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By their first birthday, infants can understand many

spoken words. Research in cognitive development has

long focused on the conceptual changes that accom-

pany word learning, but learning new words also entails

perceptual sophistication. Several developmental steps

are required as infants learn to segment, identify and

represent the phonetic forms of spoken words, and map

those word forms to different concepts. We review

recent research on how infants’ perceptual systems

unfold in the service of word learning, from initial

sensitivity for speech to the learning of language-

specific sound patterns. Building on a recent theoretical

framework and emerging new methodologies, we show

how speech perception is crucial for word learning, and

suggest that it bootstraps the development of a

separate but parallel phonological system that links

sound to meaning.
Introduction

Only humans acquire language. Perhaps this is why the
first words learned by infants seem so special – word
learning is a milestone on the path towards developing a
uniquely human ability. But the task of word learning,
beginning with recognizing spoken words, is not trivial. It
requires a complex mapping among a concept, a word, and
the word’s corresponding acoustic signal across different
speakers and phonetic contexts. Although a long tradition
in infancy research investigates how conceptual systems
develop and then change as words are learned, it is only
recently that researchers have begun to understand the
vital role infants’ developing perceptual systems play in
word learning.

Previously, it had been assumed that the perceptual
units required for lexical acquisition were available as
representations that could simply be mapped onto their
corresponding concepts. It is now known that the
emergence of perceptual units for lexical acquisition has
a developmental history, and that the same processes that
shape these units simultaneously enable the acquisition of
other, grammatical properties of the language. Moreover,
very recent work suggests that these perceptual units
continue to change throughout the early stages of word
learning. This review highlights these recent empirical
findings, many using emerging technologies, which reveal
how perceptual systems for speech are (i) initially
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structured, (ii) change with language-specific exposure,
and then (iii) contribute to, and are changed further by,
the process of word learning.

A theoretical launching point for this review is the
notion of ‘bootstrapping’ – using existing knowledge to
facilitate acquisition of novel abilities. We begin with the
idea that the perceptual biases infants have at birth serve
as the ‘primitives’ from which word forms are constructed.
General perceptual learning enables infants to extract
these early word forms, using increasingly precise knowl-
edge of the acoustic and phonetic properties of the native
language. These word forms are fragile in early develop-
ment, but once they are linked with concepts, a stable
phonological representation of word forms is bootstrapped
from the existing perceptual system. This phonological
system is what enables efficient extraction, maintenance
and linkage of word representations to concepts by 18–20
months.
Initial perceptual biases

Neonates show several perceptual biases, some of which
vary as a function of prenatal exposure. They prefer their
mother’s voice, stories and songs heard prenatally, and
their native language [1]. Even fetuses appear to show
preference, as measured by heart-rate, for their mother’s
voice [2]. These reports confirm that prenatal auditory
experience tunes neonatal perception.

Other early-emerging perceptual sensitivities are more
difficult to explain through prenatal learning and prob-
ably reflect either general properties of animal auditory
systems or epigenetically determined, uniquely human
biases. Sensitivities shared with non-human animals
include neonates’ ability to discriminate languages with
different rhythmical properties only when speech is
played forwards, not backwards [3], and early-appearing
categorical-like discrimination of phonetic contrasts ([4],
but see [5]). Further research is needed to determine if all
initial biases in infants are shared with other animals,
including the preference for speech over acoustically
matched nonspeech [6], discrimination of lexical versus
grammatical words [7], and sensitivity to phonetic cues
that indicate word boundaries [8]. These initial biases and
capabilities, irrespective of their origins, prepare the
perceptual system for later speech input from the
environment.

Cognitive neuroscience complements behavioral work,
showing that initial neural organization in neonates has
some specificity for speech signals, but requires further
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experience to establish adult-like organization. Imaging
studies reveal unique cortical activation to speech in
comparison with equally complex backward speech (e.g.
[9,10]) and electrophysiological studies report unique
neural activity to changes in phonetic versus non-phonetic
attributes [11]. Neural organization is further refined,
with adult-like left hemisphere dominance for speech, by
10–12 months [11]. However, limited plasticity is also
seen. Damage to the left hemisphere in infancy can lead to
reversal of dominance, with similar areas in the right
hemisphere taking over the phonetic tasks [12].

