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Infant speech perception emerged as a field late in the 20th century. Early work focused on defining the initial state,

and documenting the timecourse of changes in speech perception over the first year of life. At the turn of the cen-

tury, attention shifted from studying when children became attuned to their native language, to asking how children

achieved this transformation. Statistical learning became the dominant mechanism to explain language develop-

ment. But, as researchers pushed the bounds of statistical learning, different questions took center stage: given

the complexity of spoken language, how do infants determine which regularities to track? And are the patterns

infants track influenced by their unique language learning environment? Inspired by these questions, researchers

have shifted to studying acquisition across more diverse contexts, and to using dense corpora and big data

approaches to examine how individual differences in children’s input relate to speech perception in the lab. In this

paper, we first review this progression, summarizing how the field has arrived at the current state of the art. We

then argue that the time is ripe for the development of new theoretical approaches, and sketch out the loose con-

tours of SLED, a new 21st-century proposal that emphasizes the role of sociophonetic variation and the richness of

the speech signal in early development. With advanced tools in hand and data from a wide variety of learning con-

texts increasingly available, we are excited to see how the field will evolve over the next 25 years.

� 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
The primary goal of this review is to summarize advances
that have been made in the field of infant speech perception
during the last 25 years. A secondary – but nonetheless impor-
tant – goal of this review is to underscore how the rapid recent
advances in the field have created the need for new theoretical
approaches to understanding how infants acquire spoken lan-
guage. To illustrate one way of meeting this challenge, we
sketch out a new 21st century inspired proposal we have
coined SLED. We not only lay out the three primary assump-
tions of SLED, but also discuss how its predictions differ (or
not) from existing models. We then close by discussing how
classic and contemporary methodologies can be used in com-
bination to address these and other related predictions. But

1. Introduction
 before we turn to our two primary goals, we first consider the
origins of infant speech research to underscore just how
impressive 21st century advances have been.

1.1. Before the turn of the century

1.1.1. The birth of a field in the late 20th century

The workings of the infant mind have been shrouded in
mystery throughout much of history. With no tools available
to reliably assess infants’ experience of the world, questions
concerning the origins of human cognition were more philo-
sophical than scientific in nature. This was particularly true
for questions regarding infants’ language capabilities. In the
1900s, diary studies meticulously tracked the words and
sounds produced by infants, and researchers theorized about
the origins of human language (Leopold, 1949). But diary stud-
ies are limited in scope. They are also subject to observer bias
and filtered through the adult perceptual system. With no way
to ask infants to report on their experience of the world before
they began speaking, many assumed the pre-verbal infant
mind was quite limited, and that infants could not make sense
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of speech until they had mastered some of the motor skills
needed to produce words.

But in the latter half of the 20th century, methodological
innovations set the stage for change. Animal behavior
researchers had developed a looking paradigm to ask non-
human primates how they perceived their visual world. Robert
Fantz recognized that the same paradigm could be used to tap
into the workings of the infant mind. Fantz adapted it for use in
human infants (Fantz, 1958) and added a habituation phase,
so that infants’ ability to tell apart two stimuli could be tested
even if they did not have an inherent preference between them
(Fantz, 1964). Soon thereafter, this infant habituation paradigm
was further adapted for use with auditory stimuli (Clifton &
Meyers, 1969). This methodological innovation paved the
way for a study that changed how we think about the develop-
ment of speech and the acquisition of human language.

Speech researchers immediately realized the potential
infant habituation paradigms held for addressing longheld mys-
teries regarding the initial state for infants’ perception of lin-
guistic units. The first question they asked was whether
infants – like adults – showed categorical perception for
speech sounds (Eimas et al., 1971). Young (English-learning)
infants were habituated to an English ‘ba’ syllable and then
tested on whether they noticed a shift to ‘pa’. The study
demonstrated that infants who could not yet babble nonethe-
less perceived bilabial stop consonants much like adults do
(an abrupt shift from ‘ba’ to ‘pa’ at a VOT of approximately
30 ms). That is, infants demonstrated something akin to
adult-like categorical perception of speech sounds. Numerous
studies followed (primarily with English-learning infants), show-
ing that infants carve up many segmental contrasts in the
same sort of non-continuous fashion as adults (Eimas, 1974;
Eimas, 1975; Eimas & Miller, 1980a, 1980b). Could categorical
perception be the key to explaining why humans – and no
other animal – could learn spoken language? Could it be evi-
dence that some aspects of language were indeed innately
specified (Chomsky, 1965)? And was it possible that motor
experience (a key part of adult speech perception theories at
the time) might not be necessary for the perception of speech
after all? These findings shook the foundation of the 20th cen-
tury conceptualization of how speech and language develop-
ment work. We had finally opened the door onto the infant’s
inner experience, and discovered that it was much richer than
we could have imagined. The field of infant speech perception
was born.

