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1  | INTRODUC TION

1.1 | Phoneme representation in auditory, motor, 
and perceptuo‐motor theories of speech perception

Understanding the nature of phoneme representations remains an 
outstanding challenge for speech perception theories. The process 

by which a listener extracts information from the acoustic signal 
to identify phoneme categories remains largely unclear, because 
of the complexity of the mapping between sounds and phonemes. 
Contrasting theories have been developed to explain the process of 
phoneme categorization. Auditory theories propose that the acous‐
tic signal is directly matched to phonemic representations. The basic 
cues underlying phoneme identification would thus be purely audi‐
tory, independently from any use of motor information (Diehl, Lotto, 
& Holt, 2004). In contrast, motor theories (Galantucci, Fowler, & 
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Abstract
The influence of motor knowledge on speech perception is well established, but the func‐
tional role of the motor system is still poorly understood. The present study explores the 
hypothesis that speech production abilities may help infants discover phonetic categories 
in the speech stream, in spite of coarticulation effects. To this aim, we examined the influ‐
ence	of	babbling	abilities	on	consonant	categorization	in	6-	and	9-month-old	infants.	Using	
an intersensory matching procedure, we investigated the infants’ capacity to associate au‐
ditory information about a consonant in various vowel contexts with visual information 
about the same consonant, and to map auditory and visual information onto a common 
phoneme	representation.	Moreover,	a	parental	questionnaire	evaluated	the	infants’	con‐
sonantal repertoire. In a first experiment using /b/–/d/ consonants, we found that infants 
who displayed babbling abilities and produced the /b/ and/or the /d/ consonants in repeti‐
tive sequences were able to correctly perform intersensory matching, while non‐babblers 
were not. In a second experiment using the /v/–/z/ pair, which is as visually contrasted as 
the /b/–/d/ pair but which is usually not produced at the tested ages, no significant match‐
ing was observed, for any group of infants, babbling or not. These results demonstrate, for 
the first time, that the emergence of babbling could play a role in the extraction of vowel‐
independent representations for consonant place of articulation. They have important 
implications for speech perception theories, as they highlight the role of sensorimotor in‐
teractions in the development of phoneme representations during the first year of life.
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Turvey,	2006;	Liberman,	1957;	Liberman	&	Mattingly,	1985)	argue	
that phoneme identification proceeds through a systematic recod‐
ing of the sensory input in terms of the articulatory gestures that are 
used to produce the speech sounds.

Neurophysiological studies have brought evidence that motor 
procedural knowledge is activated during speech perception tasks. 
Brain	areas	 involved	 in	 the	planning	and	execution	of	 speech	ges‐
tures are recruited during visual, audio‐visual, as well as purely audi‐
tory	speech	perception	tasks	(Möttönen,	Järveläinen,	Sams,	&	Hari,	
2004;	Ojanen	et	al.,	2005;	Pulvermüller	et	al.,	2006;	Wilson,	Saygin,	
Sereno, & Iacoboni, 2004; see Skipper, Devlin, & Lametti, 2017 for 
a recent review). The view that perception and production systems 
are closely linked is also strengthened by the finding that perturbing 
the motor system before or during a perception task can modify the 
perceptual decision (d'Ausilio et al., 2009; Ito, Tiede, & Ostry, 2009; 
Meister,	Wilson,	Deblieck,	Wu,	&	Iacoboni,	2007;	Möttönen,	Dutton,	
&	Watkins,	 2013;	 Sato	 et	al.,	 2011).	However,	 none	 of	 these	 data	
provide a clear answer to the question of the putative functional role 
of the motor system in the speech perception process.

In this context, integrative perceptuo‐motor theories have been 
introduced, suggesting that speech perception could rely on both 
auditory	and	motor	mechanisms	(Schwartz,	Basirat,	Ménard,	&	Sato,	
2012;	Skipper,	Van	Wassenhove,	Nusbaum,	&	Small,	2007).	Inspired	
by the classical model of speech recognition by Stevens and Halle 
(1967),	 that	 incorporated	 an	 active	 procedure	 of	 “analysis-by-syn‐
thesis,” Skipper et al. (2007) claimed that the functional role of the 
motor system in speech perception is to constrain the ultimate 
phonetic interpretation. According to Skipper et al. (2007), motor 
system activity constitutes a hypothesis about the phonemes pro‐
duced, and this hypothesis predicts the sensory consequences of 
executing that hypothesis through efference copy. These sensory 
consequences can then be matched with incoming sensory speech 
input to constrain interpretation. Going one step further, Schwartz 
et	al.	(2012)	introduced	the	“Perception-for-Action-Control	Theory,”	
which assumes that speech units are intrinsically sensory‐motor and 
result from a co‐structuration of the motor and auditory knowledge 
acquired in the course of language development. They proposed 
that during language development, motor experience would pro‐
gressively be combined with the early multisensory abilities avail‐
able at birth, structuring and enriching phonetic representations 
that would hence include auditory, visual, somatosensory as well as 
motor features. The present study attempts to test this hypothesis 
by evaluating the relationship between speech motor abilities and 
the perceptual categorization of phonetic units in the first stages of 
phonetic development.

1.2 | The development of speech perception in 
relation to speech production abilities

A slew of studies have established that as early as 1 month of age, 
infants are able to discriminate speech sounds on the basis of pho‐
netic	 cues	 that	 correspond	 to	 adult	 categories	 (Eimas	 &	 Miller,	
1980; Eimas, Siqueland, Jusczyk, & Vigorito, 1971; Jusczyk, Copan, 

& Thompson, 1978; Jusczyk & Thompson, 1978). Since infants at 
that age do not possess the ability to control their vocal tract for 
speech production, these results have been considered as evidence 
that speech perception develops independently of motor experi‐
ence. This was used as a possible argument against motor theories 
of	speech	perception,	and	 led	the	authors	of	the	Motor	Theory	to	
postulate an innate link between speech perception and speech pro‐
duction	(Liberman	&	Mattingly,	1985).

Yet, more recently, a number of studies have examined whether 
articulatory/motor experience could play a role in the development 
of speech perception. DePaolis, Vihman, and Keren‐Portnoy (2011) 
investigated the relationship between perception and production 
abilities around the onset of canonical babbling (by 7 months) in 
English‐acquiring infants. They showed that the number and type of 
consonants mastered by infants affects their attentional response 
to speech input. These results on the link between speech babble 
abilities and speech processing were replicated in Italian infants 
(Majorano,	Vihman,	&	DePaolis,	2014).	A	recent	study	by	Hoareau,	
Yeung, and Nazzi (2019) shows that 8‐month‐old infants with 
greater production abilities are more efficient in statistical word 
segmentation.

