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The early relationship between children’s emerging articulatory abilities and their capacity to process
speech input was investigated, following recent studies with English-learning infants. Twenty-six
monolingual Italian-learning infants were tested at 6 months (no consistent and stable use of conso-
nants, or vocal motor schemes [VMS]) and at the age at which they displayed use of at least one VMS.
Perceptual testing was based on lists of nonwords containing one of three categories of sounds each:
produced by infant (own VMS), not yet produced but typical of that age (other VMS), or not typi-
cally produced by infants at that age (non-VMS). In addition, size of expressive lexicon at 12 months
and 18 months was assessed using an Italian version of the MacArthur-Bates Communicative
Development Inventory (CDI). The results confirmed a relation between infant preverbal produc-
tion and attentional response to VMS and also between age at first VMS and 12-month vocabulary.
Maternal input is shown not to be a specific determinant of individual infant production preferences.
A comparison between the English and Italian experimental findings shows a stronger attentional
response to VMS in isolated words as compared to sentences. These results confirm the existence of
an interaction between perception and production that helps to shape the way that language develops.

INTRODUCTION

Evidence as to the course of early lexical and phonological development has steadily accumu-
lated since the appearance of the first studies of babbling (e.g., Oller, Wieman, Doyle, & Ross,
1976), the first-word production study to go beyond diary data (Ferguson & Farwell, 1975), and
the first experimental study of infant speech perception (Eimas, Sequeland, Jusczyk, & Vigorito,
1971). Recently, the link between children’s emerging articulatory abilities and their capacity to
process speech input has begun to be seen as a crucial issue for a deeper and more satisfactory
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2 MAJORANO ET AL.

understanding of phonological development (e.g., Kuhl et al., 2008). Although a few studies have
reported an early connection between an infant’s ability to organize perceptual categories and to
produce language-specific patterns (e.g., Kuhl & Meltzoff, 1996), the mechanism for the devel-
opment of this relationship remains unclear. As part of the effort to identify such a mechanism
this study replicates and expands, with Italian-learning children, previous work carried out with
English-learning children that showed an effect of production patterns on the processing of novel
word forms.

Two contrasting approaches have independently investigated the issue of the link between
speech perception and production. A first line of research suggests that infants must construct the
link, and thus acquire phonological units from the linguistic environment, on the basis of per-
ceptual experience alone (e.g., Jusczyk, 1992, 1993, 1997; Kuhl, 2004; Werker & Curtin, 2005;
Werker & Yeung, 2005). Many studies have investigated early perceptual development, partic-
ularly the decline in discrimination of non-native contrasts over the first year (e.g., Werker &
Tees, 1984; Best, 1994) or what has come to be seen more broadly as “perceptual narrowing”
(Lewkowicz, 2011). These studies have shown that speech perception is affected by nonlinguis-
tic domain-general factors such as attention (Werker & Lalonde, 1988; Werker & Pegg, 1992),
distributional learning (Maye, Werker, & Gerken, 2002; Anderson, Morgan, & White, 2003), ref-
erential mapping (Yeung & Werker, 2009), and the articulatory gestures that shape linguistic units
(Best & McRoberts, 2003).

Within this approach, studies using different methodologies (e.g., event-related potentials,
the conditioned head-turn procedure), different perception indicators, and different theoretical
models have also indicated a relationship between early infant perception and later language
acquisition. For example, according to the Native Language Magnet model-expanded (NLM-e,
Kuhl et al., 2008), a combination of stronger perceptual responses to native phonetic categories
and a weaker perceptual response to nonnative phonetic units predicts faster lexical advance.
Similarly but based on different indices, rapid auditory processing in the first year of life (at
a mean age of 7.5 months) is claimed to be a unique precursor of later language development
(comprehension and production at 24 and 36 months) and an early marker of language delay
in populations at risk for language disorders (e.g., Benasich & Tallal, 2002; Benasich, Thomas,
Choudhury, & Leppänen, 2002). In short, according to the first line of research, perception is
understood as playing the primary role in language development.

A second line of research has emphasized the role of production. The motor theory of speech
perception was the first to postulate a role for the motor system in speech perception (Liberman,
Cooper, Shankweiler, & Studdert-Kennedy, 1967; Liberman & Mattingly, 1985; Liberman &
Whalen, 2000). This theory assumes that both perception and production are based on a repertoire
of motor primitives responsible for the construction of articulatory gestures, which are not distin-
guished from phonological representations. Since this theory was first proposed it has been the
subject of a great deal of criticism. Specifically, Galantucci, Fowler, and Turvey (2006) reviewed
several decades of studies based on the motor theory and found support only for a weak version.
However, the current view is that gestural analysis may influence speech processing, even if it
does not constitute the sole pathway (see, for example, the direct realist approach described in
Best, 1995).

At the same time, the discovery of the mirror-neuron system has lent support to the
idea of a motor origin for language (Rizzolatti, Fadiga, Gallese, & Fogassi, 1996). This
observation/execution matching system is thought to be implicated in many important human
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 3

cognitive processes, such as imitation, a fundamental process for social and linguistic
development. As applied to the study of language, this proposal assumes that perceiving speech
implies the activation of motor-articulatory representations in the brain that provide a mapping
for perception (Rizzolatti & Craighero, 2004), similarly to what was originally hypothesized by
the motor theory. This assumption is supported by empirical studies of adults using transcranial
magnetic stimulation (Fadiga, Craighero, Buccino, & Rizzolatti, 2002) and functional magnetic
resonance imaging (Wilson, Saygin, Sereno, & Iacoboni, 2004). Although these authors do not
specifically discuss the role of the mirror system in the emergence of language (but see the theo-
retical account in Vihman, 2002), recent studies using brain imaging with the whole-head MEG
system have found a perceptuomotor link as early as 3 months (Dehaene-Lambertz et al., 2006).
Furthermore, Imada et al. (2006) document increasingly strong links at 6 and 12 months, when
most infants are just beginning to produce adult-like vocalizations; this study uncovers early
developmental synchronization of motor and auditory brain areas at the end of the first year of
life, which requires experience with preverbal production.

A good deal of empirical evidence on the effect of infants’ early production on later language
development can also be found in observational studies describing infants’ preverbal production.
Specifically, some authors have focused on babbling and early words and their relation to later
language acquisition, based on typically developing children or late-talkers (Paul & Jennings,
2002; Stoel-Gammon, 1985, 1989; Vihman, Keren-Portnoy, Whitaker, Bidgood, & McGillion,
2013). The first longitudinal studies indicated that children who are more advanced in their
preverbal production (i.e., who produced more babbling vocalizations at an early age or who
displayed more stable sound production and greater syllabic complexity) show more rapid lexical
advance (e.g., Keren-Portnoy, Majorano, & Vihman, 2009; McCune & Vihman, 2001; Stoel-
Gammon, 1989) and better phonological memory some months later (Keren-Portnoy, Vihman,
DePaolis, Whitaker, & Williams, 2010).