Neural and perceptual systems are initially organized to
treat speech sounds differently from non-speech, but are
also dependent on experience (see Box 1 for further
discussion about lasting impacts of early experience). The
next section describes how native language input further
refines perceptual sensitivities for speech, eventually
helping infants attend to, segment and remember words.

Language-specific reorganization

Native language input acts to reorganize perceptual
sensitivity, selectively maximizing attention to phonetic
Box 1. Assessing the impact of early exposure

Both longitudinal studies and studies with bilingual and special

populations provide evidence linking early perceptual sensitivity to

language proficiency. Individual performance in vowel discrimi-

nation tasks at 6 months predicts vocabulary size, as well as scores

on other language measures from 13–24 months of age [62]. Reading

proficiency in children 3 to 8 years of age is also correlated with

electrophysiological measures of phonetic discrimination recorded

when these individuals were neonates [63]. Although these studies

do not assess language-specific perceptual learning per se, they

provide strong evidence that early general perceptual sensitivities

are correlated with proficiency in later language acquisition.

Evidence for the importance of early perceptual experience also

comes from studies involving infants who experience partial or total

hearing loss. Infants with a history of middle ear infections are more

likely to have later language delay [64]. Moreover, infants born deaf

and then fitted with cochlear implants at 17–24 months (and tested

2–18 months later) recover the ability to discriminate phonetic

distinctions, but remain compromised in their ability to make word–

object associations [65] in comparison with infants who had

implants from 7–15 months. These studies provide intriguing, but

preliminary evidence that there is a sensitive period in which

perceptual exposure is necessary for subsequent facile word

learning.

Studies of adult second-language learners suggest that a lack of

not just auditory exposure in general, but also early language-

specific exposure has long-term consequences for both the lexical

use of phonetic contrasts and for phonetic perception. For example,

highly proficient Spanish–Catalan bilinguals, who first learned

Catalan at 3–4 years of age are less able to use Catalan-specific

distinctions in lexical decision tasks than native Catalan bilinguals

[66]. Moreover, they are not as proficient at discriminating Catalan-

specific vowel distinctions [67].

Early exposure might lead to lasting effects only if there is at least

some continuing exposure. Adults learning Korean up to 3–8 years

of age, and then adopted into French homes without any Korean

exposure were no better able to discriminate Korean-specific

phonetic distinctions than French adults [68]. However, second-

language learners of either Korean or Spanish who overheard either

language before age 5, and then were exposed for just a few hours a

week throughout childhood, were able to maintain native-like

discrimination for Korean phonetic contrasts [69] and production

for Spanish contrasts [70], whereas learners without this early and

continued exposure performed significantly worse.
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features that distinguish native language categories. For
example, infants begin life discriminating both native and
non-native phonetic contrasts, but by 6–12 months of age
show a decline in discrimination of many non-native
distinctions and an enhancement of sensitivity to native
ones [13,14]. The timing and extent of this reorganization
is influenced by several factors, including the acoustic/
articulatory characteristics of the phonetic contrast [15]
and the similarity of the contrast to those used in the
native language [16]. Within the same time period, infants
learn many other phonological properties of the native
language; as reviewed by Jusczyk [17], infants by 9–10
months prefer well-formed words that correspond to
frequent patterns in the input.

Changes in perceptual sensitivity that occur in the first
year of life have been referred to as a ‘functional
reorganization’, a term that describes developing patterns
of discrimination in accordance with functional categories
in the native language, but does not imply loss of
perceptual ability [14,18]. With sensitive measures, for
example, both adults [19] and infants [20] respond to
phonetic differences that are not contrastive in the native
language.

