area) (Dehaene-Lambertz et al., 2006; Dubois
et al., 2015). In line with the anatomical data, in 6-
month-old infants, the left inferior frontal region is active
during speech perception, which suggests that an early link
between the auditory and motor processes is available in
infants before the onset of babbling (Imada et al., 2006).
Further research using MEG has shown that speech motor
areas (including the inferior frontal region) and auditory
areas (superior temporal region) activate equally during

both native and non-native syllable discrimination at 7
months. By 11–12 months, recognizing non-native speech
results in greater activation of motor areas compared to
native speech, while recognizing native speech results in
greater activation in auditory areas compared to non-native
speech (Kuhl, Ramírez, Bosseler, Lin, & Imada, 2014).
These results suggest that motor activation accompanies
speech perception even in preverbal infants; in particular,
such activation may be most important for processing less
familiar sounds, and less involved in perceiving phones for
which there are well-established, Bnative^ representations
(Kuhl et al., 2014). Thus, early-appearing oral-motor influ-
ences on infant speech perception may be enabled by the
structural and functional connectivity that is in place be-
tween sensory and motor areas, even prior to the onset of
canonical babbling.

In fact, growing behavioral evidence suggests that speech
perception is multisensory in infancy. Very young infants,
with minimal sensory experience, can match the sounds of
vowels (Kuhl & Meltzoff, 1982; Patterson & Werker, 1999)
and consonants (MacKain, Best, & Strange, 1981; Pons,
Lewkowicz, Soto-Faraco, & Sebastián-Gallés, 2009) with vi-
sual mouth movements. At the neural level, habituation to
visually articulated vowels influences the evoked responses
to auditory vowels in a phoneme-specific manner in 3-
month-old infants (Bristow et al., 2009). These data indicate
that infants are prepared to detect, or rapidly learn, the cou-
pling between seen and heard speech.

Because the shared information supporting this coupling
comes from the underlying gestures used to produce speech
(see Best, 1995), it is of interest to investigate whether audi-
tory speech perception is influenced by feedback from oral-
motor movements even in early infancy.

Support for a relation between speech perception and oral-
motor movements can be found in research on infant imita-
tion. When tested in auditory-visual matching tasks at 4–5
months of age, nearly half of the infants make mouth move-
ments – particularly during matching trials (Kuhl &
Meltzoff, 1982; see also Patterson & Werker, 1999) – and
many produce vocalizations that perceptually match the
vowels produced by adult speakers (Kuhl & Meltzoff,
1996). Imitation attempts, as evident in relevant mouth
movements, have more recently been reported in newborn
infants (Chen, Striano, & Rakoczy, 2004; Coulon, Hemimou
& Streri, 2013). Furthermore, recent studies explored the
reverse relation, of production influencing infants’ percep-
tion, and demonstrated a correlational relationship between
infants’ own babbling and their consonant discrimination
(Depaolis, Vihman & Keren-Portnoy, 2011; Majorano,
Vihman & DePaolis, 2014). In auditory-visual vowel-
matching studies, infants were better able to match heard
and seen vowels that they could themselves produce
(Streri, Coulon, Marie, & Yeung, 2016). Such studies
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suggest that even preverbal infants may have an Bintermodal
representation^ of speech information across the auditory,
visual, and motor domains (Kuhl & Meltzoff, 1982;
Guellaï, Streri, & Yeung, 2014).

Recently, experimental studies directly manipulating
infant oral-motor movements and testing the impact on
speech perception have been reported. In one of only
two published empirical behavioral experiments (to our
knowledge), manipulating infant lip configurations were
found to influence vowel-matching of auditory and visual
speech at 4.5 months of age (Yeung & Werker, 2013).
Specifically, infants were tested in an Booo^ – Beee^
auditory-visual matching task, while parents held a finger
or teething toy in their infant’s mouth. These manipula-
tions led to a pursing of the lips (as would be used in an
Booo^ production) or a stretching of the lips (as would be
used in an Beee^ production), respectively. The re-
searchers found specific influences from each articulator
manipulation on Booo^ versus Beee^ auditory-visual
matching. This seminal study introduced the method of
manipulating oral-motor movements, but left open the
possibility that the motor influence on speech perception
was mediated by visual speech. Moreover, it involved
testing infants on a native contrast for which the infants
had months of listening and watching experience, and –
because it involved vocalic sounds – involved speech
sounds that infants may already have begun to produce
themselves. Thus, the Yeung and Werker (2013) evidence
of a link between oral-motor movements and speech per-
ception could be explained by experiential-based learning.