Another important argument in favor of a functional role of 
the perception–production link in language development has been 
brought by research on audio‐visual perception. There is a large 
amount of data showing successful audio‐visual matching in infants 
(Kuhl	&	Meltzoff,	1982,	1984;	MacKain,	Studdert-Kennedy,	Spieker,	
&	Stern,	1983;	Patterson	&	Werker,	1999,	2002;	Yeung	&	Werker,	
2013), suggesting that infants can recognize the correspondence 
between auditory and visual articulatory stimuli. It has been sug‐
gested that the mapping between audio and visual speech stimuli 
uses	 common	articulatory	 representation	 (Kuhl	&	Meltzoff,	1984).	
This	 is	 in	 line	with	Yeung	and	Werker's	 (2013)	results	that	showed	
that when 4‐month‐old infants were chewing on an object inducing 
spreading versus rounding lip movements, their audio‐visual match‐
ing of vowels varied.

RESEARCH HIGHLIGHTS
• It is still unclear how infants can acquire perceptual cat‐

egories related to consonant place of articulation, in 
spite of contextual variability.

• Using an intersensory matching procedure we show that 
infants around 9 months are able to categorize conso‐
nant place of articulation across different vowel 
contexts.

• This ability is only present in infants who produce the 
corresponding consonants in babbling.

• This shows for the first time that articulatory/motor in‐
formation provided by babbling helps infants build per‐
ceptual speech categories.
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The finding that the production of orofacial movements in‐
fluences infants’ perception is strengthened by a recent study 
(Bruderer,	 Danielson,	 Kandhadai,	 &	 Werker,	 2015),	 in	 which	 6-
month‐olds were presented with an auditory non‐native Hindi con‐
trast	 /da/–/ɖa/	 that	 differs	 in	 tongue-tip	 placement	 (retroflex	 vs.	
non‐retroflex), while having a teether in their mouth or not. Infants 
who were given a tongue‐tip‐constraining teether were not able to 
discriminate the contrast. This suggests that auditory discrimination 
of a non‐native contrast is impaired when the tongue movement 
necessary to produce it is prevented. Taken together, these studies 
strongly suggest that sensorimotor information influences the way 
infants perceive phoneme information and that the speech produc‐
tion system shapes speech perception early in life.

Neurophysiological studies provide complementary data on the 
relations between perceptual and motor processes in speech de‐
velopment. Auditory–articulatory cortical connections are present 
early in life, before any speech motor activity and hence before 
any possibility of perceptuo‐motor learning (Dehaene‐Lambertz 
et	al.,	2006;	Mahmoudzadeh	et	al.,	2013;	Perani	et	al.,	2011).	Still,	
these	connections	seem	to	strengthen	from	6	to	12	months	of	age	
(Imada	et	al.,	 2006;	Perani	 et	al.,	 2011),	when	most	 infants	begin	
to produce adult‐like vocalizations. This indicates a reinforcement 
of the connections between motor and auditory brain areas re‐
lated to the development of verbal production and perception. 
Magnetoencephalography	 data	 on	 the	 brain	 activity	 of	 infants	
exposed to native versus non‐native speech reveal an evolution 
in the role of frontal motor areas in speech perception from 7 to 
11	months	of	age	(Kuhl,	Ramirez,	Bosseler,	Lin,	&	Imada,	2014).	 It	
is only at 11–12 months that infants’ frontal areas are involved in 
processing non‐native speech stimuli, as they are in adults. This 
suggests a maturation of auditory–articulatory connections, with a 
potential tuning by motor development (after the onset of babbling 
around 7 months).

1.3 | Phoneme categorization as an emergent 
perceptuo‐motor process in speech development

Vowel categories are well defined in acoustic terms (see e.g., 
Schwartz,	 Boë,	 Vallée,	 &	 Abry,	 1997)	 and	 they	 can	 be	 acquired	
from early auditory representations available at birth (if not before). 
Indeed, vowel categories emerge early in perceptual development 
(see e.g., Grieser & Kuhl, 1989) and evidence for perceptual narrow‐
ing	for	vowels	is	found	as	early	as	6	months	of	age	(Kuhl,	Williams,	
Lacerda, Stevens, & Lindblom, 1992).

Consonant categories, and typically plosives, however, are less 
easy to describe acoustically. Several hypotheses have been ad‐
vanced to define plosive places of articulation in acoustic terms (e.g., 
by	Stevens	and	colleagues:	see	Blumstein	&	Stevens,	1979;	Stevens,	
1980;	 Stevens	&	 Blumstein,	 1978;	 or	 by	 Sussman	 and	 colleagues:	
see	 Sussman,	McCaffrey,	 &	Matthews,	 1991;	 Sussman,	Hoemeke,	
& Ahmed, 1993; Sussman, Fruchter, Hilbert, & Sirosh, 1998), none 
of which is really conclusive, in the sense that no acoustic theory or 
model can adequately explain how a naive listener could categorize 

the plosive acoustic space in a way compatible with natural places 
of articulation.

The difference between the acoustic properties of vowels and 
plosives	 is	 explained	 in	 Figure	1	 (adapted	 from	 Laurent,	 Barnaud,	
Schwartz,	Bessière,	&	Diard,	2017,	fig.	10),	which	provides	the	typ‐
ical representation of vowels in terms of acoustic F1–F2 formants 
(Figure 1, top) and of plosives in vowel (V) contexts, in terms of F2–
F3 formants (Figure 1, bottom). As shown in Figure 1 (top), the pat‐
tern	for	vowels	is	rather	simple.	Within	the	set	of	all	possible	(F1,	F2)	
pairs	constituting	the	“articulatorily	attainable	space”	in	gray,	vow‐
els [i a u] constitute three natural classes that are easy to separate 
and categorize. However, the pattern is quite different for plosives. 
Although the nine plosive‐vowel sequences [ba bi bu da di du ga gi 
gu] correspond to nine distinct items, there is no easy way to group 

F I G U R E  1   Acoustic representations of vowels and plosives. The 
(F1, F2) (top) and (F2, F3) (bottom) articulatorily attainable space, 
in gray, with dispersion regions for vowels (top) and consonants in 
consonant–vowel contexts (bottom), with C within [b d g] and V 
within [i a u] (from Laurent et al., 2017, fig. 10)
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them into three classes that correspond to the natural articulatory 
classes	“bilabial”	/b/,	“coronal”	/d/,	and	“velar”	/g/	(Figure	1	bottom).

