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Acquiring a lexicon constitutes an essential step in early language development. From an early age on,
infants store words with well-specified phonological representations, and they can spontaneously acti-
vate these representations on the basis of visual information only (Mani & Plunkett, 2010a, 2011). To
what extent can infants inspect and categorize phonological representations in the absence of auditory
input? The present study focuses on words that infants comprehend but do not attempt to pronounce
yet, and introduces a novel methodology based on anticipatory eye-movements. In two experiments,

f:ﬁwgdz: development 21-month-old French-learning infants were silently presented with images of familiar objects whose
phognolfgy P labels they comprehended but did not pronounce yet. We tested whether they could activate the phono-

logical representation of these labels and categorize them based on their length. Infants’ performance
exceeded chance when the target words were mono- and trisyllabic, but not when they were mono-
and disyllabic. Thus, even in the absence of auditory input infants can activate the phonological represen-
tation of words they do not pronounce yet, and use this representation to perform a categorization based
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on word length, provided the length difference is substantial.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Building a lexicon constitutes an essential step in early lan-
guage acquisition. During the first two years of life, infants develop
perceptual skills that allow them to recognize word forms, as well
as productive capacities for pronouncing those words. Typically,
word comprehension starts earlier than word production: whereas
infants show some signs of word comprehension as early as 6-
9 months of age (Bergelson & Swingley, 2012; Tincoff & Jusczyk,
1999), they only utter their first words around 12 months
(Vihman, 1996).

While adding words to their lexicon, infants develop phonolog-
ical representations for these words. A host of evidence shows that
as early as their second year of life, such representations are well-
specified (Bailey & Plunkett, 2002; Mani, Coleman, & Plunkett,
2008; Mani & Plunkett, 2007, 2010b; Skoruppa, Mani, Plunkett,
Cabrol, & Peperkamp, 2013; Swingley, 2009; Swingley & Aslin,
2000, 2002; White & Morgan, 2008; Zesiger, Dupuis Lozeron,
Lévy, & Frauenfelder, 2011). These studies show that infants are
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sensitive to mispronunciations in both consonants and vowels:
they recognize a target object better when its label is correctly pro-
nounced (‘Where’s the baby?’) than when it is mispronounced
(‘Where’s the vaby?’). Thus, infants perceive phonetic details and
store them in their phonological representation of words from an
early age. In sharp contrast to these detailed input representations
stand infants’ approximate and highly variable early word produc-
tions. Some of this variability is due to systematic alterations,
including sound substitution (for example when a target word con-
sonant takes on features of another consonant, a phenomenon
referred to as consonant harmony, e.g. guck for duck; see e.g.
Goad, 1997; Vihman, 1978; Pater & Werle, 2003) and word trunca-
tion (when a syllable of a word is omitted, e.g. nana for banana; see
e.g. Allen & Hawkins, 1978; Demuth, 1995; Fikkert, 1994; Gerken,
1994; Ingram, 1978; Pater, 1997; Smith, 1973). It is not until
around 6 years of age that most words are pronounced correctly
(Sander, 1972; Vihman, 1996).

In models of word production, generating a word begins with
the selection of a lemma and the retrieval of the associated word
form, including its phonological representation. In adults, the
activation of phonological representations is rapid and automatic,
and it takes place even without the intention to speak. This fol-
lows from research with visual search tasks, in which participants
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must identify a target object among a set of objects shown on a
screen. Crucially, adults are slower to identify an object in the
presence of a distractor whose label is homophonous or phono-
logically similar to the label of the target object. This phonological
interference effect can only be due to the automatic activation of
the object labels (Gorges, Oppermann, Jescheniak, & Schriefers,
2013; Meyer, Belke, Telling, & Humphreys, 2007). There is evi-
dence that infants who have just started to pronounce words like-
wise activate phonological representations of unnamed objects
(Mani & Plunkett, 2010a, 2011). In these experiments, 18- and
24-month-old English-learning infants heard a label and had to
recognize the target object to which it referred (presented side-
by-side with a distractor object). Crucially, infants were primed
with a silent presentation of an object whose label either started
with the same phoneme as the label of the target object or a dif-
ferent one (e.g., target: cat; related prime: cup; unrelated prime:
teeth). Infants’ recognition was found to be significantly different
between related and unrelated trials. That is, 18-month-olds
looked longer to the target than to the distractor and were faster
to switch from the distractor to the target in related than in unre-
lated trials; 24-month-old showed the reverse pattern of results,
and hence behaved similarly to the adults in the studies men-
tioned above, whose recognition of a target object was also inhib-
ited by the presence of a phonologically related prime (Gorges
et al., 2013; Meyer et al., 2007). Thus, infants spontaneously acti-
vated the phonological representation of the labels of the silently
presented prime objects. It remains to be investigated whether
this spontaneous activation depends upon infants’ capacity to
overtly pronounce the word. Indeed, Mani and Plunkett (2010a,
2011) did not consider infants’ expressive vocabulary; given that
the primes were familiar monosyllables, it is likely that 24-
month-olds already pronounced most of them, and that the 18-
month-olds produced at least some.