In a more recent study of direct relevance to the current
experiments, it was shown that interfering with infants’
own oral-motor movements can interfere directly with au-
ditory speech discrimination of a non-native and hence
unfamiliar consonant distinction (Bruderer, Danielson,
Kandhadai, & Werker, 2015). In the 2015 paper
BSensorimotor influences on speech perception in
infancy,^ Bruderer and colleagues investigated whether
limiting tongue-tip movement would alter English-
learning 6-month-old infants’ (who are not yet producing
consonant-vowel syllables) discrimination of a non-native
phonetic contrast that, during mature production of the two
sounds, differs only in the placement of the tongue-tip.
Several studies have shown this Hindi (non-English) dental
/da/ versus retroflex /Da/ phonetic contrast to be discrimi-
nable by English infants at 6–8 months, but not at 10–12
months (e.g., Best, McRoberts, LeFleur, & Silver-
Isenstadt, 1995; Danielson, Bruderer, Kandhadai,
Vatikiotis-Bateson, & Werker, 2017; Peña, Werker, &
Dehaene-Lambertz, 2012; Rivera-Gaxiola, Silva-Pereyra,
& Kuhl, 2005; Werker & Tees, 1984). In Bruderer et al.
(2015), 6-month-old infants did not discriminate the
minimally-different /da/-/Da/ phonetic contrast when their

tongue-tip movement was limited. Importantly, there was
specificity in the sensorimotor influence: only a flat teether
that interfered with tongue-tip movement attenuated dis-
crimination (Experiment 2, Bruderer et al., 2015), while
discrimination was maintained when a gummy teether –
which allowed tongue-tip movement, but interfered with
lip closure – was held in the infant’s mouth (Experiment
3, Bruderer et al., 2015), or when no sensorimotor manip-
ulation was present (Experiment 1, Bruderer et al., 2015).
The Bruderer et al. (2015) study, therefore, implicates sen-
sorimotor influences on auditory speech perception, even
in the absence of the potentially moderating information
available in visual speech. By using non-native stimuli,
the study also controlled for the possibility of the infants
having learned the link between perception and production
of these specific syllables.

The experiments in the current study were designed to
test the robustness, specificity, and generalizability of the
findings of Bruderer et al. (2015). The first set of studies
tested discrimination of the same phonetic contrast (dental
/da/ vs. retroflex /Da/) and used the same method of lim-
iting tongue-tip movement (see Fig. 1a) as in Experiment
2 of Bruderer et al. (2015), but used single exemplars of
each phone category from a synthetic continuum, rather
than multiple natural exemplars. The second set of stud-
ies, Experiments 3 and 4, explored the generalizability of
the phenomenon and the specificity of the relation be-
tween articulator movement and phonetic discrimination.
Infants were tested on a bilabial /ba/ versus dental /da/
place of articulation contrast while inhibiting bilabial clo-
sure of the infant’s mouth with the same gummy teether
(see Fig. 1b) that did not interfere with /da/-/Da/ discrim-
ination in Experiment 3 of Bruderer et al. (2015).
Moreover, the /ba/-/da/ distinction is native to English-
learning infants, thus one they would have heard and seen
produced. Therefore, we tested the question of whether
the motor influence persisted even for familiar phoneme
discrimination. To parallel the first set of studies, synthet-
ic auditory stimuli were taken from the same continuum
used in Experiments 1 and 2 for Experiments 3 and 4
(Werker & Lalonde, 1988).

Experiments 1 and 2: Replication
of the influence of limiting tongue-tip
movement on pre-babbling infants’
discrimination of dental and retroflex
plosives

Rationale

In this study set, two separate experiments (Experiment 1
and Experiment 2) were conducted to replicate the first two

1390 Psychon Bull Rev (2019) 26:1388–1399



studies in Bruderer et al. (2015). The testing procedure, the
visual stimuli, the paradigm, and the demographics of the
infant sample (e.g., age range, minimum gestation, lan-
guage background) were identical to the original studies.
Only the auditory stimuli differed in that they were synthe-
sized rather than naturally produced. Two separate experi-
ments were conducted. Experiment 1 was conducted to
validate that infants can discriminate the synthesized den-
tal and retroflex phonetic categories using the Alternating
(Alt)/ Non-Alternating (NAlt) looking time procedure.
Experiment 2 was conducted to examine infants’ perfor-
mance on the same speech discrimination task while care-
givers held a teething toy in the infant’s mouth that limited
tongue-tip movement.