The claim in the Perception‐for‐Action‐Control Theory (Laurent 
et al., 2017; Schwartz et al., 2012) is that when infants begin to bab‐
ble, at around 7 months, they discover the articulatory gestures 
and configurations associated with [bV], [dV], and [gV] syllables 
and they realize that these configurations belong to three natural 
articulatory—though not acoustic—classes. Hence, the proposal that 
phonetic classes are defined by mixed acoustic/auditory, somato‐
sensory, and articulatory/motor properties that are learnt during the 
joint development of speech perception and production. A predic‐
tion following this proposal is that while vowels can be learnt early in 
development on the basis of purely acoustic configurations, plosives 
cannot emerge as a set of phonetic classes organized by place of 
articulation (e.g., /b/, /d/, /g/) until infants begin to discover these 
places of articulation in their own productions, basically after the 
onset of babbling at 7 months of age.

The question of the age at which infants become able to cate‐
gorize consonants, when the vowel context is varied, is still an open 
one (Jusczyk & Derrah, 1987). In fact, a number of studies have 
failed to show convincing evidence that infants could have access 
to invariant phonemic representations for plosives independent of 
vowel	context	in	the	first	months	of	life	(Bertoncini,	Bijeljac-Babic,	
Jusczyk,	Kennedy,	&	Mehler,	1988;	Eimas,	1999).	Two	recent	studies,	
however, claimed to have provided data on plosive categorization in 
infants before the onset of babbling. Firstly, Hochmann and Papeo 
(2014)	 provided	 data	 on	 plosive	 categorization	 in	 6-month-old	 in‐
fants. They recorded pupil dilation while presenting sequences of 
three monosyllabic words that began with the same consonant 
[b]	or	 [d]	 followed	by	 three	different	vowels	 (e.g.,	with	 [d]:	 “deed,”	
“dad,”	“dote”),	and	then	a	fourth	word	that,	 in	standard	conditions,	
began with the same consonant followed by a fourth vowel (here 
[d]	in	“due”).	In	the	deviant	condition,	the	fourth	word	started	with	
the other consonant, in the same fourth vowel context (here [b] in 
“boo”).	They	found	that	6-month-old	infants’	pupil	diameter	changed	
in	the	deviant	condition,	suggesting	that	as	early	as	6	months	of	age,	
infants were able to form a category for the onset consonant, in spite 
of the varying vowel context and of the consequential lack of acous‐
tic invariance in the consonant. Since only three of the fourteen 
6-month-old	infants	who	participated	in	the	study	had	entered	the	
canonical babbling phase, the authors concluded against a strong 
version of the motor theory, according to which the invariance prob‐
lem is solved through the evocation of motor representation. Some 
infants could indeed perceive the common onset consonant in sylla‐
bles that they had never produced.

However, the problem with Hochmann and Papeo's (2014) par‐
adigm is that it might not actually deal with categorization but with 
discrimination. To make this clear, let us consider one of the two test 
sessions in their experiment, which consists in comparing reactions 
to a reference series [di da do du] to reactions to a test series [di 
da do bu]. As displayed in Figure 1, alveolar configurations [di da do 
du] are located in the left region of the (F2, F3) space with larger F2 
and F3 values ([do] is not represented in the figure, but it is located 

between [du] and [da]). On the contrary, the test stimulus [bu] is the 
configuration with the lowest F2 and F3 values at the bottom‐right 
corner. Therefore, the test series [di da do bu] displays indeed more 
acoustic variance than the reference series [di da do du], and acous‐
tic discrimination alone is sufficient to explain their results.

Another study recorded high‐density event‐related potentials 
to	 examine	 infant	 categorical	 perception	 (Mersad	 &	 Dehaene-
Lambertz,	 2015).	 The	 results	 show	 that	 3-month-old	 infants	 pre‐
sented with consonant–vowel (CV) syllables consisting of a stop 
consonant	[b]	or	[g]	followed	by	a	vowel	within	the	set	[a	ɛ	ɑ̃	ɛ̃]	pre‐
sented larger mismatch responses to a syllable with a new vowel [i] 
if the syllable also involved a change in consonant (from [b] to [g] 
or from [g] to [b]). The authors concluded that infants at 3 months, 
before	the	onset	of	babbling,	“can	compute	automatically	consonant	
representation, independently of the vocalic context.” Still, the same 
argument can be raised against this interpretation, as local proximi‐
ties could well explain these data rather than the hypothesis that in‐
variant representations of stop consonants are computed by infants. 
Here	again,	it	is	likely	that	[gi]	is	closer	to	[ga	gɛ	gɑ̃	gɛ̃]	than	[bi]	is,	
and vice versa.

In sum, both the studies by Hochmann and Papeo (2014) and by 
Mersad	 and	 Dehaene-Lambertz	 (2015)	 merely	 deal	 with	 acoustic	
distances between a context set and a test item. Testing genuine 
categorization in infants requires a paradigm in which they would 
have to group together items which are spatially dispersed in the 
acoustic space, as in Figure 1. This is the objective of the experimen‐
tal paradigm introduced in the present study.

1.4 | An original paradigm based on 
intersensory matching

Our paradigm is based on the intersensory matching procedure 
developed by Pons, Lewkowicz, Soto‐Faraco, and Sebastián‐Gallés 
(2009) who investigated the perceptual narrowing of intersensory 
matching abilities during the first year of life. Their procedure in‐
volved presenting two side‐by‐side videos where a speaker silently 
and repetitively uttered a /ba/ or a /va/ syllable after an auditory 
familiarization with one of the two syllables. The authors found that 
by	 the	age	of	6	months,	 infants	were	able	 to	successfully	perform	
intersensory matching and looked longer at the video matching the 
previously presented auditory consonant. In the present study, we 
adapted this procedure in order to investigate the development of 
consonant categorization: instead of presenting the same syllable 
in the audio familiarization and in the video test, we presented a 
syllable	with	 the	 same	consonant,	 but	with	 a	different	 vowel.	We	
thus	evaluated	the	ability	of	6-	and	9-month-olds	to	match	a	series	
of audio syllables such as [bi be bo…] with constant consonant and 
varying vowel, with a visually presented syllable such as [ba] versus 
[da], i.e., with a novel vowel environment (Experiment 1). This in‐
tersensory category matching procedure tests the ability to identify 
the common consonant in the audio stimuli, and to relate it with the 
consonant in the visual stimulus, and to do this while factoring out 
the contextual effects produced by the following vowel. It rules out 
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the possibility of categorization being performed by mere detection 
of acoustic cues, and it provides a way to assess the emergence of 
multisensory/motor phoneme representations.