According to these studies, babbling constitutes the key to the construction of the lexicon for
at least two reasons. On the one hand, it represents an opportunity, on the basis of universal,
biologically grounded patterns (Davis & MacNeilage, 2000; Lindblom, 2000; Locke, 2001), to
construct sensorimotor representations with the help of the “auditory feedback loop” (Fry, 1966,
p. 189): This enables the child to master articulatory routines matched by auditory representa-
tions through implicit or procedural learning (Squire & Zola, 1996). On the other hand, babble
increases the attention of adults interacting with the child, since they value it more highly than
other infant vocal behaviors (McCune, 1992). Thus babble is usually associated with an imme-
diate caregiver response (typically a repetition or a recast) in interactive “proto-conversations”
(Bloom, 1975; Bloom, Russell, & Wassenberg, 1987; Jones, 2007; Gros-Louis, West, Goldstein,
& King, 2006; Veneziano, 1981). At the same time, children broadly modify their production in
accordance with their caregiver’s phonological patterns (Goldstein & Schwade, 2008), and this
too is predictive of language advance (see Chapman, 2000, for a review).

Among the studies relating perception and production that have focused on the role of early
infant production in later phonological development some have emphasized articulatory schemes.
Vihman (1991, 1993, 1996) postulated the existence of an “articulatory filter” constructed on the
basis of well-practiced vocal routines or “vocal motor schemes” (defined as frequent and sta-
bly used consonants in infants’ emerging production; for an operational definition see Methods,
below). These motoric routines, which emerge during the preverbal period, can be distinguished
from the phones of canonical babbling in two ways. First, they are defined in terms of not
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4 MAJORANO ET AL.

only “frequency” but also “stability” across longitudinal observations. The co-occurrence of both
frequency and stability suffices to establish that the child has constructed relatively robust senso-
rimotor patterns that should consequently be available for use in phonological memory. Second,
these schemas, which resemble the constructs that Piaget (1936) identified in the sensorimotor
stage of cognitive development, are the product of an (implicitly) perceived match between out-
put and input (see also Thelen, Corbetta, & Spencer, 1996, who draw on similar constructs to
account for the development of reaching).

Vocal motor schemes (VMS) can be considered to be early integrated representations available
for use as building blocks for language acquisition. They constitute “schemes” since their produc-
tion involves both an internal effect (internal loop) and an effect on the environment. According
to the articulatory filter hypothesis these schemes serve to “spotlight” similar patterns in input
speech, establishing a robust association between perception and production. Children who are
more advanced in preverbal production (i.e., children who have developed more than one VMS)
can be expected to show more rapid lexical development because their articulatory representa-
tions permit them not only to exercise their articulatory schemes more effectively in production
but also to pick out and retain more word forms from input speech and consequently to learn
words more quickly. This predicted effect was first demonstrated by McCune and Vihman (2001),
who found a positive relationship between early articulatory skills (age of acquisition of VMS)
and the acquisition of referential words.

This idea of an early link between perception and production, as conceptualized in the articu-
latory filter hypothesis, differs from the assumptions of the NLM-e and, more generally, the first
line of research discussed above, since those theoretical frameworks ascribe the primary role in
word learning to perception. The articulatory filter view is theoretically related to the broader
Dynamic Systems developmental model (Smith & Thelen, 2003; Thelen & Smith, 1994), which
emphasizes the developmental importance of action-perception links, without assuming a causal
direction. In particular, the articulatory filter hypothesis identifies the period immediately pre-
ceding first word production as crucial to the formation of a specific learned mapping between
perception and production. Thus although this approach, like the perception-based theories dis-
cussed above, argues for an early link between perception and production, it emphasizes the role
of production in the construction of such a link, an aspect disregarded by the other models.

Recently, Vihman and her colleagues have established a contribution of language production
experience to phonological working memory and early speech perception in three experimental
studies. In the first, Keren-Portnoy et al. (2010) identified a relation between experience in con-
sonant production (VMS) and phonological memory in 12 English-speaking 2-year-olds. In the
second, DePaolis, Vihman, and Keren-Portnoy (2011) reported a role for infant’s vocal experi-
ence in the segmentation of nonwords that do or do not contain a consonant strongly represented
in the infant’s babbling (as measured using VMS). Specifically, a role for articulatory practice in
new word learning (i.e., in attention to novel word patterns) was suggested, since children produc-
ing at least two VMS displayed longer attention in response to nonwords containing consonants
that they were not yet producing with any consistency than to nonwords featuring consonants that
they were producing. Children producing only one VMS showed no such preference. In the third
study, DePaolis, Vihman, and Nakai (2013) found that infants’ preference for nonwords featuring
alveolar stops /t,d/ over nonwords with the alveolar fricative /s/ was negatively correlated with
the number of alveolar stops that the infant produced. Since the contrasted consonants (/t,d/ vs.
/s/) occur with equal frequency in input speech, and since none of the infants are producing many
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 5

alveolar fricatives, the authors interpreted this finding as reflecting a shift from a familiarity to a
novelty preference based upon the individual infant’s production.

Like the studies of Vihman and her colleagues, the present study is designed to assess the effect
of preverbal production on the perceptual processing of nonwords at an age corresponding to the
onset of VMS production; it also adopts the criteria for identifying VMS provided in DePaolis
et al (2011). There are several differences between this study and that of DePaolis et al. (2011),
however. First, the present research uses a longitudinal design, assessing speech perception first
in the absence of either VMS or lexical production (at 6 months of age) and then immediately
after infants display use of at least one VMS. This makes it possible to establish whether the
link between perception and production (i.e., the difference in looking time in response to stimuli
with or without the child’s most practiced consonant) emerges toward the end of the first year,
as reported in other studies, or whether preferential attention to stimuli containing a specific
consonant predates babbling practice.

A second, related difference between the present study and that of DePaolis et al. (2011) is
that lists of isolated words are used instead of words embedded in passages. Isolated words can
be assumed to constitute less challenging stimuli, since familiar words presented as word lists
are recognized at a younger age than are words embedded in passages (DePaolis, Vihman, &
Keren-Portnoy, 2013); these stimuli should therefore be better suited to the younger infants.