Experiment 1

Methods

Participants Participants were 24 English-learning infants
(12 females; mean age, 5 months 27 days; range, 5
months 15 days to 6 months 13 days) who had a min-
imum of 90% exposure to English and no exposure to
languages that contain the non-native contrast under in-
vestigation (see Supplementary Material, Section 1 for
excluded infants).

All participants were full term (> 38 weeks) with no
known hearing impairments or developmental disorders.
Based on estimated effect sizes from comparable studies,
the pre-determined sample size was 24 infants for
Experiments 1–4. Previous studies that have used the

Alt-NAlt procedure with a sample size of 24 per group
reported medium effect sizes (Maye, Werker, & Gerken,
2002; Teinonen, Aslin, Alku, & Csibra, 2008; Tyler
et al., 2014; Yeung, Chen, & Werker, 2013). One study
that used the Alt-NAlt method to study tonal discrimina-
tion in infants used a sample size of 16 infants per age
group, and demonstrated large effect sizes for 4- and 6-
month-olds, but a small effect size for 9-month-olds
(Mattock et al., 2008). The original study by Bruderer
et al. (2015) used a sample size of 24 infants in their
tes t of auditory-only perceptual discr iminat ion
(Experiment 1, Bruderer et al., 2015) and showed a me-
dium effect size (ηp

2=.16). Taking the estimated popula-
tion effect size value from the sample effect size of
ηp

2=.16, an a priori power analysis for a repeated-
measures ANOVA with two repeated measures (Trial
Type and Pair), under the assumption of a conservative
correlation of 0.5 between variables, showed that a sam-
ple size of 24 would result in a power of 0.78 (using
G*Power version 3.1; Faul, Erdfelder, Lang, & Buchner,
2007).

Stimuli The auditory stimuli were selected from a synthet-
ically created five formant, place of articulation voiced-
plosive 16-step continuum, where F2 and F3 were
varied. The stimuli were originally created for Werker
and Lalonde (1988) with the Mattingly synthesizer on
the VAX 11/780 (Haskins Laboratories, New Haven,
CT, USA). Werker and Lalonde (1988) reported that na-
tive Hindi speakers perceived tokens from the continuum
as three phoneme categories – bilabial /ba/, dental /da/,
and retroflex /Da/ – whereas English speakers perceived
two phoneme categories – bilabial /ba/ and alveolar /da/.
For the current studies, we confirmed with a 16-step
continuum, and with new participants, that adult Hindi
speakers perceive the three distinct aforementioned pho-
nemic categories (see Supplementary Material, Section 2
for stimuli details). For this experiment, stimuli /9da/ and
/15Da/ were used to test Hindi dental /da/ versus retro-
flex /Da/, a pairing shown to be discriminable by infants
this age (e.g., Werker & Lalonde, 1988).

For each trial, participants heard a 14-s sound se-
quence composed of 14 individual tokens with a stimu-
lus onset asynchrony (SOA) of 1 s (interstimulus inter-
val (ISI) of 725 ms), paired with a neutral visual stim-
ulus (static black and white checkerboard). In between
the test trials, a moving object appeared and remained
on the screen until the infants oriented their attention to
the screen, at which point the experimenter initiated the
next trial, and the checkerboard was shown again.

Apparatus The visual stimuli were presented on a 22-in. LCD
monitor via the SMI dedicated software BExperimenter

Fig. 1 (a) An infant with a flat teething toy placed in his mouth by a
caregiver. The teething toy is placed just far enough to impede the
movement of the tongue tip. (b) An infant with a gummy teething toy
placed in his mouth by a caregiver. The soft, u-shaped mould matches an
infant’s gum contour and is placed in between the gums while the hard
cover rests on his lips

Psychon Bull Rev (2019) 26:1388–1399 1391



Center^ from a Dell PC. The infants were seated on their
parent’s or caregiver’s lap, on a chair distanced approximately
55 cm away from the display. An eye-tracker (SensoriMotor
Instruments Inc.) mounted beneath the external monitor was
used to record the infant’s gaze to the visual stimulus. A split
screen of the eye-tracking information was recorded, as well
as a video of the participant’s face via iMovie onto aMacBook
Pro, from which the experimenter monitored the participant.
The auditory stimuli were presented at 70 dB through a single-
drive speaker (Fostex 6301NX) located directly behind the
screen. Caregivers’ hearing was masked through a pair of
headphones.