Since our assumption is that motor experience is required to 
elaborate an adequate representation of plosive place of articula‐
tion, we predicted that only infants who had started producing the 
adequate consonants in the course of babbling would succeed in 
the	task.	Babbling	being	a	stage	in	speech	production	development	
when infants start producing repeated proto‐consonant–vowel se‐
quences	with	high	 frequency	 (MacNeilage	&	Davis,	 2001),	we	hy‐
pothesized that it constitutes a critical period for motor experience 
and auditory–motor relationship. To test this hypothesis, we docu‐
mented the babbling abilities of our participants by means of a ques‐
tionnaire addressed to parents.

Finally, to rule out the possibility that the infants’ performance 
may merely be based on categories derived from visual experience 
with no involvement of their own speech production system, we 
replicated the intersensory matching procedure using another con‐
trast, /v/–/z/ (Experiment 2). Indeed, this contrast is also highly visi‐
ble	but	typically	not	produced	by	infants	between	6	and	9	months	of	
age,	contrary	to	/b/	and	/d/.	We	predicted	that	if	the	motor	system	
is indeed crucial to the development of phoneme representation, in‐
fants should not be able to extract phonemic cues with this second 
contrast, in spite of its high visibility.

2  | METHODS AND RESULTS

2.1 | Experiment 1

2.1.1 | Participants

Twenty	 6-month-olds	 (9	 females)	 (Mage = 191.8 days, 
SDage	=	4.5	days)	 and	 twenty-five	 9-month-olds	 (15	 females)	
(Mage	=	285.6	days,	SDage	=	4.6	days)	were	 included	in	the	analyses.	
All participants were full‐term infants, recruited from the maternity 
hall of the Centre Hospitalier Universitaire, Grenoble, Alpes, France. 
All lived in a French‐speaking environment. Thirty‐two additional in‐
fants were tested, but were excluded from analyses because they 
heard <90% French at home (4 infants), or due to fussiness (12 in‐
fants), or because their parents had failed to fill in the report on 
speech	production	(16).

2.1.2 | Stimuli

Video stimuli
Video stimuli were composed of two side‐by‐side video record‐
ings of the same native speaker of French silently uttering /ba/ 
and /da/ at a rate of 1 syllable per second. To ensure that idiosyn‐
cratic characteristics of the talker's production would not influ‐
ence	the	infants’	behavior,	two	different	female	speakers,	aged	25	
and	26	years,	were	recorded.	The	children	were	divided	into	two	
groups: one group of children only saw the first speaker, while the 
second group only saw the second speaker. Video recordings were 

sampled	at	a	50	Hz	sampling	rate.	During	recording,	the	speakers	
were asked to directly look at the camera and to keep a neutral 
expression while repeating the syllables at a comfortable rate. 
After recording, the videos were edited, and one exemplar of each 
syllable was selected and looped every 1 s in order to obtain se‐
quences lasting 21 s. The two videos corresponding to two dif‐
ferent syllables were pasted side by side to create a stimulus for 
the	Baseline	 and	 test	 trials.	During	editing,	we	ensured	 that	 the	
two videos started with the same mouth configuration, in order to 
obtain a correct synchronization between both facial movements. 
Faces were recorded against a blue background. The final size of 
each video was 18 cm wide and 20 cm high.

Audio stimuli
In order to avoid any bias due to idiosyncratic cues in the talker's 
production, auditory stimuli were composed of recordings of five 
new female speakers aged 20–32 years, repeatedly pronouncing 
syllables containing /d/ or /b/ consonants associated with the four 
vowels /i/, /e/, /u/, and /o/ (no /a/ in the auditory stimuli). Two rep‐
etitions per speaker were recorded, then randomly mixed and con‐
catenated to form 42 s‐long multispeaker sequences; syllables were 
presented at a rate of 1 syllable per second. Stimuli were digitally 
recorded	using	a	PMD	Marantz	recorder	with	a	high-quality	audio	
microphone in a soundproof room at a 44.1 kHz sampling rate and 
normalized	at	a	70	dB	intensity	level.

2.1.3 | Procedure

Infants were seated on their parents’ laps in a dimly illuminated 
room,	60	cm	away	from	a	22-in.	computer	screen.	All	parents	signed	
a written consent form prior to the experiment and infants received 
a book for their participation. The study was evaluated by the Ethics 
Committee of Université Grenoble Alpes (CERNI) and received a 
positive evaluation (avis 2014‐03‐11‐38). The parents were asked 
not to intervene or interact with the infant during the entire experi‐
ment, and they were unaware of the objective of the experiment.

The experiment consisted in six trials (see Figure 2). In order to 
take	into	account	potential	Baseline	preference	for	any	of	the	two	
silent	videos,	the	experiment	started	with	two	Baseline	trials	during	
which the two side‐by‐side silent videos of the same speaker (one 
for /ba/, one for /da/) were presented during 21 s (Trials 1 and 2). 
These	Baseline	trials	were	followed	with	two	42	s	auditory	familiar‐
izations	(Trials	3	and	5)	during	which	infants	heard	several	speakers	
uttering one of the two consonants (/b/ or /d/), associated with dif‐
ferent vowels. For each age, infants were divided into two groups, 
one	 presented	 with	 only	 /b/	 (ten	 6-month-olds	 and	 thirteen	 9-
month-olds)	and	the	other	with	only	/d/	(eleven	6-month-olds	and	
twelve 9‐month‐olds).