Infants’ capacity to spontaneously activate phonological repre-
sentations raises a further question: to what extent can infants
inspect and categorize these representations? To our knowledge,
this question has been addressed only with six- and seven-year
old children. Specifically, when shown a set of three pictures, six-
year-olds can indicate the picture whose label rhymes with an
auditorily presented word, and seven-year-olds can also indicate
the picture whose label has the largest number of sounds
(Lundberg, Frost, & Petersen, 1988; note that the article does not
mention whether the children pronounce the labels before giving
a response). In the present study, we examine the capacity to cat-
egorize phonological representations of unnamed objects at a
much younger age. Specifically, using an implicit anticipatory
eye-movement paradigm (McMurray & Aslin, 2004), we investi-
gate whether 21-month-old infants, who do not pronounce many
words yet, can categorize the labels of familiar objects that are pre-
sented in silence according to whether they are short or long. As
categorization requires activation, we also test whether infants
can activate phonological representations of unnamed objects even
if they do not pronounce their labels overtly. Thus, we use words
that according to parental report are known but not yet
pronounced.

2. Experiment 1

In this experiment, infants have to categorize monosyllabic and
trisyllabic labels. Considering the novelty of the paradigm and the
difficulty of the combined activation-categorization task, the 1:3
ratio seems an appropriate starting point. This is the highest possi-
ble ratio we can test, since French infants do not know a sufficient
number of words with more than three syllables.

Table 1
Mean number of segments and mean durations of mono- and trisyllabic words in
Experiment 1. SEs are shown between parentheses.

Number of segments Duration
Monosyllable 2.9 (0.1) 738 (46.7)
Trisyllable 6.6 (0.2) 966 (42.0)
Difference 3.7 (02) 228 (44.2)

p <0.001 (t-test).

2.1. Methods

2.1.1. Participants

Thirty-one 21-month-old monolingual French-learning infants
from Paris participated (9 boys, mean age =21;17, range = 20;1-
22;1). Parental consent was signed prior to testing. Six additional
infants were tested but excluded from analysis due to fussiness
before reaching the test phase (5) or experimental error (1).

2.1.2. Stimuli

We selected 30 monosyllabic and 30 trisyllabic words repre-
senting unambiguously recognizable objects. Both monosyllabic
and trisyllabic lists were matched with regard to semantic cate-
gory: they contained as many objects corresponding to animals
(e.g. chat ‘cat’, papillon ‘butterfly’), food items (e.g. oeuf ‘egg’,
clémentine ‘clementine’), and artifacts (e.g. lit ‘bed’, parapluie ‘um-
brella’). All words were produced in an infant-directed manner
by an adult female native speaker of French. Information about
mean number of segments and durations is provided in Table 1.
In addition, we selected 60 color drawings depicting the objects.

2.1.3. Procedure

We used an anticipatory eye-movement paradigm, consisting of
a learning phase and a test phase (McMurray & Aslin, 2004). Per-
sonalized scripts were programmed separately for each infant
based on their individual comprehension and production
vocabularies.

To obtain vocabulary reports, we asked parents to fill out a
questionnaire consisting of the selected word list (see Section 2.1.2)
which they had to send back a few days prior to test. For each word
parents had to indicate whether they thought their child could
comprehend the word, pronounced the word and if so, how it
was pronounced. For the test phase, we selected images of objects
that infants recognized and whose label they comprehended but
did not pronounce, according to parental report.! Objects for the
learning phase were selected among those remaining in the vocabu-
lary list after assignment of the objects in the test phase; that is, they
could be either unknown, known and pronounced, or known but not
pronounced by the infant.