Design and procedure The design followed a standard al-
ternating (Alt)/non-alternating (NAlt) looking time proce-
dure, whereby infants’ looking times in two trial types
(Alt and NAlt) are compared (Best & Jones, 1998b;
Feldman, Myers, White Griffiths, & Morgan, 2013;
Mattock, Molnar, Polka, & Burnham, 2008; Maye,
Werker, & Gerken, 2002; Yeung, Chen, & Werker,
2013). Specifically, Alt trials contained sequences of
both phones from the contrast, and NAlt trials contain
sequences of only one of the phones. Each infant, sitting
on their caregiver’s lap, was exposed to eight trials –
four Alt trials and four NAlt trials – which were present-
ed in an alternating fashion such that no two trials of the
same type were presented in a row. Eight different order
types were developed; half of the orders started with an
Alt trial and half of the orders started with a NAlt trial
(see Supplementary Material, Sections 3 and 4 for
counterbalancing and order details). The main indepen-
dent variable was the Trial Type (Alt or NAlt), and the
dependent variable was Total Infant Looking Time to the
checkerboard for each trial (see Supplementary Material,
Section 5 for procedural details).

Data were analyzed using two different analysis ap-
proaches, as proposed in our pre-registration. In the first
analysis, we conducted a repeated-measures within-sub-
ject ANOVA with Trial Type (Alt/NAlt) and Pair (first,
second, third, or fourth sequence) as within-subject fac-
tors. Each trial Pair consisted of a single Alt and a single
NAlt trial, and each infant heard four Pairs sequentially.
If Mauchly’s test of sphericity was significant using a
l ibera l a lpha cr i te r ion (∝ = 0.15) , we used the
Greenhouse-Geisser correction for epsilon < 0.75, and
the Hyunh-Feldt correction for epsilon > 0.75 to adjust
the degrees of freedom. In the second analysis, we con-
ducted a Bayesian t-test on the average looking time data
across the Pairs with a default Cauchy prior scale set to r
= 0.707 (Wagenmakers et al., 2018), and calculated the
Bayes Factor (BF) using JASP (2017, version 0.9.1) (see
Supplementary Material, Section 6 for details on
Bayesian analysis).

Longer looking time to either Alt or NAlt trials has
been interpreted as indicative of discrimination in previ-
ous research (see Best & Jones, 1998; Bruderer et al.,
2015; Tyler, Best, Goldstein, & Antoniou, 2014, for
longer looking to Alt sequences, and Maye, Werker, &
Gerken, 2002; Teinonen, Aslin, Alku, & Csibra, 2008;
Yeung & Werker, 2009, for longer looking to NAlt
sequences), meaning a significant difference in looking
time to either Trial Type is taken as evidence of dis-
crimination. However, given the results from Bruderer
et al. (2015) with the natural tokens of this same pho-
netic contrast, it was predicted for this experiment that
infants would look longer at Alt than at NAlt trials if
they can discriminate the Hindi /da/-/Da/ distinction.

Results

Repeated-measures ANOVA analysis A 2 (Trial Type) × 4
(Pair) repeated-measures ANOVA was conducted on the
looking time data. The analysis revealed a significant
main effect of Pair, F(1.94, 44.66) = 5.12, P = 0.011,
ηp

2 = 0.18, which indicates that infants’ looking times
declined as the trials progressed, a behavior typical in
looking time paradigms with multiple trials. Mauchly’s
test showed that the assumption of sphericity had been
violated (χ2(5) = 17.11, P = 0.004), therefore degrees of
freedom were corrected using Greenhouse-Geisser esti-
mates of sphericity (ℇ = 0.71). The quadratic contrast
was significant, F(1, 23) = 14.200, P = 0.001, ηp

2 =
0.382, indicating an initial increase in looking time
followed by a decline. There was also a significant main
effect of Trial Type, F(1, 23) = 5.82, P = 0.024, ηp

2 =
0.20; infants looked significantly longer to the Alt trials
(M = 9.55 s, SD = 0.37) compared to the NAlt trials (M
= 9.10 s, SD = 0.40) as in Bruderer et al. (see Fig. 2).
The Pair by Trial Type interaction was not significant
F(3,69) = 2.46, P = 0.070, ηp

2 = 0.097.

Bayesian analysis Bayesian paired-samples t-tests were
conducted on the average looking times of each Trial
Type (Alt and NAlt). In the first analysis, we calculated
the Bayesian Factor (BF) for the H0 (equal average
looking times between Alt and NAlt) against the two-
sided Ha (different average looking times between Alt
and NAlt). We report that BF10 was 2.32, indicating that
the data are 2.32 times more likely under the alternative
hypothesis. In the second analysis, based on the previ-
ously reported results (Experiment 1, Bruderer et al.,
2015) that infants looked longer to Alt trials, we con-
ducted a one-sided Ha that the average looking time dur-
ing Alt trials is greater than the average looking time
during NAlt trials (BF+0 = 4.57). The BF shows that
the observed data are 4.57 more likely under Ha, and
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following the conventions of Lee and Wagenmakers
(2014), this indicates moderate evidence that looking
time during Alt trials is greater than during NAlt trials
(see Supplementary Material, Section 6, Fig. 1).