During the auditory presentation, an attention getter consisting 
of a moving ball with changing color and size was presented to the 
infants in order to keep their attention to the screen. Two test trials 
(Trials	4	and	6)	followed,	during	which	infants	were	presented	with	
the	two	same	side-by-side	videos	as	in	the	Baseline.	Between	Trials	
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1	and	2,	and	Trials	4	and	6,	the	side	of	the	syllable	presentation	(/ba/	
or /da/) was reversed, and the order was counterbalanced between 
participants.

The experiment was run using the E‐prime 2.0 software 
(Psychology Software Tool, Pittsburgh, PA). Two loudspeakers (Dell 
A225)	were	placed	behind	the	screen,	to	play	the	auditory	stimuli.	
We	used	a	low-light	video	camera,	located	above	the	screen	to	re‐
cord the infants’ looking behavior. Video recordings were then dig‐
itized and analyzed using a frame‐by‐frame coding procedure. The 
mean looking time (LT) on each video and for each trial was mea‐
sured for each infant.

2.1.4 | Parental Questionnaire

Parents were also asked to fill in a questionnaire assessing the vocal 
productions of their infant. The questionnaire was sent to the par‐
ents at least 1 week before testing. It consisted of a list of 10 con‐
sonants (/b/, /d/, /g/, /p/, /t/, /k/, /l/, /m/, /n/, /s/). Parents had to 
evaluate whether their infant produced each consonant, and if so, in 
what type of syllable sequence they produced it (one syllable/two syl‐
lables/more than two syllables), to judge the frequency of production 
(never/sometimes/often/very frequently), and to describe the vowels 
associated with this consonant (/a/, /i/, /o/, /u/, /e/, or other).	We	com‐
puted two different babbling scores for each infant, one character‐
izing the production of babbling in general, that is with any of the 
10	reported	consonants	(Babbling_general),	and	the	other	one	nar‐
rowing to the two consonants in the categorization test, namely /b/ 
and	/d/	(Babbling_bd).	The	infants	were	assigned	to	one	of	the	two	
groups according to their production abilities on the /b/–/d/ con‐
trast. For the Babbling_general score, the infants who did not pro‐
duce any repetitive sequence (two syllables and more) were included 

in	the	Non-Babbling	group.	The	infants	who	produced	repetitive	se‐
quences, with any of the consonants in the questionnaire, were in‐
cluded	in	the	Babbling	group.	For	the	Babbling_bd score, the infants 
who produced none of the /b,d/ consonants in repetitive sequences 
(two	syllables	and	more)	were	included	in	the	Non-Babbling	group.	
The infants who produced at least /b/ or /d/ in repetitive sequences 
were	included	in	the	Babbling	group.

For	 the	 Babbling_general	 score,	 the	 Non-Babbling	 group	 was	
composed	 of	 13	 infants	 (thirteen	 6-month-olds	 and	 no	 9-month-
olds)	 and	 the	 Babbling	 group	was	 composed	 of	 32	 infants	 (seven	
6-month-olds	and	twenty-five	9-month-olds).	For	 the	Babbling_bd	
score,	 the	 Non-Babbling	 group	 was	 composed	 of	 17	 infants	 (fif‐
teen	6-month-olds	and	two	9-month-olds)	and	the	Babbling	group	
was	 composed	of	 28	 infants	 (five	 6-month-olds	 and	 twenty-three	
9‐month‐olds).

2.1.5 | Data pre‐processing

For	each	individual	infant	and	each	trial,	the	LT	toward	the	“ba”	and	
“da”	videos	was	recorded.	A	proportion	of	LT	was	computed	for	each	
video, as the ratio in percent between LT toward that video and the 
total LT to both videos. For example for the /ba/ syllable, we com‐
puted: %LTba = LTba/(LTba + LTda) × 100. A Difference Score for 
the matching face was calculated between the proportion of LT in 
the	two	Test	trials	and	in	the	two	Baseline	trials	(proportion	of	total	
time that infants spent looking at the matching face during the two 
Test trials minus proportion of total time that they spent looking at 
the	matching	face	during	the	two	Baseline	trials	=	“matching	score”).	
The	“matching	 face”	was	defined	according	 to	 the	category	of	 the	
audio	stimuli	presented	in	the	familiarization	Phases	3	and	5.	Thus,	a	
positive matching score reflected a preference for the matching face, 

F I G U R E  2   Schematic representation of the intersensory matching procedure. Only one auditory condition is shown (here, familiarization 
with the consonant /d/)
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whereas a negative one reflected a preference for the non‐matching 
face. Following the results obtained by Pons et al. (2009), we ex‐
pected the proportion of LT directed at the matching syllable to be 
greater	during	the	Test	than	during	the	Baseline	in	infants	who	made	
successful intersensory matches.

2.1.6 | Analysis and results

A linear model was run, with matching score as the dependent vari‐
able,	 and	 age	 (6	 vs.	 9	months),	 babbling	 stage	 (Babbling_bd score: 
non-babbling_bd	vs.	babbling_bd),	gender	(male	vs.	female),	familiar‐
ization consonant (consonant heard during auditory familiarization, 
/b/ or /d/), and their interactions as factors. The model was fitted 
with the following R code: lm(MatchingScore˜Babbling_bd*Age+Gend
er+FamiliarizationCons). Then a variable selection procedure was ap‐
plied,	which	led	to	retain	Babbling_bd	as	the	only	significant	effect	
(F(1,	43)	=	6.31,	p =	0.016,	Cohen's	d = 0.73). Neither age, nor gender 
or familiarization consonant had significant effects, alone or in inter‐
action,	with	negative	inclusion	tests	for	Babbling_bd*Age	(p = 0.781), 
Age (p = 0.070), Gender (p	=	0.539),	 and	 FamiliarizationCons	
(p	=	0.432).	 The	 selected	 model,	 lm(MatchingScore~Babbling_bd),	
was then validated with a residual analysis. Finally, one‐tailed t tests 
against zero were run to test if the matching scores for the two bab‐
bling groups were positive. The t tests revealed that the matching 
scores for the non‐babbling infants were not different from zero 
(t(16)	=	−1.64,	p = 0.93), whereas they were positive for the babbling 
infants (t(27) = 1.91, p = 0.033, Cohen's d	=	0.36).	 The	 matching	
scores for the two babbling groups are presented in Figure 3. The 
t	test	against	zero	for	the	6-month-olds’	matching	scores	was	nega‐
tive (t(19)	=	−1.10,	 p	=	0.86),	 as	was	 the	 one	 for	 the	 9-month-olds	
(t(24)	=	1.56,	p	=	0.066).