1.1.2. Setting the stage for the 21st century

As time passed, researchers’ initial hopes that categorical
perception would be the key to unlocking the mysteries of
human language development were dashed. Although a grow-
ing body of evidence demonstrated that infants carved up
speech continua in a fashion that resembled adult speech per-
ception, this did not seem to explain the essence of what made
human infants such good language learners. First, it wasn’t
even clear that what infants were doing was categorical per-
ception. Limitations in infant testing methodologies – which
relied on discrimination, but did not get at labeling (or catego-
rizing) – meant that we could not obtain evidence for true cat-
egorical perception (McMurray et al., 2000). Second, follow-up
work with non-human animals suggested that humans weren’t
the only ones who perceived stop contrasts in a non-
continuous manner. If a chinchilla or quail performed similarly
to a human infant in the perception of human speech contrasts
(Kuhl & Miller, 1975), then this deeply undermined the argu-
ment that speech was ‘special’ (i.e., an innately wired percep-
tual or motor module in the human brain to support the
acquisition of spoken language). As a result, the field shifted
from viewing infants’ performance on categorical perception
tasks as evidence for a domain- and species-specific skill to
viewing it as a by-product of domain- and species-general
auditory perception.

Next, researchers turned their focus from questions of
innate endownment to something that was equally remarkable
– how quickly infants became attuned to the native language.
Researchers established that by 8–10 months of age, infants
lost sensitivity to certain speech contrasts that were not used
in their native language (e.g., Trehub, 1976; Werker & Tees,
1984). Attunement to language-specific vowel contrasts
appeared even earlier (Kuhl et al., 1992; Polka & Werker,
1994). At the same time, work with adults showed that relearn-
ing non-native speech contrasts was very difficult, if not impos-
sible (Strange & Dittmann, 1984). These findings merged quite
nicely with those in the broader literature suggesting, on the
basis of aphasia recovery and cases of late first and second
language acquisition, that there was a biologically imposed
critical period for the acquisition of language (Newport,
1990). A picture began to emerge where language input led
to a pruning of infants’ initial universal set of auditory sensitiv-
ities and attention to just those speech differences that were
contrastive in the native language – potentially due to a loss
of cortical plasticity.

These early studies were exciting demonstrations of when
infants began tuning into the sound contrasts in their native
language, but they left open many questions. First, they were
based on a relatively small set of segmental contrasts, with pri-
marily English-learning infants. Other languages carved up the
phonetic space differently. For example, whereas English voic-
ing categories are distinguished by short- vs. long-lag VOT, in
languages like Spanish and French, they are instead distin-
guished by negative vs. short-lag VOT, and in Thai, the VOT
dimension is carved up into three categories rather than two
(Lisker & Abramson, 1964). In Korean, in contrast, there is a
three-way distinction among voiceless consonants based on
aspiration and tenseness (Cho et al., 2002). Languages also
differ widely in the number and type of segments they contain,
as well as in the acoustic salience of their contrasts. Would the
developmental patterns observed – a loss of sensitivity to non-
native distinctions and maintenance of native ones – be found
for all types of speech contrasts? Would infants learning lan-
guages other than English, or learning more than one lan-
guage, show different developmental trajectories? And what
were the learning mechanisms driving these changes? We
also knew very little about infants’ perception of speech units
above the segment or syllable level, short of some work on
newborn infants’ preference for familiar versus unfamiliar
voices and languages (DeCasper & Fifer, 1980; Mehler
et al., 1988). This lack of data on infants’ perception of speech
units above the segment or syllable was frustrating, especially
given developments in our understanding of how adult speech
processing worked.
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Luckily, as the 20th century drew to a close, additional
methodologies were introduced (e.g., the Headturn Preference
Procedure; Kemler Nelson et al., 1995 and the Intermodal
Preferential Looking Procedure; Golinkoff et al., 1987) that
enabled researchers to ask what information infants extracted
from continuous speech and – by doing frame-by-frame hand
coding of children’s eye movements – to see how their inter-
pretation of spoken words unfolded in real time (Swingley
et al., 1998). These developments – coupled with an expand-
ing number of infant speech labs around the world – led to a
burst of discoveries as the 20th century drew to a close.