A third important difference between this study and that of DePaolis et al. is that the par-
ticipants were Italian, not English infants. Cross-linguistic comparison makes it possible to test
the sensorimotor model on the basis of a language with different phonological characteristics.
Italian children produce preverbal utterances with higher percentages of labials than do children
exposed to English (e.g., Keren-Portnoy et al., 2009; Majorano & D’Odorico, 2011). In addition,
based on the Italian version of the CDI (Caselli & Casadio, 1995), 43.6% of the words reported as
used by 75% or more of the children (aged 8 to 17 months) have bilabials in initial position and
38.5% have stops (Zmarich et al., 2011). The first words produced are typically bi- or trisyllabic,
consisting mostly of CV and, medially, CCV syllable types (e.g. CVCV, CVCCV, CVCVCV).
Although no detailed phonetic description of Italian infant-directed speech has been carried out
to date, these characteristics can be supposed to apply to maternal input to 1- and 2-year-old chil-
dren. Note that alveolars are the most frequent consonants in adult Italian (Batinti, 1993; Stella
& Job, 2001).

Two additional points are tested in this study. First, as also observed by DePaolis et al. (2011),
specific maternal input (i.e., the most frequent sounds produced) could affect babbling pref-
erences and thus potentially also listening preferences. Accordingly, this study examines the
closeness of fit between individual mother and child phonetic profiles, thereby also providing
new information regarding the nature of infant-directed speech in Italian. Second, in this study
vocabulary size was assessed at 12 and 18 months, based on parental report, in order to evaluate
the predictive relation between preverbal production ability and lexical development.

In summary, this study is intended to test the two lines of research outlined above. If per-
ception is a key factor in shaping production late in the first year of life, it should be possible
to identify individual perceptual preferences for one of the nonword lists in the first head turn
preference procedure (HPP) experiment, with a possible later effect of that preference on VMS
production. In contrast, if production shapes perception, a difference in infant response to non-
word forms should be seen only in the second HPP, when the first frequent and stably used
consonants have been established in production (VMS), and the timing of VMS establishment
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6 MAJORANO ET AL.

should also predict advances in subsequent word learning. Furthermore, the production-based
response seen in English, the language to which the infant participants in DePaolis et al. (2011)
were exposed, should also be evident in Italian, with its differing phonological characteristics.
Finally, the hypothesized effect of production on speech processing should be a stronger predic-
tor of infant perceptual preferences than individual maternal input speech characteristics if it is
to be taken as a general mechanism for language development.

In short, the study tests the following hypotheses:

1. A preference for specific consonants emerges in relation to preferred babbling patterns
(VMS) only after the latter have developed; that is, there is no contributory preference for
those consonants in the prebabbling period.

2. Production practice affects speech processing. Specifically, we expect to see, as reported
in DePaolis et al. (2011), a difference in looking time in response to nonwords that feature
the child’s VMS vs. VMS used by other infants.

3. The child’s preference for producing certain sounds and for attending to certain perceptual
stimuli is independent of specific maternal input characteristics. Specifically, we expect
to find that children’s individual differences in production are not systematically related
to the sounds most often produced by the mother.

4. The association between early perception and production will be seen in Italian as well as
in English infants, despite the differences in the phonological characteristics of the input.
We assess this hypothesis by comparing the findings for Italian and English infants.

5. Preverbal production will predict vocabulary size at 12 and 18 months. Specifically, chil-
dren with earlier achievement of VMS are expected to show earlier lexical advance,
because vocal practice should enable them to retain a larger number of word forms at
a younger age.

METHOD

Participants

Thirty Italian monolingual infants (14 males) recruited from the local maternity ward partici-
pated in the study. All of the infants were full-term and passed a screening test for hearing. The
children’s families were middle class, with maternal education ranging from high school to uni-
versity; parents were informed in advance about the research procedure and general aims. Of the
initial sample three children did not complete the study due to illness, and for one child no VMS
were identified. The final sample included 26 children (12 males).

Overall Experimental Design

The study included three different data collection procedures: 1) two experimental sessions
(Head-Turn Paradigm procedures, or HPP) to assess infants’ speech processing at different
developmental points, 2) several longitudinal observational sessions to assess infants’ vocal
production, and 3) maternal reports on vocabulary size at 12 and 18 months of age. The first exper-
imental session was conducted when infants were not yet producing any consonants consistently
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 7

and the second when at least one VMS had been produced to the criteria reported below. The
number of observational sessions varied across infants in relation to their production; all were
conducted at home. The data collection sequence was as follows: 1) first HPP in the absence of
consistent consonant production; 2) longitudinal observational sessions; 3) second HPP when at
least one VMS had been identified; 4) vocabulary assessment based on maternal report at 12 and
18 months of age. To simplify the presentation of the methods, we begin with the observational
sessions, followed by the stimuli and the HPP. We then describe the methods used for coding
infant-directed speech (IDS) and conclude the Methods with a description of the vocabulary
assessment procedure.

Observational Sessions: Procedure and Analysis

Each family was contacted for the first time when the infant was around 3 months of age in order
to explain the research and the criteria for the observational and experimental sessions. After two
months, each mother was contacted again to plan the first head-turn experiment, to take place
before the child had begun to produce identifiable babbling (at around 6 months, range 0;5.23
-0;6.9).

Following the procedure outlined by DePaolis et al. (2011), for production data collection
mothers were instructed to contact the experimenter when the child began to produce identifiable
consonant sounds. To help them to do this, before the six-month session mothers attended a pre-
sentation at the University of Parma that illustrated children’s consonant production. In addition,
the mothers were contacted one month after the first HPP (at around seven months) and again
every two weeks thereafter to monitor VMS production and to plan the first home visit, if the
mother had not yet contacted the experimenter to report the onset of babbling in speech-like syl-
lables. Infants were then video-recorded biweekly in their home for 30 minutes of free play, using
a standard set of toys, until VMS were identified. The audio and video material was recorded
using a Sony digital Handycam DCR-PC 105; a Sony ICD-P17 microphone was attached to a
cloth vest worn by the infants. The observations were supplemented by a maternal questionnaire
about prenatal and perinatal indices and first sensory-motor behavior and about the characteris-
tics of the child’s environment (e.g., time spent at the nursery, time spent with mother/father or
grandparents). The infants’ ages at the first home visit ranged between 0;7.08 and 0;10.28.

Two trained transcribers, working independently of one another and using broad phonetic
transcription, transcribed each child’s vocal or verbal production, noting duration. In the case of
particularly difficult vocalizations a third transcriber was included and, if there was no consensus
after four joint listenings, the utterance was excluded. The guidelines for the transcription process
were similar to those used by other authors (e.g., McCune & Vihman, 2001; Olswang, Stoel-
Gammon, Coggins, & Carpenter, 1987).