Discussion

Results from Experiment 1 replicate the previous findings that
English-learning infants discriminate the non-native dental
/da/-retroflex /Da/ phonetic contrast using the Alt-NAlt proce-
dure (Experiment 1, Bruderer et al., 2015), and do so with
synthesized stimuli. These results are also in line with previ-
ous studies demonstrating infant discrimination of this non-
native phonetic contrast using other methods (e.g., Werker &
Lalonde, 1988; Werker & Tees, 1984).

Experiment 2

This experiment was designed to be a replication of
Experiment 2 in Bruderer et al. (2015). Specifically, we asked
whether the insertion of a teether that interferes with tongue-
tip movement would prevent discrimination of the Hindi den-
tal /da/-retroflex /Da/ phonetic contrast. Evidence consistent
with this hypothesis would be provided by a non-significant
difference in looking time to the Alt versus the NAlt trials,
whereas a significant difference in looking time between the
two trial types would falsify the hypothesis.

Methods

The age and language criteria of the sample were iden-
tical to Experiment 1. Twenty-four English-learning in-
fants (12 females; mean age, 5 months 28 days; range,
5 months 16 days to 6 months 14 days) participated in
the experiment (see Supplementary Material, Section 1
for excluded infants).

The stimulus set, setup, and apparatus were identical to
Experiment 1, with the exception that infants in Experiment
2 were given a flat teething toy (Tomy Learning Curve Fruity
Teethers, Oak Brook, IL, USA) that limited movement of the
tongue-tip. The caregiver placed the teether gently in the in-
fant’s mouth, holding it above the tongue and just far enough
into the mouth to impede full tongue-tip movement (see Fig.
1a). The design and procedure were also identical to
Experiment 1, with the exception that in Experiment 2, the
caregiver held a teething toy in the infant’s mouth for the
duration of the study.

Results

Repeated-measures ANOVA analysis A 2 (Trial Type) × 4
(Pair) repeated-measures ANOVA was conducted on the
looking time data. There was a significant main effect of
Pair, F(2.64, 60.79) = 7.21, P = 0.001, ηp

2 = 0.24,
which indicated that looking time declined across the
four Pairs of trials. Mauchly’s test indicated that the
assumption of sphericity had been violated (χ2(5) =
10.33, P = 0.067), therefore degrees of freedom were
corrected using Hyunh-Feldt estimates of sphericity
(ℇ = 0.79). The linear contrast was significant, F(1,23)
= 13.04, P = 0.001, ηp

2 = 0.36. There was no main
effect of Trial Type, F(1,23) < 0.001, P=0.98, ηp

2 <
0.001, indicating that the average looking time to the
Alt and NAlt trials did not significantly differ. Overall,
when the infants had a flat teething toy in their mouth,
there was no significant difference in looking time to
Alt (M = 9.61 s, SD = 0.49) compared to NAlt (M =
9.60 s, SD = 0.48) trials (see Fig. 3). There was no
interaction of Trial Type and Pair F(3,69) = 1.38, P =
0.26, ηp

2 = 0.057, indicating a similar pattern of looking
to both trial types across the four Pairs of trials.

Bayesian analysis A Bayesian paired-samples t-test was con-
ducted on the average looking times of each trial type for H0

(equal average looking times for Alt and NAlt trials) against
the two-sided Ha that the looking times during Alt and NAlt
trials differ. We report BF01 of 4.66, indicating that the data
were 4.66 times more likely to occur under the null hypothe-
sis. The moderate evidence for H0 (Lee & Wagenmakers,
2014) suggests that infants did not discriminate between the

Fig. 2 Average looking time to each of the trial types (Alt in red and NAlt
in blue) across the four pairs of trials during auditory discrimination of the
non-native contrast (Experiment 1)
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two phones in Experiment 2 (see Supplementary Material,
Section 6, Fig. 2).

Discussion

In Experiment 2, we showed that when movement of the in-
fants’ tongue-tip was inhibited, infants were not able to dis-
criminate the non-native dental /da/ - retroflex /Da/ contrast,
which differs mainly in the placement of the tongue-tip.
Infants’ lack of discrimination, shown here with synthesized
stimuli, replicates the findings reported in Experiment 2 of
Bruderer et al. (2015). This provides further support for the
hypothesis that there are sensorimotor influences on phonetic
discrimination in young infants.