The trial design was adapted from Kovacs and Mehler (2009).
During the learning phase, trials began with the central presenta-
tion of an image for 1500 ms, while an isolated auditory label for
the depicted object was played simultaneously. The offset of the
image was followed by two white squares on each side of the mon-
itor for 1000 ms. Next, the same object reappeared within one of
the two squares for 1500 ms, again accompanied by its auditory
label. For half of the infants, objects with a monosyllabic label
always reappeared on the left side of the screen and objects with
a trisyllabic label on the right side; for the other half, it was the

! The test stimuli for 17 infants included one or more monosyllabic words they
already pronounced. In addition, the test stimuli for 13 infants included one or more
trisyllabic words that they pronounced in a truncated, monosyllabic, form (e.g.,
clémentine pronounced as tine). All trials with a pronounced mono- or trisyllabic word
were omitted from the analyses; this concerned 13.7% of the test trials (9.6% with
monosyllabic and 4.2% with trisyllabic words).
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reverse. The 1000 ms delay during which the two side-by-side
white squares were being presented allowed infants to anticipate
the side on which the object would reappear. In order to do this
successfully, they had to learn the association between the label’s
length and the side of the screen associated to that length.

In the following test phase, infants saw novel objects. Impor-
tantly, their labels were comprehended but not pronounced by
the infants. Test trials included the same sequential displays as
learning trials, except for two aspects: First, the delay for anticipa-
tion was doubled to 2000 ms, in order to give them more time to
anticipate. Second, the object was presented in silence at the
beginning of the trial. Thus, in order to successfully anticipate
the side on which the object would reappear, infants had to (1)
internally activate the object label themselves and (2) inspect its
length. The object’s label was played when the object reappeared
at the end of the trial, in order to reinforce learning throughout
the test and to maintain infants’ focus on the task (Fig. 1).

The learning phase always contained 30 different trials, 15 with
a monosyllabic and 15 with a trisyllabic word. The test phase also
contained equal numbers of trials of both types, but the total num-
ber of test trials varied across infants and depended on how many
words the infant comprehended but did not pronounce yet (max:
30). In both the learning and the test phase, trials were presented
in a pseudo-random order, such that no word from the same type
was presented more than three times in a row. The experiment
was run using Lincoln Infant Lab Package (Meints & Woodford,
2008).

2.2. Results and discussion

Trials were coded offline frame-by-frame from the offset of the
first image to its reappearance. The resulting time window analysis
was of 1000 ms in the learning phase and of 2000 ms in the test
phase. Infants’ gazes were coded as left look, right look, or other
look (all coded data for this and the next experiment are available
as supplementary material). Data from 13% of the infants were also
coded by a second coder (intercoder reliability: 92%, Cohen'’s
Kappa: 0.86). Trials that contained neither a left nor a right look
were excluded from the analyses. Two individual accuracy mea-
sures were computed based on infants’ left and right looks (hence
excluding the other looks): initial accuracy, defined as proportion
of first fixations to correct side, and overall accuracy, defined as
proportion looking time to correct side. Both scores were scaled
such that they ran from —1, corresponding to 100% incorrect antic-
ipations, to +1, corresponding to 100% correct anticipations, with 0
representing performance at chance level. To test whether infants’
mean accuracy scores were significantly above chance, we ran one-
sided t-tests. Given that the number of analyzable test trials varied
widely across infants (mean = 14.9; range = 4-27), both because
the number of trials was variable and because infants did not nec-
essarily show at least one left or right look in all trials, we used a
weighted version. In this version, the contribution of individual
infants’ accuracy scores to the t-statistic is proportional to their
number of anticipated trials.

During the learning phase, infants showed at least one left or
right look in 81% of the trials. Infants’ mean scores were not signif-
icantly above chance for either initial accuracy (mean=-0.02,
SE = 0.03, t(30) < 1) or overall accuracy (mean = —0.002, SE = 0.03,
t(30) < 1, ns). During the test phase, they showed at least one left
or right look in 83% of the trials. The mean latency of the first look
was 625 ms (SD: 141 ms), and its mean duration 819 ms (SD:
238 ms). Infants’ mean accuracy scores were significantly above
chance, considering both initial accuracy (mean = 0.12, SE = 0.04,

t(30) = 3.25, p = 0.0014; see Fig. 2, left panel) and overall accuracy
(mean = 0.06, SE = 0.03, t(30) = 1.69, p = 0.050).