Infant productions of each consonant were computed in each session, and the total number
of occurrences was calculated for each infant. Two criteria were used to identify VMS, follow-
ing McCune and Vihman (2001) and DePaolis et al. (2011). According to the first criterion, a
consonant had to be produced at least 10 times in each of three out of four successive sessions.
The second criterion was 50 occurrences of a consonant within one to three sessions; this criterion
made it possible to bring a child in for testing more rapidly, once high use of a particular VMS had
been identified. Voicing was not considered distinctive, since it is generally not well-controlled in
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8 MAJORANO ET AL.

this developmental period (Macken, 1980). Infants were classified into two categories according
to VMS production: (i) single-VMS producers and (ii) multiple-VMS producers (two or more
VMS produced).

Following McCune and Vihman (2001), broad phonetic-transcription reliability was evaluated
for point-to-point agreement between the two transcribers, based on approximately 10 minutes’
recording from each participant for VMS identification (/p,b/, /t,d/, /k,g/, /m/, /n/). Utterances
that could not be identified after four listenings and with the aid of a third transcriber were
excluded. Inter-judge agreement was .85, consistent with other studies of consonants produced in
the prelinguistic period (e.g., Davis & MacNeilage, 1995; DePaolis et al., 2011).

Stimuli for the Head-turn Preference Procedure

A female native Italian speaker recorded four lists of 12 nonwords. All stimuli were recorded
in a sound treated room using a RODE NT2A condenser microphone connected to a Metrichalo
soundcard sampling at 48 KHz-24 bit. The stimuli had a speech peak within + 1.5 dB and an ISI
of 750 ms.

Three contrasting lists of nonwords were presented: one featuring the infant’s identified VMS
(own-VMS), one featuring VMS typical for that age but not yet acquired by the infant tested
(other-VMS; both own- and other-VMS are stops grouped regardless of voicing: /p,b/, /t,d/,
and /k,g/), and a third featuring consonants not often produced in babbling (/f,v/). Each of
the consonants was combined with vowels according to the most frequent C-V associations in
infant vocalizations, following Davis and MacNeilage (1995); nasals were excluded, following
DePaolis et al. (2011). The phonotactic patterns of the stimulus words conformed to adult Italian.
Although /!/ is not present in Italian adult speech, this sound is reported for babbling and the
first words of Italian children (Zmarich & Miotti, 2003); accordingly, it was included here in the
lists of nonwords, to vary the phonetic shapes of the stimuli (Table 1). The word-final vowels
conformed to adult Italian.

TABLE 1
Nonwords Used in the Head-Turn Experiment

p/b t/d k/g f/v

pab! tidE kOgu fav!

p!ba dEti kugu f!va
bap! ditE gOko vaf!
b!pa tEdi guku v!fa
pap! titE kOku faf!
p!pa tEti kuku f!fa
bab! didE gOgo vav!

b!ba dEdi gugu v!va
papa titi kOkO fava
p!p! tEtE gogo f!v!

baba didi gOku vafa
b!b! dEdE gukO v!f!
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 9

In contrast with DePaolis et al. (2011) but following DePaolis et al. (2013b), lists of isolated
nonwords were presented in this study instead of nonwords embedded in passages.

Head-turn Preference Procedure

For perception assessment each child was tested twice using the HPP, first at 6 months and then
again at the age at which the criteria for VMS production were observed (each child participated
in the head-turn experiment within a week after the relevant observation session). At the start
of the first experimental session each mother was asked about the infant’s vocal production,
using a specially designed questionnaire; a short observation period was also included to establish
whether the infant was babbling in syllables.

The experimental procedure was set up in accordance with Kemler-Nelson et al. (1995) and
DePaolis et al. (2011). The mother was seated with the infant on her lap in a three-sided test
booth. A camera and a red light were positioned at the center, and a blue light and a speaker
were mounted on the right and left side panels. The observer controlled stimulus presentation
using a video monitor and PC located in a separate room. Each experiment was composed of
a familiarization and a test phase. During the familiarization phase the non-word lists were all
presented (all four lists at 6 months and own-VMS, other-VMS and non-VMS in the second
HPP), counterbalanced for order. This phase was designed to acquaint the infants with the speech
stimuli. During the test phase the three stop-pair lists (/p,b/, /t,d/, /k,g/) and the one fricative
list (/f,v/) were presented in the 6-month session while lists with own-VMS, other-VMS, and
non-VMS (/f,v/) were presented in the second session.

Each trial started only when the experimenter judged that the infant’s gaze was directed toward
the flashing red light. At that point, one of the blue lights to one side of the infant would begin
to flash and, once the infant looked toward the flashing light, one of the randomly selected lists
of 12 nonwords would begin to play after a half-second delay. The infant’s looking time was
recorded by the experimenter pressing a button on the computer when the infant changed their
gaze direction, turning their head at least 30◦ toward the side light. The side of presentation was
pseudo-randomized by the program. Each trial ended when the infant failed to turn his/her head
after the initial stimuli or turned away for more than two seconds. In the first session, at 6 months
of age, the four lists were presented four times (16 trials); in the second session, the three lists
were presented four times (12 trials). Participants were tested in the second head-turn procedure
between the ages of 0;7.28 and 0;11.08. Only the own- and other-VMS pairs identified before the
second HPP were included in the analysis of the first experimental session.

To assess reliability, a second experimenter coded eight infants’ looking time off-line for each
experimental session; interjudge agreement was .88 (Cohen’s index).

Coding of Infant-Directed Speech

The IDS of a sample of six mothers was analyzed. As in DePaolis et al. (2011), mothers of
infants who produced different VMS were selected for comparative analysis; both the pre-VMS
session and the session in which VMS was identified were then transcribed. Following Vihman,
Kay, Boysson-Bardies, Durand, and Sundberg (1994), consonants were tallied in (i) all child-
directed running speech (content and function words), (ii) content words only, and (iii) onset
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10 MAJORANO ET AL.

position in content words. Geminate consonants in content words were counted as well, because
this category, together with the initial consonant, is reported to have special salience for children
(Savinainen-Makkonen, 2007; Vihman & Velleman, 2000).

To assess reliability, 20 minutes of maternal speech from each session were transcribed by a
second transcriber; agreement of .89 (Cohen’s index) was reached in the sounds corresponding
to VMS identification in the maternal speech samples.

Vocabulary Assessment

The size of the children’s comprehension and production vocabulary was assessed at 12 months;
production only was assessed at 18 months, based on the Italian version of the MacArthur-Bates
Communicative Development Inventory (CDI; Caselli & Casadio, 1995).