Experiments 3 and 4: An extension study
examining the influence of limiting bilabial
closure on infants’ discrimination of bilabial
and dental stop consonants

Rationale

In the second set of experiments, we investigated whether
sensorimotor influences on speech perception are specific to
the manipulation of the tongue-tip or extend to other oral-
motor articulators, such as the lips. Accordingly, we tested
whether infants’ discrimination of the bilabial plosive /ba/
versus dental plosive /da/ is influenced by a teething toy that
prevents movement of the lips. Experiment 3 was conducted

to validate that infants can discriminate the synthesized bila-
bial and dental plosive phonetic categories in the alternating/
non-alternating procedure. Experiment 4 was conducted to
examine infants’ performance on the identical phonetic dis-
tinction (/ba/ vs. /da/) when the oral-motor movements are
altered by the presence of a teething toy that selectively en-
gages the lips and prevents a bilabial closure.

Experiment 3

Methods

Twenty-four 6-month-old English-learning infants (12 fe-
males; mean age, 5 months 29 days; range, 5 months 16 days
to 6 months 10 days) participated in the experiment (see
Supplementary Material, Section 1 for excluded infants).
The participant criteria, sample size, apparatus, design, and
method procedure were identical to Experiment 1; only the
auditory stimuli differed. Infants completed an Alt/NAlt pho-
netic discrimination task of the bilabial /ba/ versus dental /da/
place-of-articulation contrast with stimuli /3ba/ and /9da/,
respectively.

Results

Repeated-measures ANOVA analysis A 2 (Trial Type) × 4
(Pair) repeated-measures ANOVA was conducted on the
looking time data. The analysis revealed a significant main
effect of Pair, F(2.53, 58.17) = 7.82, P < 0.001, ηp

2 = 0.26,
indicating that infants’ looking time declined across the trials.
Mauchly’s test indicated that the assumption of sphericity had
been violated (χ2(5) = 10.62, P = 0.060), therefore degrees of
freedom were corrected using Hyunh-Feldt estimates of sphe-
ricity (ℇ = 0.76). A follow-up indicated a significant linear
contrast, F(1,23) = 14.74, P = 0.001, ηp

2 = 0.39. Further, there
was a significant main effect of Trial Type,F(1,23) = 4.58, P =
0.043, ηp

2 = 0.166, indicating longer looking to NAlt trials (M
= 9.35 s, SD = 0.47) compared to Alt trials (M = 8.68 s, SD =
0.42) (see Fig. 4). There was no significant interaction be-
tween Trial Type and Pair F(3,69) = 0.22, P =0.89, ηp

2 =
0.009.

Bayesian analysis Bayesian paired-samples t-tests were con-
ducted on the average looking times of each Trial Type (Alt
and NAlt) for the two-sided Ha (different average looking
times between Alt and NAlt trials) against the H0 (equal aver-
age looking times for Alt and NAlt trials). We report BF10 =
1.46, indicating that the data are 1.46 more likely to occur
under the Ha. However, one subject had a difference score that
exceeded 2.5 standard deviations away from the mean.
Removing this outlier, the analysis showed BF10 = 8.92, indi-
cating moderate evidence (Lee &Wagenmakers, 2014) for Ha

Fig. 3 Average looking time to each of the trial types (Alt in red and NAlt
in blue) across the four pairs of trials during auditory discrimination of the
non-native contrast while infants hold a tongue-tip movement inhibiting
teething toy (Experiment 2)
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that looking times differ between Alt and NAlt trials (see
Supplementary Material, Section 6, Fig. 3).

Discussion

These data indicate that 6-month-old English-learning infants
can discriminate the native bilabial /ba/ versus dental /da/
phonetic contrast as revealed by differences in looking time
to the two trial types. While infants looked longer to Alt trials
when hearing non-native dental /da/ versus retroflex /Da/
(Experiment 1 above; Bruderer et al., 2015), here, infants
looked longer to NAlt trials when hearing the native /ba/ ver-
sus /da/ contrast. The distinct directionality of looking-
preference was surprising, but previous studies (as reviewed
in Experiment 1) have taken as evidence differential looking
in either direction in the Alt/NAlt paradigm.

Experiment 4

This experiment was designed to test the generalizability of
the finding that preventing articulator-specific movement in-
terferes with phonetic discrimination. As such, Experiment 4
examined infants’ ability to discriminate the native bilabial
/ba/ versus dental /da/ distinction when the infants’ lip closure
was prevented with a gummy teething toy. If discrimination of
this native phonetic contrast can be disrupted by a relevant
oral-motor restriction, then we expected infants to not show
discrimination. Evidence consistent with this hypothesis
would be provided by a non-significant difference in looking
time to the Alt versus the NAlt trials, whereas a significant

difference in looking time between the two trial types would
falsify this hypothesis.