Thus, infants anticipated significantly more often to the correct
side than to the incorrect side, showing that they were able to cat-
egorize the labels of silently presented images corresponding to
mono-and trisyllabic words according to their length. As catego-
rization requires activation of the words’ phonological representa-
tion, these results also show that in the absence of auditory input,
infants activate phonological representations of familiar words
that they do not yet pronounce. Note that although scores for both
initial accuracy and overall accuracy are significant, the former are
twice as high as the latter. We hypothesize that this is because a
2000 ms time window before the reappearance of the object is long
enough for infants to change gaze direction. Thus, given that they
do not see the object appear on the side they first orient towards,
infants would change their gaze before the end of the time win-
dow. Accordingly, first fixations constitute a more reliable measure
than proportion looking time for assessing categorization.

There is one caveat: an alternative explanation might be that
infants categorized the labels of the two word types based on a fre-
quency rather than a length difference. Using a French corpus of
speech directed to infants under 24 months (over 285.000 word
tokens; see Ngon et al. (2013) for details), we indeed found that
the monosyllabic words we used are significantly more frequent
than the trisyllabic ones in infants’ speech input (mean number of
occurrences for monosyllables: 104, for trisyllables: 31; t(58)
=4.26,p <0.0001). Thus, this raises the question of whether infants’
relative experience with the objects’ labels might have influenced
their performance. We therefore reran our analyses on a subset of
trials in which the two word types are matched in mean log fre-
quency. To select this subset we proceeded as follows: For each
infant, among the attempted test trials we ordered the monosyllabic
words from least to most frequent and the trisyllabic words from
most to least frequent. We then selected the least frequent monosyl-
labic word and the most frequent trisyllabic word, and added data
points for each word type (so as to obtain equal numbers of mono-
syllabic and trisyllabic trials). For half of the infants, we stopped
selecting trials when the mean log frequency of monosyllables
was just below that of the trisyllables, for the other half, when it
was just above. Consequently, monosyllabic and trisyllabic trials
were matched in log frequency overall. Following this procedure,
we obtained a subset containing 66.5% of the original dataset. Three
infants did not contribute any datapoints, since for them there was
zero overlap between the frequencies of the monosyllables and
those of the trisyllables (i.e. the most frequent monosyllable was less
frequent than the least frequent trisyllable). As before, we compared
mean accuracy scores against chance using a weighted version of the
t-test (across infants, the number of analyzable trials varied between
2 and 22, with amean of 11.0). Even under these more stringent con-
ditions, infants’ mean performance significantly exceeded chance
for both initial accuracy (mean=0.17, SE=0.05, t(27)=3.60,
p=0.0006; see Fig. 2, right panel), and overall accuracy
(mean = 0.08, SE = 0.04, t(27) = 2.11, p = 0.022).

Thus, these restricted analyses allow us to reject the alternative
interpretation of our data: infants’ successful performance is not
due to a possible sensitivity to the frequency difference between
the two word types, but, rather, is evidence of their sensitivity to
the length difference.

In the next experiment, we examine how sensitive infants are
to length differences, by testing whether they can categorize
mono- vs. disyllables. If their length estimations are noisy, they
will make more errors with this smaller ratio, and hence we
expect that their performance will be below or equal to that of
infants in Experiment 1.
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Fig. 1. (a) Time line of two typical learning trials. Each trial included the following displays, in sequence: central presentation of an object (1500 ms), two white squares
(1000 ms), and reappearance of the same object in one of the squares (1500 ms). An auditory sound corresponding to the label for the object was played during the first and
second presentation of the object. (b) Time line of a typical test trial: central presentation of an object (1500 ms), two white squares (2000 ms), and reappearance of the object
in one of the squares (1500 ms). An auditory sound corresponding to the label of the object was played only during the second presentation of the object; the first

presentation was silent.

3. Experiment 2
3.1. Methods

3.1.1. Participants

Thirty-one 21-month-old French-learning infants participated?
(8 boys, mean age = 20;28, range = 20;0-21;26). None of them had
participated in Experiment 1. Three additional infants were tested
but excluded from analysis due to fussiness before reaching the test
phase (2) or experimental error (1).