RESULTS

Infants’ Production

Table 2 reports the occurrences of each sound produced, total occurrences and the number of
VMS. Twelve children (mean age at first observational session 0;8.21) produced a single VMS,
while 14 children (mean age at first observational session 0;9.01) produced multiple VMS;
8/12 single-VMS children produced p/b to criterion, 3/12 produced t/d, and one infant produced
k/g. Most children in the multiple-VMS group produced two VMS (9/14), generally the pairs
p/b and t/d, but 5/14 produced three. The single-VMS infants produced a mean of 85.33 con-
sonants altogether (SD = 12.84), while the multiple-VMS infants produced a mean of 157
(SD = 35.28).

Infant Speech Perception-Production Relationship

Table 3 reports the VMS identified, the consonant pairs tested for each child in the second HPP
and the age at first observational visit and at the second test.

To test possible differences in infants’ preferences for consonantal patterns in relation to their
production, a k-means cluster analysis was conducted on the total phoneme occurrences, using
R free software programming language for statistical computing (version 2.15.0). This nonhier-
archical clustering procedure makes it possible to group participants into subgroups with similar
characteristics according to a specific variable (MacQueen, 1967). Using this analysis, a k number
of clusters (specified a priori) are constructed in order to test the structure of the data set. Then
centroids for a set of trial clusters are calculated, each participant is placed in the cluster with the
nearest centroid, and the centroids are recalculated and the participants reallocated. The cluster
analysis made it possible to identify infants based on production. The infants were then separated
into groups (i.e., into the optimal number of clusters) based upon the Euclidean distance between
each infant’s production total and the three mean production values that minimized the respective
distances.
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 11

TABLE 2
Each Child’s VMS Production (Ordered by Total Number of Occurrences During the Sessions)

Occurrences of

Age at first session N sessions VMS p/b t/d k/g m n
Total

occurrences

M.B. 8.08 2 p,b 52 9 1 2 64
A.A. 8.15 1 p,b 51 6 15 72
C.D 8.11 1 p,b 58 8 3 6 75
F.V. 10.28 1 p,b 56 4 3 12 75
A.G. 8.02 4 p,b 53 12 3 8 76
L.B. 8.15 2 p,b 56 10 16 82
C.A. 7.08 2 t,d 9 57 9 13 88
M.G. 8.10 2 p,b 58 10 22 5 95
V.S. 10.16 2 t,d 10 64 12 10 96
D.C. 9.04 2 k,g 11 5 65 10 7 98
M.B.1 8.03 4 t,d 4 66 20 11 101
M.B2 9.02 3 p,b 62 8 20 12 102
M.C. 8.25 2 p,b; t,d 50 56 4 6 2 118
A.R. 9.18 2 p,b; t,d 54 51 12 3 120
G.F. 10.13 1 p,b; m 60 4 53 6 123
H.B. 9.10 4 p,b; m 56 8 54 11 129
A.B. 9.03 4 p,b; t,d 68 57 2 9 136
F.V. 7.28 2 p,b; t,d 60 62 11 6 139
G.R. 9.02 2 p,b; k,g 61 2 51 22 8 144
M.T. 9.28 3 t,d; k,g 8 52 54 26 5 145
P.A. 8.27 2 p,b; t,d 57 56 10 21 5 149
F.M. 9.29 2 p,b; t,d; m 55 64 52 5 176
R.D. 8.18 3 p,b; t,d; m 69 58 6 52 10 195
L.G. 8.09 3 p,b; t,d; m 68 61 8 52 8 197
A.P. 9.27 3 p,b; k,g; m 68 8 60 61 2 199
A.L. 7.15 3 p,b; t,d; m 72 70 6 57 23 228

As can be seen in Figure 1, the analysis yielded three clusters: group 1: low production,
composed of 12 infants (M = 85.33; SD = 12.39, group 2: middle production, 9 infants (M
= 133.67; SD = 11.58) and group 3: high production, 5 infants (M = 199.00; SD = 18.64)
(p < .0001). Comparing the composition of group 1 (Figure 1) and the number of VMS pro-
duced by each infant (Tables 2 and 3), it can be noted that the low production group corresponds
exactly to the group of children identified as producing a single VMS. Following DePaolis
et al. (2011), the infants’ preference ratios (P-ratios) were computed for looking time (LT) in
response to ‘own’ consonants over ‘own+other’ consonants (P-ratio = LT(own)/LT(own+other).
Individual infant preference ratios for Own-VMS are reported for each of the three groups in each
experiment.

Figures 2a and 2b indicate that in the second HPP only infants in group 1 looked longer in
response to own-VMS lists than to other-VMS lists. On the other hand, children who produced
more consonants (groups 2 and 3) looked longer in response to other- than to own-VMS list.
Both figures show that at 6 months individual P-ratios are less differentiated by group, while in
the second HPP most of group 1 is concentrated above the middle line (.50% level) whereas the
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12 MAJORANO ET AL.

TABLE 3
Age at First Visit, Number of Sessions Needed to Identify VMS for Each Infant, VMS Identified, Age at

Second HPP and Own- and Other-VMS Used in HPP

Age at first visit N sessions VMS identified Age at 2nd HPP Own-VMS Other-VMS

A.G. 8.02 4 p,b 9.20 p,b t,d
C.A. 7.08 2 t,d 7.28 t,d p,b
M.B. 8.08 2 p,b 8.26 p,b t,d
M.B.1 8.03 4 t,d 9.20 t,d k,g
L.B. 8.15 2 p,b 9.02 p,b t,d
M.B2 9.02 3 p,b 9.29 p,b t,d
D.C. 9.04 2 k,g 9.22 k,g p,b
C.D 8.11 1 p,b 8.11 p,b t,d
M.G. 8.10 2 p,b 8.27 p,b k,g
A.A. 8.15 1 p,b 8.16 p,b t,d
V.S. 10.16 2 t,d 11.06 t,d p,b
F.V. 10.28 1 p,b 10.28 p,b t,d
F.M. 9.29 2 p,b; t,d m 10.18 t,d k,g
H.B. 9.10 4 p,b; m 10.27 p,b t,d
A.B. 9.03 4 p,b; t,d 10.19 t,d k,g
P.A. 8.27 2 p,b; t,d 9.15 p,b k,g
R.D. 8.18 3 p,b; t,d; m 9.28 t,d k,g
G.F. 10.13 1 p,b; m 10.18 p,b k,g
L.G. 8.09 3 p,b; t,d; m 9.09 p,b k,g
A.L. 7.15 3 p,b; t,d; m 8.23 t,d k,g
F.V. 7.28 2 p,b; t,d 8.16 p,b k,g
A.P. 9.27 3 p,b; k,g; m 10.26 k,g t,d
G.R. 9.02 2 p,b; k,g 9.20 p,b t,d
A.R. 9.18 2 p,b; t,d 10.11 t,d k,g
M.T. 9.28 3 t,d; k,g 11.08 k,g p,b
M.C. 8.25 2 p,b; t,d 9.12 t,d k,g

other two groups fall in the lower part of the plot (Figure 2a) for own-VMS lists; the pattern is
reversed for other-VMS lists (Figure 2b). As shown, the preference for own-VMS increases from
the 6-month HPP to the second HPP only for group 1 and decreases for the other two groups.
Looking time to the non-VMS lists was quite similar in the three groups (Figure 3).