Methods

Twenty-four English-learning infants (12 females; mean age,
6 months 0 days; range, 5 months 16 days to 6 months 15
days) participated in the experiment (see Supplementary
Material, Section 1 for excluded infants). The participant
criteria, sample size, apparatus, design, and procedure were
identical to Experiment 2. Only the auditory stimuli and the
sensorimotor manipulations differed. Infants completed an
Alt/NAlt phonetic discrimination task with the bilabial plo-
sive /ba/ and dental plosive /da/ contrast (as used in
Experiment 3) while the caregiver held a teething toy that
limited bilabial closure (Nuby Gum-eez, Monroe, LA) in the
infant’s mouth. The caregiver placed the gummy teether
gently in the infant’s mouth such that the gum-shaped sili-
cone mould rested over the gums, and the hard shell rested
over the lips, impeding lip closure (see Fig. 1b).

Results

Repeated-measures ANOVA analysis A 2 (Trial Type) × 4
(Pair) repeated-measures ANOVA was conducted on the
looking time data. The analysis revealed a non-significant
main effect of Pair, F(2.15, 49.51) = 2.95, P = 0.058, ηp

2 =
0.11, indicating that the infants’ looking time did not signifi-
cantly decline across the trials. Mauchly’s test indicated that
the assumption of sphericity had been violated (χ2(5) = 13.02,
p = 0.023), therefore degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity (ℇ = 0.717). There
was no main effect of Trial Type F(1,23) = 0.46, P = 0.50, ηp

2

= 0.020, indicating that the pattern of looking time to the Alt
and NAlt trials did not significantly differ. Overall, when the
infants had a gummy teething toy inserted in their mouths,
their looking time to Alt trials (M = 9.30 s, SD = 0.44) com-
pared to NAlt (M = 9.08 s, SD = 0.46) trials did not differ (see
Fig. 5). There was no interaction of Trial Type and Pair
F(3,69) = 1.32, P = 0.27, ηp

2 = 0.054, indicating similar pat-
terns of looking to both trial types across the four Pairs of
trials.

Bayesian analysis A Bayesian paired-samples t-test was con-
ducted on the average looking times of each trial type for H0

(equal average looking times for Alt and NAlt trials) against
the two-sided Ha that the looking times during Alt and NAlt
trials differ. We report that BF01 was 3.78, which indicates
that the data were 3.78 times more likely (moderate
evidence, Lee & Wagenmakers, 2014) to occur under H0

than under Ha. Thus, we conclude that infants did not dis-
criminate between the two phones (see Supplementary
Material, Section 6, Fig. 4).

Fig. 4 Average looking time to each of the trial types (Alt in red and NAlt
in blue) across the four pairs of trials during auditory discrimination of the
native contrast (Experiment 3)
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Discussion

The results from Experiment 4 show that when full lip closure
is prevented, infants are not able to discriminate the native
bilabial /ba/ versus dental /da/ phonetic contrast. This result
indicates that even when the teething toy prevents achieve-
ment of the oral-motor movement involved in only one of
the phones in the contrast (in this case, the bilabial /ba/), dis-
crimination can be disrupted. Notably, the same gummy teeth-
ing toy did not disrupt the Hindi dental /da/ versus retroflex
/Da/ discrimination in (Experiment 3, Bruderer et al., 2015),
demonstrating that preventing movement of an articulator that
is not involved in the production of the phones in the contrast
does not influence perception.

General discussion

The results from these four experiments advance our under-
standing of how, in infancy, oral-motor processes might inter-
act with, or influence, speech sound discrimination. In partic-
ular, they reveal that impeding oral-motor movements associ-
ated with the production of specific phones interferes with
infants’ discrimination of those phones. A flat teether
inhibiting tongue-tip movement prevented discrimination of
a place of articulation distinction involving tongue-tip move-
ments, and a gummy teether inhibiting a bilabial closure
prevented discrimination of a distinction involving a bilabial
versus other (dental) phone. As noted above, this gummy

teether did not interfere with discrimination of the dental /da/
versus retroflex /Da/ distinction in (Experiment 3, Bruderer
et al., 2015), thus providing the strongest evidence to date that
there is specificity in the relation between disrupted oral-
motor movements and speech sound discrimination.