The same analysis was run with the Babbling_general score (indi‐
cating whether the infant babbled with any type of consonant). This 
time, neither age, gender, familiarization consonant, nor babbling 
score was retained as meaningful variable (F(1, 43) = 2.40, p = 0.128) 
for Babbling_general).

2.1.7 | Discussion of Experiment 1

The aim of the present study was to investigate the relationship be‐
tween	phoneme	categorization	and	babbling	abilities.	We	employed	
an intersensory matching procedure in order to test infants’ ability to 
link auditory and visual consonantal information and to map it onto a 
single crossmodal representation.

Our results show that the development of production abilities 
has a significant effect on phoneme perception. Indeed, infants, who 
already produced at least one of the two consonants of interest in 
babbling sequences, exhibited matching abilities whereas non‐bab‐
bling infants did not. On the contrary, age had no significant effect on 
infants’ performance, and 9‐month‐old infants did not display better 
matching	scores	than	6-month-olds.	This	suggests	that	the	ability	to	
produce the consonants presented here allowed infants to extract 
the common consonantal information in all stimuli, presumably using 

a motor representation associated with both the auditory and the vi‐
sual inputs. This implies that motor information may help in defining 
phonetic representations.

At this stage, however, two alternative interpretations might be 
suggested. A first possibility is that infants who are more advanced 
in terms of production would also show better matching scores, due 
to improved general cognitive and/or linguistic abilities, or more ad‐
vanced motor control skills, which would not be related to the per‐
ception–production link. The hypothesis that general motor control 
skills alone can explain the data is contradicted by the fact that, in 
this study, the general babbling abilities (Babbling_general score) of 
the infants were unrelated to their categorization performance. This 
indicates that higher matching scores cannot simply be explained 
by an improvement in general motor abilities. A second possibility 
is that the intersensory matching would only be based on the pro‐
cessing of audio‐visual co‐occurrences, without resorting to motor 
processes.	When	presented	with	audio	 /bV/	 sounds,	older	 infants	
could successfully recover visually opening/closing lips, and with /
dV/ sounds they could simply evoke a visual sequence consisting of 
jaw opening/closing cycles with a visible tongue tip. Intersensory 
matching could simply rely on the learning of audio‐visual associa‐
tions—which infants are capable of, as mentioned above—without 
the requirement of motor knowledge acquired over the course of 
speech production development.

Therefore, in order to control for these two possible confound‐
ing factors, we ran a second experiment with the /v/–/z/ contrast 
instead of the /b/–/d/ contrast (Experiment 2). The /v/–/z/ con‐
trast was chosen for four reasons. First, it is visually very close to 
the /b/–/d/ contrast tested in our first experiment, which allowed 

F I G U R E  3  Matching	scores	for	the	/b/–/d/	contrast	as	a	
function	of	production	abilities	(Babbling_bd	score).	Positive	
matching scores indicate successful intersensory matching. The 
points represent individual data
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us to control for a purely audio‐visual effect (where jaw–lip ges‐
tures in /b/ and /v/ would be contrasted with jaw–tongue‐tip ges‐
tures in /d/ and /z/). Second, it is visually as salient as the /b/–/d/ 
contrast, as proven by studies on consonantal visemes (visually 
distinct categories) in various languages. Descriptions of e.g., 
American	English	 (Binnie,	Montgomery,	&	 Jackson,	1974;	Fisher,	
1968;	Walden,	Prosek,	Montgomery,	Scherr,	&	Jones,	1977),	Dutch	
(van	 Son,	 Huiskamp,	 Bosman,	 &	 Smoorenburg,	 1994),	 or	 French	
(Benoît,	Mohamadi,	&	Kandel,	1994;	Gentil,	1981)	all	demonstrate	
that /b/, /v/, /d/, and /z/ belong to four different visual catego‐
ries, and that these four stimuli belong to different main branches 
in the visual confusion tree published by Summerfield in his in‐
spiring review of visual speech perception (Summerfield, 1987). 
Third, although fricatives have sometimes been considered less 
easily discriminated than plosives in early infancy, a convergent 
bundle of studies show that infants can discriminate fricative 
place of articulation at an early age, and particularly that they are 
well able to discriminate labiodental from coronal fricatives be‐
fore	6	months	of	age	(see	e.g.,	Beach	&	Kitamura,	2011;	Eilers	&	
Minifie,	1975;	Holmberg,	Morgan,	&	Kuhl,	1977;	Levitt,	 Jusczyk,	
Murray,	 &	 Carden,	 1988).	 Fourth,	 and	 crucially,	 contrary	 to	 /b/	
and /d/ that are among the first consonants to appear in infants’ 
inventories, /v/ and /z/ appear very late in the development of 
speech production and it is quite unlikely to find these consonants 
in the babbling stage (e.g., Kern, Davis, & Zink, 2009; Locke, 1983). 
Therefore, our prediction in Experiment 2 is that since infants in 
the	 6–9	month	 period	 presumably	 do	 not	 produce	 articulatory	
configurations typical of /v/ and /z/, they should not display inter‐
sensory category matching with these consonants, independently 
of their babbling ability.

2.2 | Experiment 2

2.2.1 | Participants

Twenty-five	 6-month-olds	 (14	 females)	 (Mage = 193.7 days, 
SDage	=	6.8	days)	and	 twenty-five	9-month-old	 infants	 (16	 females)	
(Mage	=	286.1	days,	 SDage	=	5.9	days)	 participated	 in	 this	 study.	
Thirty‐one additional infants were tested but not included in the 
final analyses due to fussiness (six infants), or because they heard 
less than 90% French at home (one infant), or because their parents 
had failed to fill in the report on speech production (24).

2.2.2 | Stimuli

Video stimuli
Video stimuli were composed of two side‐by‐side video recordings 
of the same native speaker of French silently uttering /va/ and /
za/ at a rate of 1 syllable per second. Two female speakers, aged 
26	and	35	years	and	different	from	those	of	Experiment	1,	were	re‐
corded. The procedure used to build the stimuli was the same as in 
Experiment 1.