A mixed 3 × 3 × 2 (VMS category [own-VMS, other-VMS, non-VMS] × infant produc-
tion [low, middle and high production] × experimental session [6 months and age of VMS
attainment]) Analysis of Covariance (ANCOVA) was performed on the test trials, using look-
ing time as the dependent variable. Since the first observation of the multi-VMS group (and,
consequently, the second HPP) was carried out later than the first observation of the single-VMS
group (9.01 vs. 8.21 mos. and 10.02 vs. 9.12 mos.) and since this might reflect a later recognition
of babbling onset on the parents’ part, age at second HPP was added as covariate.

Analysis indicated no main effect for the single factors (VMS category: F(2, 48) = 2.11;
p = .13, η2 = .08; infant production: F(1, 24) = .64; p = .54, η2 = .05; experimental session:
F(1, 24) = .07; p = .78, η2 = .01) but revealed a significant interaction between VMS categories,
infant production, and experimental session (F(2, 48) = 3.34; p = .05, η2 = .18). Posthoc analysis
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 13

FIGURE 1 A plot of the three clusters identified using k-means analy-
sis; ‘total occurrences’ is the sole variable analyzed.

indicated that single-VMS infants looked longer in response to Own-VMS than to Other-VMS:
t(12) = 3.20; p < .01 in the second HPP. In the same HPP both groups of multiple-VMS infants
(middle production and high production) looked longer to Other-VMS than to Own-VMS: t(9) =
3.20; p < .01 and t(5) = 2.95; p < .05. These effects are not seen in the first HPP, where neither
the single- nor the multiple-VMS infants showed a preference for either list of nonwords (t(12)
= .05; p = .95 for single-VMS infants, t(9) = .05; p = .95 and t(5) = .58; p = .58, for the other
two groups). These results indicate a preference for nonwords based on the infants’ production
practice, as indexed by VMS, in the second HPP.

Since the /p,b/ list was preferred by most of the children, in order to test the alternative
hypothesis that the preference was due to the specific consonant rather than to individual infant
production, a similar mixed 3 × 2 × 2 (VMS categories [Own-VMS, Other-VMS, Non-VMS] ×
infant production [/p,b/ as VMS and /p,b/ as non-VMS] × session [6 months and second HPP])
was carried out. Analysis of variance (ANOVA) was performed on the test trials using looking
time as the dependent variable. Analysis indicated no main effect for the single factors and no
significant interactions [VMS category: F(2, 48) = .52; p = .60, η2 = .02; infant production:
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14 MAJORANO ET AL.

FIGURE 2 Individual plots for preference for stimuli containing the
most often produced sounds, using preference ratios [looking time (own) /

looking time (own + other)] (Figure 2a), and preference for stimuli con-
taining less often produced sounds, using preference ratios [looking time
(other) / looking time (own + other)] (Figure 2b).

F(1, 24) = .02; p = .89, η2 = .01; experimental session: F(1, 24) = .24; p = .62, η2 = .01; inter-
action between VMS categories, infant production, and experimental session (F(2, 48) = 2.02;
p = .13, η2 = .08)]. Thus, there is no relationship between the bilabial stop, the infants’ favored
production pattern, and their preference for bilabial stop consonants in the HPP.

In short, the lower production group (group 1, which corresponds to the single-VMS group)
showed a difference in their stimulus preference in the second HPP compared with the other two
groups; thus child experience with a single (group 1) vs. multiple VMS (groups 2 and 3)—a
difference in experience which reflects different levels of articulatory competence—appears to
be associated with different perceptual preferences toward the end of the first year but not at
6 months of age.
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 15

FIGURE 3 A plot of infant looking times to own-, other- and non-VMS
in the two HPPs for the three groups. The bars represent ± 1 standard
error.

Analysis of Infant Directed Speech

To determine whether individual infants’ VMS were affected by their mother’s speech the IDS of
six mothers of infants (M.B.2; V.S; D.C.; A.B.; M.T.; G.R.) who produced different VMS (/p,b/;
/t,d/; /k,g/; /p,b/ and /t,d/; /t,d/ and /k,g/; /p,b/ and /k,g/) were chosen for analysis. Both the
6-month session and the session in which VMS was identified were transcribed. The percentages
of occurrences for stop VMS are reported in Table 4.

As shown in Table 4, the distribution of stops in maternal input speech in the pre-VMS and
VMS sessions is quite similar. Figure 4 shows this relative uniformity (for onset consonants only,
since the onset consonant, which generally falls in the accented syllable, is likely to be the most
salient for children: Cf. Vihman, Nakai, DePaolis and Hallé, 2004). A series of Friedman’s non-
parametric tests for related samples was conducted to analyze differences in the proportions of
the three pairs of stop consonants. Data analysis indicated no significant differences (χ2 (2) rang-
ing between .33 and 2.33) in any position analyzed. This means that although each of the infants
first produced one or more of the stop pairs, there was no significant difference in their mothers’
frequency of use of these stop pairs.

To more formally compare the distribution of stop-VMS for the different IDS measures with
the children’s production, however, a distance matrix was constructed, following the procedure
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 17

FIGURE 4 Stop-VMS occurrences (percentages) in IDS of six infants’
mothers.

reported in Vihman et al. (1994). In this version of the test, the distance matrix tests the similarity
(or distance), for pre-VMS and VMS sessions, between the proportion of stop consonants in
mothers’ running speech and content words, and in infant vocalizations. For running speech the
mean ranks found for row (mother - child) and column (child - mother) were as follows: pre-VMS
session 3.5, 3; VMS-session 3.8, 3.8; for content words: pre-VMS session 3.5, 3.7; VMS- session
3.7, 3.3. Non- parametric Mann Whitney’s tests for independent samples were applied to these
data to determine whether these means are different from chance (in this case the mean should be
3.5). None of the tests showed a significant difference (U ranging from 12 to 16; p > 05). This
indicates that none of the within-dyad pairings (child A to mother A) had greater similarity than
other-dyad pairings (e.g., child A to mother B).