1.2. At the turn of the century

With more suitable tools in hand, researchers moved
beyond looking at infants’ perception of isolated syllables,
and turned to the question of when (and how) infants were able
to find words in continuous speech. The results were surpris-
ing. Even before they began speaking, infants could not only
segment word-sized units from speech, but they did so using
language-specific cues to word boundaries (Jusczyk & Aslin,
1995). For example, in English, most content words carry
word-initial stress. Remarkably, like English-speaking adults,
English-learning 7.5-month-olds appeared to use this informa-
tion to locate likely word boundaries in speech, segmenting tro-
chaic (but not iambic) words from fluent speech (Jusczyk et al.,
1999b). By 9–10 months, infants also segmented words using
other language-specific information, like phonotactic structure
and the position of allophonic variants (Jusczyk et al.,
1999a). The discovery that infants could extract reasonably
well-specified word forms from fluent speech led to a tsunami
of new questions. Most crucially, the more we learned about
how sensitive infants were to the language-specific structure
of their native language, the more we were plagued by a fun-
damental chicken and egg question: how do infants learn
how words sound in the first place before knowing any words?
Suggestions that infants learned these cues by exposure to
isolated words seemed unsatisfactory, since we had growing
evidence that most speech directed to infants consists of
multi-word utterances (Brent & Siskind, 2001; van de Weijer,
1998).

1.2.1. Statistical solutions to the word segmentation problem

In 1996, a paper was published whose impact on the field
of infant speech perception rivaled that of the 1971 Eimas
et al. paper on infant categorical perception (Saffran et al.,
1996). This study used an artificial language learning para-
digm inspired by psycholinguistic studies with adults
(Morgan & Newport, 1981) to explore whether infants could
use syllable distribution patterns to segment an initial cohort
of words from speech. Infants were exposed to a continuous
2-minute stream of speech containing flat prosody and no
pauses or other cues to word boundaries besides the likeli-
hood of one syllable following another. The researchers
hypothesized that infants would perceive syllable pairs with
high transitional probabilities (TPs) between them as words,
and those with low TPs as belonging to different words. The
artificial language contained four tri-syllabic words that
repeated 45 times each, with no word ever repeating in imme-
diate succession and no word containing the same syllables
as any other word. Therefore, the within-word syllable TPs
were 1.0 and the between-word syllable TPs were 0.33. After
just two minutes of exposure, infants listened longer to trisyl-
labic strings of syllables that spanned a word boundary than
to strings of syllables that formed a word, showing that they
had succeeded in segmenting words, despite the absence
of any cues to word boundaries other than the syllable TPs.
The study had a huge impact on the field. If infants were pull-
ing words out of the fluent speech around them using this
general strategy, they could then use these words to extract
language-specific patterns (such as the presence of stressed
syllables word initially) useful for segmentation. The study
also arrived on the scene just as connectionist modeling of
cognitive abilities was taking off, leading to exciting inter-
changes between the infant speech world and various other
fields within the cognitive sciences.

1.3. The first quarter of the 21st century

The realization that infants as young as 8 months of age
could track transitional probabilities between syllables shaped
the trajectory of the next two decades of research. Research-
ers began to explore other problems that might similarly be
‘solved’ by this kind of domain-general learning ability (includ-
ing the acquisition of word meanings (Smith & Yu, 2008) and
grammatical structures (Gómez & Gerken, 1999)). At the level
of speech acquisition, researchers wondered whether statisti-
cal learning could explain how infants attune to speech con-
trasts in the native language. By this point, it had become
clear that perceptual tuning could take multiple forms, including
a loss of sensitivity (narrowing), a heightening of sensitivity to
particular contrasts, or even a shifting of category boundaries
(Narayan, 2019; Polka et al., 2001). Could statistical learning
explain these changes?