Audio stimuli
Auditory stimuli were composed of recordings of three speakers 
aged	24–35	years,	repeatedly	pronouncing	syllables	with	/v/	or	/z/	
at the onset, associated with four different vowels, /i/, /e/, /u/, /o/. 
Four repetitions per speaker were recorded, randomly mixed, and 
concatenated to form 42 s‐long multispeaker sequences; syllables 
were presented at a rate of 1 syllable per second. Stimuli were re‐
corded	using	a	PMD	Marantz	recorder	with	a	high-quality	audio	mi‐
crophone in a soundproof room at a sampling rate of 44.1 kHz and 
normalized	at	a	70	dB	intensity	level.

2.2.3 | Procedure

The procedure was identical to that in Experiment 1. The experi‐
ment	consisted	in	six	trials:	two	Baseline	trials	with	two	side-by-side	
silent videos of one speaker repeatedly pronouncing /va/ and /za/ 
(Trials	1	and	2);	two	auditory	familiarizations	(Trials	3	and	5)	lasting	
42 s, during which infants were auditorily familiarized with CV syl‐
lables containing one of the two consonants (/v/ or /z/), followed by 
four different vowels /i/, /e/, /u/, /o/ (randomized orders); and two 
test	trials	(Trials	4	and	6)	during	which	infants	were	presented	with	
the	same	two	side-by-side	videos	as	in	the	Baseline.	Between	Trials	
1	 and	 2,	 and	 Trials	 4	 and	 6,	 the	 side	 of	 syllable	 presentation	was	
reversed. Once again, infants for each age were separated into two 
groups,	half	 infants	heard	the	/v/	consonant	 (eleven	6-month-olds	
and thirteen 9‐month‐olds), whereas the other half heard the /z/ 
consonant	(fourteen	6-month-olds	and	twelve	9-month-olds).

2.2.4 | Parental Questionnaire

As in Experiment 1, parents were asked to fill in a questionnaire 
assessing the production abilities of their infants. A list of 12 con‐
sonants (/b/, /d/, /g/, /p/, /t/, /k/, /m/, /n/, /f/, /v/, /s/, /z/) was pre‐
sented. As in the previous experiment, parents were asked to note 
if their infant produced each consonant, and the type of syllable 
sequence they produced it in, to evaluate the frequency, and to de‐
scribe the vowels associated with this consonant.

On the basis of these production questionnaires, we character‐
ized the infants with regard to their production of the /b/ and/or /d/ 
consonants, as we had done in the first experiment, since this second 
experiment was run as a control for the previous one. Experiment 1 
suggested that infants who had /b/ and /d/ in their babbling rep‐
ertoire were better at categorizing these consonants because they 
had gained articulatory knowledge of these consonants, and not be‐
cause they had better general production abilities than the others. 
Experiment 2 was designed to further test this hypothesis, by show‐
ing that infants who master the production of /b/ and /d/ sequences 
but do not yet produce fricatives cannot categorize fricative pairs of 
consonants, such as /v/ versus /z/, for which they have no articula‐
tory experience. The infants were assigned to one of the following 
two groups, according to their production abilities on the /b/–/d/ 
contrast (Babbling_bd score): (a) Non‐Babbling: infants who produced 
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neither the /b/ nor the /d/ consonant in repetitive sequences; (b) 
Babbling: infants who produced the /b/ and/or the /d/ consonant 
in repetitive sequences (two syllables and more). The Non‐Babbling 
group	was	composed	of	19	infants	(eighteen	6-month-olds	and	one	
9‐month‐old), while the Babbling group was composed of 31 infants 
(seven	6-month-olds	and	twenty-four	9-month-olds).

Importantly, we also checked the ability of the two groups of 
infants to produce the /v/ and/or the /z/ consonant in repetitive 
sequences. As was expected, only a very small number of infants 
display	 this	 ability,	 respectively,	 0	 in	 the	Non-Babbling	 group	 and	
6	 in	 the	Babbling	group	 (one	6-month-old	and	 five	9-month-olds).	
Therefore, the prediction at this stage is that if general linguistic/
cognitive maturity properties predict the intersensory matching 
ability, the same results should be obtained in Experiment 2 as in 
Experiment 1. On the contrary, if the ability to produce at least one 
of the two involved consonants is required to perform the task, no 
intersensory matching ability should be observed for either group in 
Experiment 2.

2.2.5 | Analyses and results

As in the first experiment, the matching score was calculated between 
the	proportion	of	LT	in	the	two	Test	trials	and	in	the	two	Baseline	tri‐
als (proportion of total time that infants spent looking at the match‐
ing face during the two Test trials minus proportion of total time 
that	they	spent	looking	at	the	matching	face	during	the	two	Baseline	
trials). A linear model was run, with matching score as the dependent 
variable,	and	age	(6	vs.	9	months),	babbling	stage	(non-babbling	vs.	
babbling), gender (male vs. female), familiarization consonant (conso‐
nant heard during auditory familiarization, /v/ or /z/), and their inter‐
actions as factors. The model was fitted with the following R code: 
lm(MatchingScore˜Babbling_bd*Age+Gender+FamiliarizationCons). 
Then a variable selection procedure was applied, which led to re‐
tain no significant factor. Neither babbling, nor age, gender, or famil‐
iarization consonant had significant effects, alone or in interaction: 
the inclusion tests were negative for Babbling_bd*Age (p	=	0.486),	
Age (p = 0.727), Babbling_bd (p = 0.820), Gender (p	=	0.662),	 and	
FamiliarizationCons (p	=	0.053).	To	 illustrate	 the	data,	 the	matching	
scores for the two babbling groups are presented in Figure 4. Finally, 
one‐tailed t tests against zero were run to test if the matching scores 
for the two babbling groups were positive. The t tests revealed that 
the matching scores were not different from zero, either for the non‐
babbling infants (t(18) = 0.41, p = 0.343) or for the babbling infants 
(t(30) = 0.22, p = 0.414). The t	test	against	zero	for	the	6-month-olds’	
matching scores was negative (t(24)	=	0.5,	p = 0.31), as was the one 
for the 9‐month‐olds (t(24) = 0.07, p = 0.472).

In	 sum,	 infants	 at	 6	 or	 9	months	 of	 age	 seem	 to	 be	 unable	 to	
categorize /v/ or /z/ consonants, which are largely absent from their 
productive inventories. They are unable to do so, even if they have 
started producing babbling sequences with other types of conso‐
nants, which shows that the ability to form phonetic categories de‐
velops in relation to production abilities in linguistic development. 
Indeed, these results support the idea that the ability to categorize 

consonants builds on articulatory experience with these specific 
consonants.