The fact that these findings were observed at an age when
infants do not yet produce well-formed consonant-vowel syl-
lables suggests that infants’ existing neural circuitry is suffi-
cient to support this behavior without specific experience.
Whether the relation stems from information transfer between
motor and auditory areas, or whether there is a single neural
circuit supporting both, can only be answered by targeted
neuroimaging work. Additionally, it remains to be determined
whether the motor and auditory representations are precise
enough to support experience-independent linking of specific
oral-motor gestures to specific phonetic properties, or whether
that specification is rapidly achievedwith experience, drawing
attention to the relevant articulators by inhibiting their
movement.

We hypothesized (see also Streri, Coulon, Marie, & Yeung,
2016) that motor movements might most profoundly impact
speech perception in young infants before the native phoneme
repertoire becomes well established. Consistent with this, in
Kuhl et al. (2014), while neural activation of motor areas was
evident in response to native and non-native phonemes at 7
months, motor area activation was only evident at 11 months
when infants heard non-native speech. Our behavioral results
in Experiments 3 and 4 with 6-month-old infants similarly
indicate that – at this young age – it is not only non-native,
but also native phonetic discrimination that is disrupted by
preventing movement of the relevant articulator. Further be-
havioral work with infants 10–12 months or older, who have
already attuned to the sounds of the native language, could
determine whether discrimination of the native contrast /ba/
-/da/ is no longer disrupted even with motor interference. If
disruption is no longer evident, then the hypothesis that motor
feedback is most influential prior to attunement would be
strengthened. Finally, given that the gummy teether only dis-
rupts lip closure but does not prevent tongue-tip movement,
Experiment 4 provides evidence that preventing the oral-
motor movement associated with the production of only one
of the phones in a minimal pair contrast may be sufficient to
disrupt discrimination. Further research is required to confirm
the generalizability of this finding.

While it is tempting to interpret these results as showing a
strong relation between perception and production in infant
speech perception, there are several caveats. First and fore-
most, we have no evidence that infants spontaneously move
their articulators when listening to speech. Thus, we do not
know whether infants use their own motor movements to sup-
port discrimination. We only demonstrate that discrimination
is disrupted if the relevant articulators are prevented from
moving. In future work, it would be informative to image

Fig. 5 Average looking time to each of the trial types (Alt in red and NAlt
in blue) across the four pairs of trials during auditory discrimination of the
native contrast while infants hold a lip movement inhibiting teething toy
(Experiment 4)
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the articulators, perhaps through ultrasound, while infants are
listening to speech to determine if relevant oral-motor move-
ments can be observed. An additional avenue for future work
will be to test infants who, by way of oral-motor
dysmorphologies, are unable to move their articulators in par-
ticular ways and to test whether discrimination of related
sounds is lacking in these infants. There are some studies to
suggest this may be the case; children 7 years of age with a
repaired cleft palate who show posterior placement of alveolar
targets could not distinguish /th/ and /kh/ in an identification
task with a synthesized continuum with those two sounds as
end points (Whitehill, Francis, & Ching, 2003).

It is of interest that infants in Experiment 1 showed dis-
crimination by exhibiting longer looking to Alt over NAlt
trials and that infants in Experiment 3 showed discrimination
by longer looking to NAlt over Alt trials (see Fig. 6). In our
pre-registration, we had indicated that discrimination would
be inferred irrespective of the directionality. While the direc-
tion was the same in Experiment 1 (dental /da/ - Retroflex /Da/
) as in the earlier work with naturally produced versions of
these syllables (Bruderer et al., 2015), the fact that it differed,
albeit with a different (and in this case, Bnative^) phonetic
contrast for Experiment 3 (bilabial /ba/ - dental /da/), is unex-
plained. It is possible that because English-learning infants are
familiar with the contrast and are used to hearing both syllable
types, repetition of only one sound is more unusual to them,
therefore leading to longer listening time to NAlt trials. Some
support for this possibility comes from the fact that when a
familiarization phase precedes Alt versus NAlt testing, longer
looking to NAlt has been reported (e.g., Maye, Werker, &
Gerken, 2002; Teinonen, Aslin, Alku, & Csibra, 2008;
Yeung & Werker, 2009). However, this hypothesis is yet

unconfirmed, and further work with more native and non-
native distinctions is required.

In summary, across a series of four experiments, we pro-
vided evidence that inhibiting relevant oral-motor movements
can interfere with speech sound discrimination in young in-
fants. These results add to the growing evidence (Bruderer
et al., 2015; Kuhl et al., 2014; Yeung & Werker, 2013) of a
specific link between production and perception, even in in-
fants who are not yet able to produce well-formed consonant-
vowel syllables.
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