Statistical learning: a mechanism for reorganization?

One mechanism that underlies functional reorganization
might be statistical – as infants are exposed to language-
specific input, emergent properties of the input may shape
the perceptual system. By at least 9 months, infants are
sensitive to the frequency, distribution, and other statisti-
cal properties of perceptual input in speech [13]. Highly
frequent phonetic contrasts and phonotactic patterns (i.e.
permissible combinations of sounds) are categorized in a
language-specific manner at younger ages than less
frequent ones [13,21]. After repeated exposure to lists of
nonsense words with recurring sound patterns, infants
can make generalizations about syllable structure [22],
stress [23] and phonotactic patterns [24].

In phonetic perception, frequent exemplars define the
centers of perceptual categories. As illustrated in Figure 1,
simply changing the frequency distribution of the input
can lead to a modification in phonetic categories in infants
6–8 months of age [25]. Frequency detection also underlies
the perceptual magnet effect, where central exemplars
serve to attract other members of the category, thus
diminishing discrimination within a category [26]. Indeed
distributional input might drive functional reorganization
by shrinking and expanding the perceptual distances
within and between categories [27].

Statistical learning requires only attention and
exposure to input, but as infants mature, they have access
to more sophisticated cognitive abilities. One recent study
suggests that contingent social interaction but not simple
exposure changes phonetic discrimination after 9–10
months [28]. Future research must investigate whether
the mechanisms for functional reorganization change
across development.

Perceptual basis of word learning

In addition to the conceptual barriers that infants over-
come before they learn to use words appropriately, infants
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Figure 1. (a) English-learning infants were exposed to an 8-step continuum of

stimuli modeled on a phonetic difference that is not used contrastively in English

(voiced and unaspirated voiceless alveolar obstruents [da] and [ta]). For 2.3 min,

these stimuli were presented in either a Bimodal (dotted line) or a Unimodal (solid

line) frequency distribution [25]. (b) Following exposure, infants were presented

with alternating (both stimuli 1 and 8) and non-alternating (either stimulus 3 or 6)

test trials. Infants in the Bimodal condition discriminated between non-alternating

and alternating trials, whereas infants in the Unimodal condition listened equally to

both. Data from [25].
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face perceptual challenges: they must also learn to
recognize and represent contrasting acoustic forms of
words. Here our discussion is restricted to how infants (i)
segment words from continuous speech, (ii) remember
words as distinct from one another, and (iii) begin to map
those word forms onto referents.
Word segmentation

Although standard theories of language acquisition once
began with the assumption that words are perceptually
available from the beginning, word boundaries are not
acoustically demarcated in continuous speech. More than
10 years of research has looked at how infants segment
words from the speech stream without a priori knowledge
of word forms. Jusczyk and Aslin first demonstrated that
infants begin to segment words by 7–8 months of age; after
being familiarized with words such as ‘cup’ and ‘dog’,
infants listen longer to passages containing those words
over passages containing other equally common words
[29]. At 7 months, English-learning infants pull out
words that conform to the common English strong-weak
stress pattern, like ‘DOCtor’, but do not segment weak-
strong words like ‘guiTAR’. By 10 months, English-
learning infants can also segment weak-strong words,
perhaps because they can also use language-specific
phonetic and phonotactic cues to word boundaries
[17,30]. All of these cues improve performance in
computational models of word segmentation [31]. Once
www.sciencedirect.com
learned, frequent word forms, like the infant’s name,
facilitate segmentation of new words [32].

Another statistical regularity that infants are sensitive
to is ‘transitional probability’, learning that syllables from
within one word are more likely co-occur than syllables
from separate words [13]. An emerging debate is whether
infants first begin to segment words by using transitional
probabilities [33], or by using word-level, native-language
phonological properties, such as strong–weak stress
patterns for English words, learned initially from words
presented in isolation [34,35].