3.1.2. Stimuli

We selected 44 monosyllabic (e.g. chat ‘cat’, oeuf ‘egg’, lit ‘bed’)
and 44 disyllabic words (e.g. lapin ‘rabbit’, carotte ‘carrot’, voiture
‘car’). Again, both monosyllabic and disyllabic lists were matched
with regard to semantic category and all words were produced in

2 Five more infants could not be included in the sample, because according to the
word list filled out by their parents, their vocabulary contained no words that they
understood but did not yet pronounce.

Table 2

Mean number of segments and mean durations of mono- and disyllabic words in
Experiment 2. SEs are shown between parentheses.

Number of segments Duration
Monosyllable 2.8 (0.1) 707 (25.3)
Disyllable 4.9 (0.1) 917 (29.2)
Difference 2.1 (0.1) 210 (33.1)

p<0.001 (t-test).

an infant-directed fashion by the same speaker as in Experiment
1. Information about mean number of segments and durations is
provided in Table 2. In addition, we selected 44 color drawings
depicting the objects.

3.1.3. Procedure

The experimental design was identical to that in Experiment 1,
except that infants had to categorize monosyllabic and disyllabic
words and that their parents filled out a questionnaire containing
the list of mono- and disyllabic words described above. As in
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trisyllabic words (right). Individual points have been jittered along the x-axis, with point sizes being proportional to their weight. Dashed lines indicate the weighted group

means.

Experiment 1, the test phase contained images of objects infants
recognized and whose label they comprehended but did not pro-
nounce according to parental report,> while the learning phase
included images of objects they did not know, knew and pro-
nounced, or knew but did not pronounce. Since infants tend to know
more disyllabic than trisyllabic words, the initial set of words from
which training and test items were chosen was larger (see Sec-
tion 3.1.2); the number of words during the learning phase and
the maximum number of words during the test phase, however,
were the same as in Experiment 1, i.e. 30. Moreover, care was taken
to make the learning phase as similar as possible to the one in Exper-
iment 1. In particular, as the ratios of words that infants do not
know, know and pronounce, or know but do not pronounce might
influence how well infants learn to categorize short vs. long words,
we used on average the same ratios as in Experiment 1.

3.2. Results and discussion

The data from one infant were discarded, since due to a coding
error two of the first three test trials (out of 14) contained an object
that had been shown on the incorrect side of the screen.

As in Experiment 1, the anticipation time window was coded
offline frame-by-frame for each trial. Data from 10% of the infants
were also coded by a second coder (intercoder reliability: 93%,
Cohen’s Kappa: 0.89). The data were analyzed in the same way
as those in Experiment 1. Specifically, given the variable number
of test trials across infants (mean =20.0; range = 8-30), infants’
performance was compared to chance using a weighted t-test. Dur-
ing the learning phase, infants showed at least one left or right look
in 80% of the trials. Their mean scores were not significantly above
chance for either initial accuracy (mean =0.02, SE=0.03,t<1) or

3 The test stimuli for 14 infants included one or more disyllabic words that they
pronounced in a truncated, monosyllabic, form (e.g., voiture pronounced as ture).
Trials concerning such a truncated bisyllabic word accounted for 5.9% of the test
trials; they were omitted from the analyses.

overall accuracy (mean=0.02, SE=0.04, t<1). During the test
phase, infants showed at least one left or right look in 87% of the
trials. The mean latency of the first look was 649 ms (SD:
160 ms), and its mean duration 920 ms (SD: 239 ms). Their mean
accuracy scores against chance were significant for neither initial
accuracy (mean = 0.03, SE = 0.04, t < 1; see Fig. 3) nor overall accu-
racy (mean = 0.003, SE = 0.03, t < 1). Thus, infants failed to catego-
rize mono- vs. disyllables.

It should be noted that there is a significant age difference
between infants in Experiment 1 and those in Experiment 2, the
infants in Experiment 1 being on average 20 days older than those
in the Experiment 2 (£{(59) = 4.80, p < 0.0001). However, age and
initial accuracy score did not correlate in Experiment 1 (weighted
Texpt = —0.075, p>0.1) and only marginally so in Experiment 2
(rexp2 =0.31, p=0.09). Thus, we tentatively conclude that this age
difference cannot explain the difference in performance between
the two experiments. Rather, we attribute infants’ failure in the
present experiment to the fact that a 1:2 ratio is smaller than a
1:3 ratio. The results thus suggests that infants’ estimations of
length differences are noisy, allowing them to categorize mono-
vs. trisyllables but not mono- vs. disyllables.