Predicting Lexical Development

The Italian version of the MacArthur-Bates CDI (Caselli & Casadio, 1995) was administered
to participants’ mothers when the infants were 12 and 18 months of age. Table 5 shows group
vocabulary sizes and normative data.
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18 MAJORANO ET AL.

TABLE 5
Mean Lexicon Size of Participants in this Study and Normative CDI Data (Standard Deviation in Parentheses)

normative group current research

production comprehension production Comprehension

12 months 8 (9) 109 (57) 12 months 7.07 (4.42) 116 (47.72)
18-19months 88 (88) − 18 months 116.91 (84.54) −

FIGURE 5 Vocabulary size in relation to age of VMS acquisition.

As shown in Table 5, the vocabulary sizes of the group fall within one SD of the normative
data at both 12 and 18 months of age. Two linear regressions were performed to analyze the
relation between early phonetic development (age of acquisition of VMS) and vocabulary size at
12 and 18 months of age. The results indicate an effect of the predictor on (expressive) lexical
development at 12 months [R2 = .15, R2

adj = .12; F(1, 24) = 4.29, p < .05; ß = −.39 and
p < .05] but not on receptive vocabulary [F(1, 24) = 1.47; p > .05] and not at 18 months [F(1,
24) = .05; p > .05]; see Figure 5.

The results show a relation between preverbal articulatory practice and the number of first
words children produce. However, this association is limited to early words (12 months), and
to expressive vocabulary, and is not detectable later (at 18 months), in contrast with the finding
of effects on later vocabulary learning in other studies (e.g., McCune & Vihman, 2001; Stoel-
Gammon, 1989). The difference in the findings here and in previous studies may be due to
differences in the methods used to assess vocabulary size in the second year (direct observation
plus CDI in the previous studies vs. CDI only in the present study). More careful child observation
may be needed to test the effects of preverbal development on later child word acquisition.
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INFANTS’ PRODUCTION EXPERIENCE AND THEIR PROCESSING OF SPEECH 19

Comparison of Italian and English Groups

To investigate a possible role for input characteristics in the association between perception and
production, data from this study are compared with data of DePaolis et al. (2011), conducted
with English infants. The English group comprised 18 infants. The procedure was similar to that
used in this study: Infants were recorded regularly in their homes until at least one VMS was
identified. Then the same infants were tested using HPP. The nonwords used as stimuli were
similar to the stimuli of the present experiment (they contained /p,b/, /t,d/, /k,g/ and /v,f/), but
were embedded in passages. In contrast with the Italian study, most of the infants in the English
study produced /t,d/ as VMS. In order to compare the two studies the Italian participants were
grouped by number of VMS identified (multiple- vs. single-VMS infants). The data from the
English study and the second Italian HPP are plotted in Figure 6.

As indicated in Figure 6, a difference in looking times emerged between the two language
groups. A mixed 3 × 2 × 2 (VMS categories [own-VMS, other-VMS, non-VMS] × infant
production [single VMS and multiple VMS] × language group [English, Italian]) Analysis of
Variance (ANOVA) was performed on the test trials, in order to analyze this difference between
groups, using looking time as the dependent variable. Analysis indicated no main effect for the
single factors but a significant interaction between VMS categories and infant production [F(2,
80) = 10.30; p < .001, η2 = .20]. Posthoc analysis indicated that single-VMS infants looked
longer to Own VMS: t(20) = 3.49; p < .01 and multiple-VMS infants looked longer to Other
VMS: t(22) = 4.79; p < .01. In addition, an effect of the between-subjects variable “language
group” emerged [F(1, 40) = 15.48; p < .001; η2 =.28]. Post-hoc analysis indicated that the Italian
group showed longer looking-times for all three lists of nonwords (t ranging between 2.81 and
3.29; p < .05). In short, the English and Italian groups display the same preference for auditory
stimuli in relation to their articulatory practice, but the kind of stimuli presented (list of nonwords
or passages) influenced looking times in the HPP.

FIGURE 6 Looking times in the second HPP for the Italian infants com-
pared with a previous study involving British English infants (DePaolis
et al., 2011). (Color figure available online.)
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20 MAJORANO ET AL.

DISCUSSION

The present study describes early production and perception in infants learning Italian. The pro-
duction data indicate that the most frequent early VMS in Italian infants is /p,b/, in line with
other studies of the phonetic characteristics of early child words in Italian (Keren-Portnoy, et al.,
2009; Majorano & D’Odorico, 2011). This is in contrast with English and Welsh, where /t,d/

has been found to be the most frequently produced early consonant type (DePaolis et al., 2011;
DePaolis et al., 2013b; McCune & Vihman, 2001). The difference between Italian and English
early phonetic preferences can be explained by the complex interaction between individual expe-
rience and input-specific influence on early language development; it provides evidence against
the existence of a universal bias in early consonant production.

Since Italian IDS has not yet been extensively documented, it is worth noting that Italian
mothers used many words with initial bilabials (e.g., bella ‘nice,’ brava ‘good,’ bimba ‘baby,’
bau ‘bowwow,’ buono ‘good,’ papa ‘daddy,’ pappa ’food’ (baby talk), piccolo ‘little,’ prendere
‘to take’). The high frequency of words with labial stop onsets (as shown in Figure 4) could
account for the frequent use of labial stops in the Italian infants’ babbling and early words
(also Zmarich, Dispaldro, Rinaldi, & Caselli, 2011, on the phonetic characteristics of Italian
CDI, where early but not later acquired words have a high percentage of labials at word onset
[44%]). Note as well that a higher percentage of velar sounds was found in IDS here as compared
with adult Italian (Batinti, 1993), perhaps due to the observational context, in which mothers
made high use of questions and deictics (cosa . . . ? ‘what . . . ?’, questo . . . ‘this,’ quello . . .

‘that’).
We now take up each of our hypotheses separately and then conclude with a general discus-

sion that suggests that our results support the existence of an articulatory filter acting to mediate
between production and perception in the prelinguistic infant.

As proposed in our first hypothesis, prior to the onset of babbling production (around
6 months of age) there is no evidence of systematic infant preferential attention to the particular
nonword list preferred in the second HPP. Instead, as seen in the findings for the second HPP,
there is an association between production practice and speech perception toward the end of the
first year, which supports the second hypothesis. Infants producing fewer consonants to criterion
(group 1, or the single-VMS group) displayed longer looking times in response to nonword
lists that contained sounds they were consistently producing, while children with consistent
and stable use of more consonants (groups 2 and 3, or the multiple-VMS infants) displayed
the reverse pattern. This effect was not due to the acoustic characteristics of the stimuli, since
both own- and other-VMS lists featured acoustically similar stop consonants, and the different
groups of infants looked equally long in response to the non-VMS list, which featured the more
acoustically salient fricatives.