Word forms

By 9–10 months of age infants show an increasing
preference for word forms that conform to the phonological
characteristics of the native language. Infants of 9–10
months prefer to listen to words obeying native language
phonotactics and to words with native language stress
patterns (see [17,30] for reviews).

In addition to language-specific constraints on word
forms, infants also encode phonetic detail (e.g. ‘tup’ is not
confused with ‘cup’ [29]) and indexical detail (such as
speaker identity [36] and emotional affect [37]). Infants
fail to recognize repetitions of a word, particularly after
some delay, if the indexical properties are changed. By 10–
11 months, infants are able to recognize the word form
across these indexical changes, as well as when syllabic
stress changes [38], but recognition of these word forms is
still faster when indexical information remains constant
[36].

Although these results suggest that infants learn to
give more weight to phonetic detail in word forms by 10–11
months, access is still fragile. Infants of this age treat
mispronounced words like real words, although only when
these mispronunciations are perceptually confusable
(Table 1). Infants listening to pseudowords like ‘didder’
treat them as real words like ‘dinner’ because they differ
on unstressed syllables [38,39]. However, infants show
inconsistent treatment of pseudowords that differ on
stressed syllables that are not in word-initial position
[39] and that differ in syllable-final positions [40]. Pseudo-
words like ‘ninner’ (similar to ‘dinner’) and ‘pog’ (similar to
‘dog’) are treated like unknown words, perhaps because
these words differ in syllable-initial position [40] on
perceptually prominent stressed syllables [38].

Pairing words and objects

Infants begin with simple associations between words and
objects. By 6 months of age, for example, infants associate
highly frequent words, such as ‘Mommy’, and their
referents [41]. Over the next 8 months, infants develop
cognitive and perceptual abilities that allow learning of
new associations more quickly, and in increasingly
unconstrained situations. Infants as young as 8 months
are able to link novel words to novel objects after only a few
repetitions of the pairing, but require cross-modal syn-
chrony between the presentation of the word and move-
ment of the object [42]. Learning associative links at 12
months still relies heavily on perceptual and social cues
like visual salience and eye-gaze; for example, infants
think an attractive object is being labeled even when
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Table 1. Developing access to phonetic detail as infants progress from word form processing to word learning
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experimenter eye-gaze is directed at another object [43].
The ability to form word–object links on the basis of co-
occurrence alone, without facilitating social or temporal
cues is evident by 13–15 months in laboratory tasks [44,45].

At 14 months, infants’ ability to associate novel words
with novel objects is still dependent on the contrastive
saliency of the words themselves. For example, in the
‘Switch’ procedure (Box 2), infants this age reliably learn to
associate words such as ‘lif ’ and ‘neem’ with two different
objects. Yet, when tested with minimally contrastive words
such as ‘bin’ and ‘pin’, 14-month-old infants fail [46–48].
This failure seems paradoxical, because 8 to 14-month-old
infants can still discriminate the same two word forms
when no referent is attached [47].
www.sciencedirect.com
Why do infants at 14 months confuse phonetically
similar words when they are linked to objects, yet
discriminate those same words when not paired with
objects? The perceptual sensitivity needed to make fine
distinctions exists, but access may be inhibited by the
computational demands of having to link word forms
and objects [48]. Both changes to the testing conditions
[49] and the use of familiar words [50] ease the
processing load, enabling access to phonetic detail at
14 months. Moreover, in word recognition tasks (Box 2),
where new associations do not need to be formed, infants
of 14 months look longer to a target picture, such as a
baby, when the target word is pronounced correctly
(‘baby’) than when it is mispronounced (e.g. ‘vaby’) [51].
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Box 2. Assessing infants’ knowledge and learning of words

The ‘Switch’ task, as shown in Figure Ia, assesses the ability to make

novel word–object associations. Infants are habituated to two word–

object combinations, where each object is presented visually while a

word is played from an audio speaker. During each trial, one of the

two words is presented 7–10 times while the object moves back and

forth on a screen. Infants are presented with both word–object

pairings until they habituate to the stimuli – that is, until their looking

times to the objects decrease by a preset criterion. Following

habituation, infants are tested on two types of trials. A Same trial

involves a familiar word and familiar object in a familiar pairing. A

Switch trial involves a familiar word and familiar object, but with the

familiar pairing violated. If the infant has learned the word, the

object, and their link, she should be surprised and look longer at

the Switch than at the Same trial [45].