4. General discussion

It is well known that as early as during the second year of life,
infants have detailed phonological representations for familiar
words (e.g., for French see Skoruppa et al., 2013; Zesiger et al,,
2011). These representations can be activated in the absence of
auditory input. Indeed, Mani and Plunkett (2010a, 2011) showed
that 18- and 24-month-old infants’ word recognition undergoes
priming or interference, respectively, from the silent presentation
of an object whose label starts with the same phoneme as the label
of the target object. In the present article we expanded on this
research in two ways. First, while Mani and Plunkett (2010a,
2011) used highly familiar words that the infants probably already
pronounced, we examined the activation of words that infants



58 C. Ngon, S. Peperkamp / Cognition 152 (2016) 53-60

1.00 -

0.80

0.60

°

@ 0.40 -
— o
S 0:.
"
3 020+ L)
o LN
3
3 0909,
8 0.00 -
] .o
'€ -0.20 - ..
g ® e
P o
£ -0.40 -

-0.60 -

-0.80 -

-1.00 -

Fig. 3. Individual mean initial accuracy scores for the test phase in Experiment 2.
Individual points have been jittered along the x-axis, with point sizes being
proportional to their weight. The dashed line indicates the weighted group mean.

comprehend but - according to parental report - do not yet attempt
to pronounce. Second, we investigated whether infants can catego-
rize spontaneously activated words according to a phonological
criterion. To our knowledge, phonological categorization of words
in the absence of auditory input has not been shown in children
younger than six years (Lundberg et al., 1988). Here, we tested
21-month-old infants on a combined activation-categorization
task, using an adapted version of the anticipatory eye-movement
paradigm (McMurray & Aslin, 2004). Infants were presented with
pictures of objects whose labels they know but do not yet pro-
nounce. They showed successful categorization of these labels
according to whether they are mono- or trisyllabic, but not accord-
ing to whether they are mono- or disyllabic.

Importantly, the lists of objects with respectively mono- and
multisyllabic labels presented during the learning phase were
matched with regard to semantic category. Hence, infants could
not rely on a semantic categorization to learn the task. Moreover,
an analysis of a frequency-matched subset of the trials in the test
phase of Experiment 1 allowed us to exclude the possibility that
infants performed the categorization task on the basis of frequency
rather than length of the objects’ labels. These findings, then, pro-
vide the first evidence that in the absence of auditory input infants
can activate phonological representations for unpronounced
words, and, moreover, that they can use these representations to
categorize the words according to their length, provided the length
difference is substantial (i.e., corresponds to a two-syllable
difference).

It should be noted that our conclusion that infants can sponta-
neously activate phonological representations of words before pro-
nouncing them overtly is only as robust as the parental
questionnaire data are trustworthy. That is, for each infant we used
test items that according to the parents were not yet pronounced.
Even though we used a conservative criterion - items about which
parents expressed doubts were not included - infants might have
been tested on some items that they already pronounced. Much
research has compared parental questionnaire data to measures

of infants’ expressive language capacity, showing that they are a
reliable indicator of the relative size of infants’ expressive vocabu-
lary (for infants of around 20 months of age, see Bates, Bretherton,
& Snyder, 1988; Corkum & Dunham, 1996; Dale, Bates, Reznick, &
Morisset, 1989; Thal, Jackson-Maldonado, & Acosta, 2000), and
that, if anything, parents tend to underestimate their infant’s
expressive vocabulary (Ring & Fenson, 2000). However, evidence
that parents can accurately report which words are pronounced
and which ones are not yet pronounced is lacking. Our question-
naires were relatively short; for most parents they only contained
the items preselected for use in the experiment (60 for infants in
Experiment 1 and 88 for infants in Experiment 2). This might have
induced parents to respond more carefully than if they had been
given a complete language assessment questionnaire, which typi-
cally contains up to 700 items. Still, we cannot be certain that they
could reliably indicate which words their infant did not yet
pronounce.