3  | GENER AL DISCUSSION

In this article, we investigated the speech perception–production re‐
lationship	during	infancy.	More	particularly,	we	examined	the	influ‐
ence of the development of speech production abilities on phoneme 
categorization around the onset of babbling. To this aim, we used an 
intersensory matching procedure to evaluate infants’ ability to form 
a representation for a common consonant in various vowel contexts, 
and to match it to the visual gesture that is used to produce this con‐
sonant. Our results show that only infants who have started babbling 
and who produce /b/ and/or /d/ in repetitive sequences can perform 
this	matching	on	/b/	or	/d/	consonants.	We	therefore	suggest	that	
the development of production abilities may help infants to refine 
their perceptual categories and to build reliable phonemic represen‐
tations. This interpretation is reinforced by the results of our second 
experiment	using	a	/v/–/z/	contrast.	We	used	this	contrast	because	
it involves consonants that are not generally produced at these ages. 
If the observed effect of production abilities on the /b/–/d/ contrast 
resulted indeed from an involvement of the perception–production 
loop, and not from improved general cognitive abilities in babbling 
infants, we expected to find no significant matching for this second 
contrast. In agreement with these expectations, we did not obtain 
any significant preference for any of the /v/ or /z/ videos, either 
for the babbling or for the non‐babbling infants. This finding fur‐
ther argues for the hypothesis that when infants start producing a 
sound, their representation for that sound becomes richer, involving 

F I G U R E  4  Matching	scores	for	the	/v/–/z/	contrast	as	a	
function of production abilities (non‐babbling vs. babbling). The 
points represent individual data
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auditory as well as motor information, and as a consequence they 
display better categorization abilities.

These data converge with a bundle of experimental facts sug‐
gesting that the orofacial system does play a role in speech percep‐
tion by infants in the course of their first year of age. For instance, 
production abilities have been shown to play a role in infant's at‐
tention to specific aspects of the acoustic input (DePaolis et al., 
2011), in the way the content of the acoustic material is processed 
(Bruderer	et	al.,	2015)	or	in	the	ability	to	match	the	audio	and	video	
contents	of	a	speech	audio-visual	material	(Yeung	&	Werker,	2013).

Our findings enable us to draw a possible developmental scenario, 
capitalizing on previous data and proposals. As classically known, in‐
fants at birth are able to discriminate speech sounds in a nonlinear 
way, that is, with better discrimination at specific positions along 
acoustic continua. This behavior is compatible with the nonlinear dis‐
crimination patterns associated with categorical perception data in 
adults (e.g., Eimas et al., 1971). This ability, observed long before vo‐
calizing and babbling, exploits basic auditory capacities known to be 
mature at birth. Importantly, such data are associated with patterns 
of discrimination, and not with a categorization process per se. This is 
also the case for studies on older infants, showing perceptual narrow‐
ing,	e.g.,	for	vowels	(Kuhl	et	al.,	1992)	or	consonants	(Werker	&	Tees,	
1984), which are all based on discrimination paradigms.

Then, vocalizations in the first months of age would allow infants 
to acquire some knowledge of the relationships between sounds and 
orofacial gestures. The orofacial exploration that is known to take 
place	before	babbling	onset	(Kuhl	&	Meltzoff,	1996)	would	help	in‐
fants	to	develop/refine	their	ability	to	discriminate	sounds	(Bruderer	
et	al.,	 2015)	 and	 to	match	 sounds	 and	 sights	 of	 a	 speaker	 (Yeung	
&	Werker,	 2013).	 These	 early	 perceptuo-motor	 relationships	 have	
been shown to be underpinned by a dedicated cortical circuit as 
early	as	2	months	of	age	(Dehaene-Lambertz	et	al.,	2006).

As suggested by the present data, babbling onset around 
7–8 months would be the stage at which infants start exploring 
perceptuo‐motor relationships more systematically, with repeated 
production of consonant–vowel sequences, and increasing use of 
variegation. This enriched perceptuo‐motor information would help 
the infants progressively build representations of phonetic units and 
elaborate perceptuo‐motor categories—associating auditory cues, 
e.g., for vowels or voicing, and articulatory/motor cues, e.g., for plo‐
sive place of articulation. They would also gradually be used to pro‐
cess speech in adverse conditions (Kuhl et al., 2014).

Finally, since the present data suggest that orofacial knowledge 
plays a role in the elaboration of phonetic categories, a remaining 
question concerns the exact nature of this knowledge, and the way 
it is combined with auditory information to form cognitive represen‐
tations of speech units. Two different hypotheses can be advanced. 
First, the orofacial knowledge related to place of articulation in bab‐
bling infants in Experiment 1 could be related to motor knowledge: 
infants would discover that some specific articulatory gestures, i.e., 
lip closure for /b/ and tongue‐tip upward movement for /d/, are at 
play. Therefore, motor knowledge on how sounds are articulatorily 
produced would be integrated with auditory information, leading to 

an auditory–motor representation. Alternatively, it can be specu‐
lated that the somatosensory system could provide tactile and pro‐
prioceptive information on the place of occlusion in the vocal tract, 
with lip contact for labials or anterior tongue–palate contact for 
alveolars. This somatosensory feedback would be integrated with 
auditory information to form a multisensory representation. The 
present data do not allow us to disentangle these two hypotheses. 
They actually refer to a longstanding debate in speech science on 
the distinction between motor gestures and their somatosensory 
and auditory consequences and on the relative contributions of both 
in	speech	perception	(e.g.,	Liberman	&	Mattingly,	1985;	vs.	Fowler	&	
Rosenblum, 1991).

Both	 views	 are	 in	 line	 with	 the	 theoretical	 framework	 elabo‐
rated in the Perception‐for‐Action‐Control Theory (Schwartz et al., 
2012), which argues for the multisensory‐motor nature of speech 
units. In this framework, it is claimed that cognitive representa‐
tions of speech units combine auditory, visual, somatosensory, and 
motor representations within a bundle of heterogenous features. 
This view adequately construes the phonology–phonetic interface 
in a way compatible with neurocognitive data on speech communi‐
cation (Laurent et al., 2017; Lœvenbruck et al., 2018; Patri, Perrier, 
Schwartz, & Diard, 2018). The present data offer experimental evi‐
dence in favor of such a multisensory‐motor scenario in the course 
of speech development.
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