In the Preferential Looking Word Recognition procedure, recog-

nition of known words is assessed. As shown in Figure Ib, infants are

shown two pictures side-by-side, only one of which corresponds to a

word embedded in a carrier phrase (e.g. ‘Where’s the ?’)

presented over a loudspeaker. The infant’s overall looking time to

the match and to the mismatch can be measured, but more often

looking time is only recorded during a time window of around 350–

2000 ms after the onset of the spoken word. This task also allows for

a measure of on-line processing by monitoring eye movements

during the trials. The latency for looking away from the mismatch

compared with the match can provide a sensitive index of just when

it is that infants have finished processing the word and are able to

detect the match [71,72].
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Figure I. (a) The Switch task used to measure infants’ learning of novel word–

object associative pairings. (b) The Preferential Looking Word Recognition

procedure for measuring infants’ word recognition abilities.
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Figure 2. (a) Electrical brain activity elicited from infants aged 14 months reveals a

higher negative deflection at around 400ms to known words that are congruent

versus divergent with a simultaneously presented visual display. Figures are

modified from [52], showing only central (Cz) and posterior (Pz) electrode sites. (b)

Even when infants are just listening to words, evoked potentials from known versus

unknown words diverge around 200–400 ms after word-onset. This ERP component

indexes word recognition. Figures are modified from [53].
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By 17 months, infants regain access to phonetic sensitivity
when learning novel pairings, mapping forms like ‘bih’
and ‘dih’ onto two different objects (see [48]).

Neural representations of word forms

Recent methodological advancements have shown how
neural representations of word forms can be studied in
infancy. In 14-month-old infants, paradigms measuring
event-related potentials (ERPs) from auditory words that
match simultaneously presented visual pictures diverge
from those of mismatched words 400–800 ms after word-
www.sciencedirect.com
onset [52], as can be seen in Figure 2a. The polarity,
latency and distribution of this component suggest that it
is a precursor to the well-studied N400 component in
adults elicited when semantic incongruities are presented.

In paradigms where 11 to 20-month-old infants are
presented with only auditory stimuli [53], differences in
evoked brain potentials between known and unknown
words are observed as early as 200–400 ms after word-
onset, as can be seen in Figure 2b. Notably, the
distribution of this component seems to change from a
bilaterally distributed one at 13 months, to a left-hemi-
sphere dominant one at 20 months [54].

As shown in Figure 3, this N200–400 component
reveals further development change in word represen-
tations from 14 to 20 months [53]. Just as correctly
pronounced words, like ‘cup’ elicit this recognition
component, mispronounced words like ‘tup’ also elicit
this component at 14 months, but not at 20 months of age.
These data complement behavioral evidence that there is
a change between 14 and 20 months in infants’ ability to
access phonetic detail in lexical tasks.

Implications for development

Linguistic bases of perceptual learning

Ultimately it is speech, and not other sounds, that is used
as the medium for spoken language. Early-appearing
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behavioral preference [6] and unique cortical activation
[9,10] for speech might give words a privileged status over
non-linguistic sounds for linguistic function. At the onset
of word-learning, word forms, but not tones, act as cues for
9 to12-month-old infants to individuate [55] and categor-
ize objects [56].