In Experiment 1, what type of length information did infants
rely on to learn the categorization of monosyllabic vs. trisyllabic
words during the learning phase? One possibility is of course that
they were sensitive to the difference in number of syllables. Alter-
natively, they might have relied on the difference in number of seg-
ments, as the trisyllabic words contained more segments than the
monosyllabic ones. A third possibility is that infants relied on a
low-level cue, i.e. the difference in raw acoustic duration; on aver-
age, the trisyllabic words indeed also had a longer duration than
the monosyllabic ones. These possibilities are not mutually exclu-
sive: infants might have learned the categorization based on mul-
tiple types of information available in the stimuli. Infants’ failure
with mono- vs. disyllabic words in Experiment 2 provides some
more insight into this question: If infants are sensitive to the num-
ber of syllables, categorizing mono- vs. disyllables is likely more
difficult than categorizing mono- vs. trisyllables because a ratio
of 1:2 is smaller than a ratio of 1:3.* The same holds if infants are
sensitive to the number of segments. Indeed, considering the stimuli
we used, we find that the difference in number of segments between
mono- and trisyllables is significantly greater than that between
mono- and disyllables (3.7 vs. 2.1, F(2,72)=30.98, p <0.0001). By
contrast, contrary to what one might expect, the durational differ-
ence between our mono- and trisyllabic stimuli was net significantly
greater than that between our mono- and disyllabic stimuli (228 vs.
210 ms, F(2,72) < 1). Thus, while from a phonological point of view
the learning phase was more difficult in Experiment 2 than in Exper-
iment 1, from a durational point of view there was no difference.
This, then, suggests that infants relied on phonological length - i.e.
number of syllables or segments - and not (or not only) on acoustic
duration.”

One caveat is in order, though. In Experiment 2, infants might
have had more difficulty either to discover the correct association
during the learning phase and/or to categorize the words they
activated during the test phase. Thus, we cannot exclude the

4 Previous work investigating infants’ representation of numbers for objects with
different experimental paradigms (e.g. looking time, manual search, or locomotor
approach) showed that 10-14 months infants can discriminate between arrays of 1
vs. 2 objects as well as of 1 vs. 3 objects (Feigenson & Carey, 2005; Feigenson,
Dehaene, & Spelke, 2004). Categorizing words according to their number of syllables,
however, is certainly more challenging than categorizing arrays according to their
number of discrete objects, and it seems likely that a 1:2 ratio is more difficult than a
1:3 ratio when it comes to number of syllables in words. In particular, if infants’
estimation of number of syllables is noisy, they will make more errors with a 1:2 than
with a 1:3 ratio.

5 To the extent that number of syllables, not segments, defines the metrical
structural of words, it seems more plausible that infants relied on number of syllables
than on number of segments. Indeed, metrical structure is a perceptually salient
feature of speech, to which even newborns are sensitive: they discriminate lists of di-
and trisyllabic items but fail to discriminate lists of disyllabic items that are either
four or six segments long (Bijeljac-Babic, Bertoncini, & Mehler, 1983).
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possibility that they had inferred the correct categorization by the
end of the learning phase but failed the task during the test phase.
In this case, the possibility that during the learning phase they
relied only on acoustic duration remains open. In order to shed
light on this issue, it would be interesting to lengthen this phase
(and even to dispense with the test phase altogether) in future
research. Recall that neither of our experiments showed an effect
of learning during the learning phase itself. With a longer learning
phase, we expect to see above-chance anticipations for mono- vs.
trisyllables towards the end of this phase; for mono- vs. disyllables,
we have no prediction other than that performance should not be
better than that on mono- vs. trisyllables. Overall, the results
would inform us as to whether infants are able to learn to catego-
rize auditorily presented mono- vs. disyllables, and if so, whether
there is a difference in learning difficulty compared to mono- vs.
trisyllables.

As to the silent test phase, it is impossible to infer with certainty
which type of cue infants relied on to categorize the object labels. If
they learned the side of screen assignments based on phonological
length during the learning phase, we expect a priori that they used
the same cue but now applied to phonological representations they
spontaneously activated. To the extent that phonological represen-
tations might include information on raw duration, we cannot
exclude, though, that they relied on such information. Indeed,
while in our stimuli the sets of disyllabic and trisyllabic words
were not significantly different in duration, infants acquire their
phonological representations based on the speech they hear in
their daily lives, in which di- and trisyllabic words most likely do
have different durations. The precise nature of the cues infants rely
on in the absence of auditory input remains a question for future
research. Regardless, the present results provide novel insight into
the developing lexicon, as we show for the first time that infants
are able to spontaneously activate and categorize phonological
representations for words that they have not yet begun to
pronounce.