1.3.1. New approaches to phonological attunement

Before statistical learning entered the scene, explaining
how infants attuned to the segmental contrasts of their native
language seemed like an intractable problem. This is because
initial attempts to explain infants’ tuning to the speech cate-
gories of their native language relied on the notion of minimal
pairs (MacKain & Stern, 1985). In much the same way that lin-
guists determine the phoneme inventory of a language, the
idea was that learning minimal pairs might clue children in to
the relevance of particular speech contrasts. For example,
the acquisition of word pairs like ‘pig’/’big’, ‘pear’/’bear’, etc.
would highlight for the child the importance of the ‘p’/‘b’ distinc-
tion, leading to the encoding of those sounds in distinct cate-
gories. At the same time, the realization that various tokens
of ‘big’ all had the same meaning would lead to within-
category differences being ignored.

But this hypothesis did not fit with the documented timing of
changes in the perception of native and non-native speech
contrasts, which showed that infants’ perception was already
being shaped by the native language within the first year of life.
Even though the meanings of some words were available ear-
lier than previously imagined – by the age of 6 months (Dale &
Fenson, 1996; Tincoff & Jusczyk, 1999) – it seemed unlikely
that infants knew enough minimal pairs for word learning to
underlie the changes in perception.
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Infants’ surprising ability to track syllable TPs opened up
new possibilities. Perhaps a different type of statistical tracking
could be used to learn which sounds signaled meaningful con-
trasts in the native language. Earlier work in phonetics had
documented that a language’s voicing categories were mir-
rored in frequency distributions of tokens along a VOT contin-
uum, providing an interesting possible statistic for infants to
track (Lisker & Abramson, 1964). In a landmark study, infants
familiarized with a unimodal frequency distribution of tokens
along a VOT continuum were less sensitive to the difference
between tokens on either side of the midpoint than infants
familiarized with a bimodal frequency distribution of the same
tokens (Maye et al., 2002). This was followed by demonstra-
tions that exposure to a VOT distribution at one place of artic-
ulation influenced infants’ perception of contrasts at other
places of articulation (Maye et al., 2008) and that this type of
learning was possible not just for consonant distinctions, but
vowel categories as well (Wanrooij et al., 2014). And finally,
after being ignored for the better part of the field’s first quarter
century (Singh et al., 2022), infants’ acquisition of tonal cate-
gories also began to receive some attention. Although the pic-
ture seemed more complicated than it was with segmental
information, the process of attunement to tone categories also
appeared to begin within the first year of life (Mattock &
Burnham, 2006; Mattock et al., 2008; Yeung et al., 2013; but
see Kalashnikova et al., 2024) and there was some evidence
that sensitivity to distributional information could underlie the
changes (Liu & Kager, 2017).

These laboratory demonstrations provided tantalizing evi-
dence that distributional learning might explain how infants
attune to the sound structure of their native language. There
were also intriguing suggestions that the statistics of infants’
real-world input were indeed altering their perception. For
example, infants’ perception of different non-native contrasts
changed in an order that matched the frequency of the corre-
sponding native categories in the input (Anderson et al.,
2003). And infants in bilingual contexts where distributions of
phonetic categories overlapped across languages showed a
somewhat different developmental trajectory than monolingual
infants, suggesting that they were affected by the overlapping
distributions (Bosch & Sebastian-Galles, 2003). In addition,
infants whose parents produced more distinct distributions of
speech categories showed better discrimination of sounds
from those categories (Liu et al., 2003; Cristia, 2011). These
findings bolstered claims that infants were tracking the distribu-
tions of sounds in their environments and that this drove the
organization of phonetic categories in the first year.

Thus began a more concerted effort to document the distri-
butional properties of different types of sound contrasts and in
different languages. The field focused on two important ques-
tions. First, were phonetic categories clearly marked by the
input distributions? And, second, were these distributions more
pronounced in infant-directed speech (IDS) compared to
speech between adults? If so, given the apparent universality
of IDS (Fernald et al., 1989) and infants’ attention to it
(Cooper & Aslin, 1990; Fernald, 1985), it appeared that there
might be an answer to the mysteries of early phonetic category
learning.

Initial reports were promising, suggesting that IDS not only
provided, but indeed enhanced, the statistical patterns mark-
ing speech categories – and that this was true for other lan-
guages in addition to English. For example, examination of
the input from mothers to infant learners of Japanese, Eng-
lish, and Catalan found reliable distributional cues to vowel
categories that were differentiated by length and quality
(Werker et al., 2007; Pons et al., 2012). Moreover, there were
reports that distributional cues to vowels were more pro-
nounced in IDS than ADS across multiple languages (Kuhl
et al., 1997), and that distributional cues were perhaps even
sufficient for bilinguals to simultaneously learn distinct vowel
contrasts in their two languages (Danielson et al., 2014). This
work suggested that adults, whether consciously or not, were
producing a clearer signal for infants to learn from (see also
Fritche et al., 2021).