Whereas conceptual systems are engaged by speech
sounds early on, the meaningful application of infants’
perceptual sensitivities to native language follows a
somewhat different course of development. These sensi-
tivities are not harnessed in word recognition until 14
months and in word learning tasks until 17 months (see
Table 1). What developmental changes allow 17-month-old
infants to learn mappings for minimally contrastive
words, a skill that coincides with the beginning of the
vocabulary spurt around 18 months [57]? One develop-
mental change is learning which aspects of the acoustic
signal are functionally, not just perceptually, distinctive.
A recently advanced framework for linking speech
perception to word learning, PRIMIR (Processing Rich
Information from Multidimensional Interactive Represen-
tations), helps account for these data. PRIMIR suggests
that although infants continue to perceive phonetic and
indexical variation in word forms, by 17 months they have
learned a critical number of word–object mappings.
www.sciencedirect.com
The word–object pairings highlight phonetic differences
used to distinguish meaning, and allow emergence of
functionally contrastive phonological categories [14].
Analogous to evidence showing that increased perceptual
salience of objects makes it easier for those objects to be
mapped in word-learning tasks [43], phonological cat-
egories increase perceptual salience of certain phonetic
contrasts, reducing processing load and enabling efficient
formation of new word–object links.

Figure 4 illustrates infants’ use of phonetic detail as
they process words in real-time. Speed of recognition of
already-known words increases between 15 and 24
months [58], and by 18 months of age, infants recognize
known words such as ‘baby’ on the basis of only the initial
consonant and vowel [59]. An important area for future
research is to investigate whether these improvements in
on-line word recognition are made possible by the
emergence of functional categories.
Bootstrapping revisited

For over 30 years, researchers have asked what develop-
ments in early infancy allow word learning to proceed so
rapidly in the few months before 2 years of age. Infants
begin life with perceptual biases that facilitate attention
to speech and the encoding of its properties. Over the first
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several months of life, infants’ perceptual biases increas-
ingly conform to native language patterns. Detection of
statistical regularities in the input is one mechanism by
which these sensitivities change, but further research
(Box 3) is needed to determine if learning mechanisms
change across development. Emerging native language
perceptual sensitivity aids segmentation and memory of
word forms, yet remains difficult to access in the initial
stages of associative word learning, resulting in
Box 3. Questions for future research

† Infants are able to track the distribution of a single phonetic feature

when this feature is controlled in the artificial language studies, but in

natural language, the distribution of any particular feature covaries

with the distribution of several other features. Can infants track the

distribution of multiple cues?

† How robust is statistical learning throughout development? Do

communicative intent, semantic knowledge, and/or linguistic rules,

once in place, replace statistical learning as the primary engines not

only of language acquisition, but also of language-specific perceptual

change?

† Speech perception in infancy has focused on stressed, syllable-

initial positions. Is the development of phonological knowledge in

less-salient positions (like syllable-final and unstressed positions)

www.sciencedirect.com
a U-shaped performance through early development.
With the mapping of word forms onto concepts, phonolo-
gical categories are bootstrapped, yielding a substantive
change in the efficiency of word learning.

In summary, we suggest that word learning is another
‘bootstrapping’ phenomenon in developmental research.
We do not suggest that word learning can be reduced to
perceptual and statistical learning. Instead, we argue that
perceptual learning provides a foundation upon which
parallel? How would this affect learning of morphological affixes, like

plural ‘-s’ in English?

† What are the neural mechanisms underlying changes in speech

perception, detection of language-specific word forms, and the

mapping of word forms to objects? Do any of these processes and

their resulting representations involve specialized brain systems or do

they rely on domain-general networks?

† Will an understanding of how speech perception bootstraps

language acquisition address difficult theoretical issues in bilingual

acquisition, such as when and if the bilingual child has one or two

language acquisition systems [74]?

† Can the bootstrapping approach direct research on the early

identification of language delay?
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abstract linguistic units can be built. Just as phonological
patterns act as cues to morphological and syntactic
structure [60], and just as naı̈ve concepts allow infants
to learn more complex ones [61], perceptual learning
allows segmentation and representation of word forms
that, once mapped to concepts, bootstrap the process of
word learning and lead to a qualitative improvement in its
efficiency.
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