A further question is how infants’ activation of phonological
representations of unnamed object labels comes about. Much of
the adult speech production literature considers this type of acti-
vation to be an implicit, automatic step during lexical access
(Morsella & Miozzo, 2002; Navarrete & Costa, 2005; Meyer &
Damian, 2007). Alternatively, Meyer et al. (2007) raise the possi-
bility that adults actively generate the labels of unnamed objects
in inner speech. In a similar vein, Mani and Plunkett (2010a) con-
sider their results with the picture-based phonological priming
paradigm to be evidence for implicit naming in infants, and
Perrone-Bertolotti, Rapin, Lachaux, Baciu, and Loevenbruck
(2014), in a review article on inner speech, consider both the pre-
sent findings and those by Mani and Plunkett (2010a) as evidence
for inner speech in infants. They point out, moreover, that this
capacity could facilitate infants’ oral language development. As
we used words that infants do not yet pronounce, the inner
speech interpretation would indeed imply that infants have out-
put phonological representations of words before they start pro-
nouncing them. This would be in line with experimental
evidence that young children can internally generate the correct
phonological form of words they pronounce incorrectly: Brett,
Chiat, and Pilcher (1988) found that 5-year-old children with
phonological disorder who replace word-initial /k/ by [t/ (e.g.,
producing tap instead of cap), succeed at distinguishing the con-
trast between [k/ and [t/ in a picture categorization task, in which
they were explicitly asked to “think” of the labels representing
the images so as to internally inspect their initial consonant.
The authors concluded that children have correct output phono-
logical representations of these mispronounced words and that
pronunciation errors (velar fronting in their case) occur during
the following stage of articulatory planning. Of course, in our case

infants’ output phonological representations would not necessar-
ily be fully correct, but even if they were rudimentary their devel-
opment would be more advanced than suggested by the absence
of covert articulation.

The present study opens the way to use our innovative para-
digm for further explorations of the development of phonological
representations in infants and young children. Indeed, the com-
bined activation-categorization task is quite demanding, but
despite its high cognitive load it is very engaging for infants, as
shown by our low attrition rates (on average 10%). One question
that could be examined using the same methodology concerns
the featural structure of segments. For instance, infants could be
trained to categorize words starting with a subset of stops (e.g., /
p.b,k,g/) vs. those starting with a subset of fricatives (e.g. [fv.f,3/),
and tested on their categorization of words starting with stops
and fricatives not presented during the learning phase (/t,d,s,z/).
If infants represent subsegmental structure, they should generalize
and hence categorize the test words as stop-initial (/t,d/) vs.
fricative-initial (/s,z/).

Under the assumption that infants generate phonological out-
put representations by means of inner speech, another particu-
larly interesting question is that of truncated words in early
production patterns. Some French-learning infants go through a
stage in which they pronounce only the final, stressed, syllable
of certain multisyllabic words (e.g., gan for toboggan, ‘slide’,
Demuth & Johnson, 2003). Similar truncations have been docu-
mented in the speech of infants learning a variety of languages,
and they have generally been interpreted as evidence for inaccu-
rate phonological representations (e.g., Demuth, 1995; Fikkert,
1994; Pater, 1997; Smith, 1973; but see Smith, 2010). By contrast,
based on the present findings on words that are not pronounced
at all, we expect that infants activate an output representation
with adult-like length for truncated trisyllabic words. Thus, they
should categorize toboggan as long, regardless of whether they
pronounce it as a monosyllable or do not attempt to pronounce
it at all.° Such outcome would be in line with acoustic evidence
showing that omitted syllables can leave unperceivable prosodic
traces in the speech of infants and young children (e.g. Carter &
Gerken, 2004).

To conclude, we introduced a novel experimental paradigm
based on anticipatory eye movements that allows us to examine
the activation and categorization of phonological representations
in the absence of auditory input. We used this paradigm to show
that 21-month-old infants can activate the phonological represen-
tation of mono- and trisyllabic words they do not yet pronounce,
and categorize them according to their length. While the precise
nature of spontaneously activated phonological representations
as well as the activation mechanism itself remain topics for future
research, the present results reveal sophisticated phonological
capacities in infants long before they pronounce words in an
adult-like fashion.
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