However, the initial enthusiasm about distributional learn-
ing alone as a solution to early phonetic attunment has been
tempered in recent years by developments on two fronts. The
first came from much needed work, supported by advance-
ments in recording technology, exploring language input
across additional languages and cultures. This work has
demonstrated that IDS is not universal and therefore cannot
be essential to infants’ speech or language development
(Casillas et al., 2020; Cristia et al., 2019). But, even if not
essential, that still left the possibility that the distributional
properties of IDS were beneficial for learning. Unfortunately,
however, it turned out that, in some cases, IDS categories
were actually less distinct in their distributional properties
than categories produced in ADS (Benders et al., 2019;
Martin et al., 2015; Cristia & Seidl, 2014; McClay et al.,
2022). For example, in some cases, even though the distance
between the centers of the speech categories increased in
IDS, so too did the variability, leading to more overlapping cat-
egories (McMurray et al., 2013).

Even more problematically, there were increasing reports
that, regardless of register, the acoustic cues corresponding
to some phonetic categories did not lend themselves well to
this type of statistical learning approach. For example, in some
languages with vowel categories that were differentiated by
length (e.g., Japanese and Dutch), the distribution of vowels
was not bimodal (Bion et al., 2013; Swingley, 2019). Perhaps
the initial work focusing on the distributional properties of point
vowels and voicing categories for stop consonants had set
expectations too high. When other types of categories were
considered, distributional regularities were more difficult to
glean from the input (Jones et al., 2012). At the same time, a
meta-analysis (Cristia, 2018) cast doubt on the robustness of
infants’ ability to learn about speech categories from even
clear distributional patterns. This uncertainty about whether
distributional learning can support phonetic acquisition is mag-
nified for learners of more than one language (Bosch &
Sebastian-Galles, 2003), as well as those exposed to multiple
varieties of the same language.

If such distributional patterns are not as informative in
infants’ natural input (and, if infants’ ability to track them is
more tenuous) than it first seemed, then, clearly, infants’ track-
ing of the statistics of individual sounds cannot be the only
thing driving phonetic learning in infancy. As speech research-
ers came to this realization, similar discussions about real-
world scalability were being had regarding the use of syllable
TPs to segment words from speech.
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1.3.2. A closer look at statistical solutions to the word segmentation
problem

Work on the utility of transitional probabilities for word seg-
mentation was initially very encouraging (Swingley, 2005).
Across labs working with different language learning popula-
tions, infants as young as 5 to 6 months succeeded in using
TPs to extract words from fluent speech (Johnson & Tyler,
2010; Thiessen & Erickson, 2013), and infants appeared to
perform even better with artificial languages produced in IDS
(Thiessen et al., 2005). There were also claims that young
infants could learn language-specific stress and phonotactic
patterns by tracking TPs between syllables (Sahni et al.,
2010; Thiessen & Saffran, 2007). The emerging story was that
infants under about 7 months of age were fully reliant on TPs
between syllables to segment words from speech, but that,
by 8–9 months, infants started relying more on language-
specific cues to word boundaries (Johnson & Jusczyk, 2001;
Johnson & Seidl, 2009; Marimon et al., 2024; Thiessen &
Saffran, 2003). Whether or not listeners continued to use
TPs to segment words from speech beyond early infancy
was debated, but not key to the crucial claim that tracking
these statistics provided infants with their first solution to the
word segmentation problem.