Our findings also support the third hypothesis, consistent with previous studies that show that
the distribution of consonants in the mothers’ infant-directed speech is not the main determi-
nant of infants’ favored consonants in production (DePaolis et al., 2011, DePaolis et al., 2013b;
Vihman et al., 1994). We see in our data no correspondence between the mothers’ frequency of
consonant use, including labials (the most common consonant produced early on by the infants
in this study), and individual child production. Although the input patterns undoubtedly guide the
infant’s babble toward the adult model, the individual infant’s favoured consonants in babble do
not match the most frequently used consonants of their mothers.
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Focusing on the cross-linguistic comparison, the results of the second HPP here closely
parallel those of DePaolis et al. (2011) and thus support the fourth hypothesis. Both Italian and
British English infants who had acquired a single VMS preferred the consonants that they were
producing, while in both language groups those who showed evidence of two or more VMS pre-
ferred the production patterns that they were not yet producing. The difference between English
and Italian infants’ overall looking times can be explained by the difference in the mode of pre-
sentation of stimuli in the two experiments: While the Italian infants listened to isolated word
lists, the English infants listened to words embedded in passages. As reported in DePaolis et al.
(2013a), the ability to recognize familiar words without familiarization (or ‘priming’) in the lab-
oratory emerges earlier for isolated words presented in lists than for words presented in passages.
A more robust and stable representation of the words appears to be needed for the more challeng-
ing task of segmentation compared with simple word-form recognition. Here we see, similarly,
that infants who are just beginning to produce VMS are sensitive to the occurrence of those con-
sonants in words; their occurrence in isolated words, where they are less likely to be overwritten
by succeeding words or syllables, seems to hold infant attention longer.

The fact that the overall pattern of infant responses is the same in British English and
Italian suggests a possible underlying mechanism that is independent of the ambient language.
Moreover, it may be independent of language itself. That is, the data are consistent with a more
general cognitive account such as the intersensory redundancy hypothesis (Bahrick, Lickliter,
& Flom, 2004), which suggests that an event that conveys coordinated time-locked information
across multiple senses promotes selective attention to the underlying event. Thus, the proprio-
ceptive feedback from the articulators, visual cues from the caregiver, and the auditory signal
produced both internally, by the child’s own vocalizations, and externally by an adult speaker
would combine to bring the well-practiced consonant to the foreground, separating it from other
consonants. As it relates to language, this idea amounts to the articulatory filter hypothesized for
early infant production.

Finally, the expected relation between production and early lexical development (fifth hypoth-
esis) was partially confirmed in this study by the regression analysis: Children who acquired
VMS earlier showed more advanced (expressive) lexical development at 12 months. This is in
agreement with other studies that have reported that an earlier start on consistent vocal practice
with consonants correlates with earlier first word learning (e.g., McCune & Vihman, 2001; Stoel-
Gammon, 1989). However, this early advantage does not necessarily lead to more rapid lexical
development in the longer term, as suggested by the absence of a relation between VMS acqui-
sition and expressive lexical development at 18 months. The regression analysis also failed to
show a relationship between receptive lexicon and age of acquisition of VMS. Although unex-
pected, this result is not surprising since word comprehension, with situational support, begins
well before first word use (Bergelson & Swingley, 2012).

General Conclusion

What do these results tell us about early language development? On the one hand, since we did
not track the development of specific perceptual abilities reported as predictive of later advances
in other studies, such as emergent sensitivity to input regularities in the middle of the first year, it
is possible that skills of that type could make phonological forms more accessible independent of
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22 MAJORANO ET AL.

production advances. Thus the more perceptually advanced child might display more advanced
phonological development as expressed by greater production of utterances tuned to more fre-
quently occurring stimuli in the ambient language (Kuhl et al., 2008) or greater attention to novel
phonetic forms (e.g., Werker & Curtin, 2005) and, accordingly, differential sensitivity to the con-
sonants presented in the current experiment. Although this interpretation is possible, the growing
evidence for connections between the development of production and perception (e.g., Lefkowicz
& Hansen-Tift, 2012; Yeung & Werker, 2013), coupled with the lack of an effect in the HPP at
six months in the current study, make it unlikely. While it is tempting to posit preëminence for
perception over production (or vice versa), a more integrative approach exploring connections
between the two seems more persuasive. Separate evidence for the activation of auditory (supe-
rior temporal) and motor (inferior frontal) areas of the brain in 6- and 12-months olds, but not
neonates, in response to speech (Imada et al., 2006) provides compelling independent evidence
for this alternative view.

In our interpretation, then, the findings can be taken to mean that children with greater artic-
ulatory experience are also better able to retain a sample of phonological forms from input
speech, based on their familiarity with elements of those sequences from their own vocal practice.
Following the articulatory filter hypothesis, babbling production can be considered an important
condition for children to construct the phonological system of their ambient language: VMS
production sensitizes children to a larger range of ambient language patterns and supports the
development of more robust phonological representations of those patterns. The supraglottal con-
sonants that are motorically the most accessible and that are abundantly modeled in the input are
the most favored consonants in early production. Perception and production interact to guide
infant’s babble to coalesce around consonants in the ambient language.

What emerges from this study is a clearer picture of the likely path from babble to words
and good evidence of interaction between production and perception at the end of the first year.
From this period on, infants become increasingly sensitive to the phonetic categories of their
native language and their production becomes more and more attuned to input characteristics
(e.g., DePaolis, Vihman, & Kunnari, 2008; Kunnari, Nakai, & Vihman, 2001; Vihman, Nakai, &
DePaolis, 2006; Vihman & Velleman, 2000), resulting in a more advanced level of phonological
representation. According to this developmental model, while practice with a single VMS sensi-
tizes infants to that pattern in the input (phonetic level), practice with more than one VMS leads
children to begin to construct a phonological system based on differences between patterns.

This idea is in line with a broader non-linear developmental model (Thelen & Smith, 1994) that
assumes that higher levels of complexity (phonology) can be explained through the integration
of less complex elements (babble and attunement to native language sound patterns) to produce
“cohesive patterns” (Smith & Thelen, 2003). Thus, the development of linguistic knowledge can
be seen as the product of a complex interaction between factors that cannot be considered inde-
pendent but must instead be understood as strictly associated; “no single element has causal
priority” (Smith & Thelen, 2003, p. 344).
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