Nonetheless, nagging questions remained (Johnson,
2012). How would infants – who have not yet learned the
phonology of their native language – efficiently extract and cat-
egorize syllables in their input? For example, how would young
English-learning infants know that stop consonants with and
without pre-voicing belonged to the same syllable? How would
they know that vowels with and without glottalization were
instances of the same vowel? How would an infant know
whether to consider syllables that differed in pitch or duration
as the same syllable, before they knew whether they were
learning a language that had lexical stress or tone (Singh
et al., 2008)? How would they even confidently know where
syllable boundaries were, given the ambiguity in syllable
boundaries, as well as the massive reduction and even dele-
tion of entire syllables in casually produced natural speech
(e.g., ‘tomorrow’ being realized as ‘t’morrow’, or even ‘morrah’;
Lahey & Ernestus, 2013; Ernestus & Warner, 2011)? Artificial
language studies in which a single token of each syllable
was presented seemed to assume that these challenges were
trivial. There were also questions about whether all languages
would be as amenable to syllable tracking segmentation
strategies as English. Agglutinative languages (e.g., Hungar-
ian), tone languages with many monosyllabic words (e.g, Man-
darin), and polysynthetic languages (e.g., Mohawk) would all
seem to require a different type of strategy. Did this mean that
there is no universal language-general strategy that infants
employ to first break the speech signal down into linguistically
relevant units?

Another question was whether the TP-tracking skills infants
showed in the lab would be able to scale up to the complexities
of the real world. On the one hand, some studies suggested
that infants could use TPs to segment words from carefully
constructed natural speech passages (Pelucchi et al., 2009;
Jusczyk et al., 1999b). There was also evidence that infants
recognized strings of syllables that frequently co-occurred in
their real world input (Ngon et al., 2012). But on the other hand,
some studies suggested that infants’ TP-tracking abilities were
surprisingly fragile. Simply adding the slightest bit of complex-
ity to the artificial languages – like having an artificial language
with 2 bisyllabic words and 2 trisyllabic words instead of all tri-
syllabic words – seemed to throw infants off (Isbilen &
Christiansen, 2022; Johnson & Tyler, 2010; Lew-Williams &
Saffran, 2012). Other studies suggested that infants were not
actually segmenting entire words from the artificial language,
but just certain types of syllable pairs (Johnson et al., 2001).
And a growing body of work suggested that TPs were very dif-
ficult to track without additional convergent speech cues (e.g.,
Benjamin et al., 2023). With natural speech samples, TP-
tracking also seemed constrained by fine-grained prosodic
structure; for example, infants did not consider co-occuring syl-
lables spanning a phrase boundary to be part of the same word
(Gout et al., 2004; Johnson, 2003; Johnson, 2008). But if TPs
alone are not sufficient to solve the word segmentation prob-
lem, then how do we explain infants’ early success in segment-
ing words from fluent speech?

1.3.3. The speech signal and segmentation

Traditionally, speech researchers have argued that fluent
speech contains no fully reliable cues to word boundaries,
and therefore listeners must rely on language-specific cues
to locate word boundaries (Cutler, 2012; Cole & Jakimik,
1980). Moreover, with infants receiving mostly multi-word utter-
ances in their input (van de Weijer, 1998; Brent & Siskind,
2001), researchers argued that infants did not hear enough
words in isolation to extract language-specific cues to segmen-
tation. Given these claims, it made perfect sense to study
infant word segmentation in the lab with streams of continuous
speech containing no pausing or prosody. But this is not what
real speech is like. It is possible that the simplifications of arti-
ficial languages, designed to isolate the word segmentation
problem, counterintuitively made it more challenging, by strip-
ping the signal of its natural prosody and variation (see
Fig. 1). Could the richness of the natural speech signal mean
that infants are not fully dependent on TP-tracking skills to
begin pulling words out of speech?

To answer this question, it is useful to reconsider what nat-
ural speech really looks like. Even the assumption that the sig-
nal contains no pauses does not hold for natural speech. When
we speak, we must pause to take a breath, and this intake
pause typically coincides with utterance boundaries. New-
borns enter the world sensitive to not only utterance bound-
aries, but also to smaller prosodic units, including
intonational (Christophe et al., 2001) and phonological phrase
boundaries (Christophe et al., 1994). And although it is true
that infants receive predominantly multi-word input, their input
consists of relatively short utterances and thus contains far
more utterance boundaries than adult speech (e.g., Johnson
et al., 2013). IDS itself may also do more than just modulate
infants’ attention to the speech signal; it may highlight bound-
ary units in speech (Morgan & Demuth, 1996). Moreover, when
we address infants, we likely highlight prosodic boundaries
through our visual prosody or gestures even more so than
we do when we address adults (Gogate et al., 2000). But
how could infants go from sensitivity to major prosodic bound-
aries to word boundaries?

Critically, phrase and utterance boundaries are coincident
with word boundaries. So, one possibility is that prosodically
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Fig. 1. The top panel shows the waveform and spectrogram for a child-directed utterance ‘Look! Don’t touch. Let’s just watch. What a nice ladybug.’ The bottom panel shows the
waveform and spectrogram for a string of the artificial language used in Saffran (1996): “golabupadotibidakutupirogolabupadotigolatubidakutupiropadoti.” Word boundaries are marked
by dotted lines, and the F0 contour is shown in blue. Speech rate and typical utterance length in the top panel approximate that seen in natural child directed speech ( 3 words per
utterance, at a rate of 4 syllables per socound; Johnson, Lahey, Ernestus, & Cutler, 2013). The artificial speech sample in the bottom panel has an infinite utterance length (i.e., no word
boundaries) and a speech rate of 3 syllables per second. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
marked utterance and phrase boundaries guide infants’ learn-
ing about how the edges of linguistic units typically sound in
their native language, and constrain the statistical patterns
infants track in their input. For example, infants might notice
that stressed syllables tend to align with the onset of utter-
ances and phrases, and use this to infer how the edges of lin-
guistically relevant units might be marked in their native
language (Johnson et al., 2014). Evidence for the importance
of prosodic structure in constraining infants’ early speech
learning comes from a study showing that six-month-olds do
not consider statistically coherent syllables spanning an into-
national phrase boundary to be the label for an object, even
if those syllables consistently co-occur with the object
(Shukla et al., 2011). Additionally, words aligned with utterance
edges are more frequent in IDS, due to the shorter utterances.
They are also segmented out by infants more readily than
utterance-medial words (Johnson et al., 2014) and, in some
languages, the types of words that infants tend to learn first
are those that tend to be aligned with utterance boundaries
(Johnson et al., 2014). Adult speakers have even been found
to violate their native language word ordering (e.g., in Turkish)
by placing target words in utterance-final position when speak-
ing to infants (Aslin et al., 1996). As infants learn more about
the language-specific patterns marking the edges of units
aligned with salient prosodic boundaries (i.e., where there
are universal cues to prosodic boundaries, such as pauses
or large pitch resets), they could become increasingly sensitive
to the fine-grained acoustic–phonetic cues marking phrase-
internal word boundaries.

The hypothesis that infants use higher-level prosodic
boundaries to learn about word boundaries has been termed
the Edge Hypothesis (Johnson et al., 2014; Seidl & Johnson,
2006). Attention to such prosodic boundaries, in combination
with some basic assumptions about the possible format of
words in human language – for example that all words must
contain a vowel (Brent & Cartwright, 1996; Johnson et al.,
2003) and that no word can have two syllables with primary
stress (Gambell & Yang, 2004) – could get infants quite far in
identifying a preliminary set of words (that could then be used
to extract other language-specific patterns) useful for
segmentation.

1.3.4. Learning multiple levels of structure at once?

Implicit in work up to this point was the assumption that
infants acquired each level of language structure independent
of other levels (e.g., that infants would first learn the segments
of their native language, then find words). However, advances
in our understanding of when infants began building a lexicon
started to suggest that there is no such linear progression in
infant speech development. Indeed, evidence suggested that
infants develop a proto-lexicon of frequent word-sized units
by the age of 11 months (Ngon et al., 2012; Halle &
deBoysson-Bardies, 1994) and a rudimentary set of learned
word meanings by the second half of the first year
(Bergelson & Swingley, 2012; Tincoff & Jusczyk, 2012), at
the same time that they are tuning to the phonetic structure
of the language. There was also growing evidence that the
learning of these two aspects of language (i.e., sounds and
words) might be linked – infants who were more successful
in native language speech perception tasks and at segmenting
words from fluent speech had larger vocabularies later (Cristia
et al., 2014; Kooijman et al., 2013; Newman et al., 2006; Singh
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et al., 2012; Tsao et al., 2004). Toddlers also showed better
word mapping performance for word forms previously
extracted from continuous speech than for novel word forms
(Graf Estes et al., 2007). The early assumption was that this
relation ran in only one direction – that learning about sounds
influenced the learning of word forms and word meanings. But
what if the relation also extended in the other direction?

How exactly might a burgeoning lexicon be used in the ser-
vice of phonetic learning? One possibility is that the presence
of statistically overlapping phonetic categories in distinct word
units could facilitate infants’ separation of those categories
(Feldman et al., 2013a; Swingley, 2019; Swingley & Alarcon,
2018; Thiessen, 2007). For example, infants might learn to dis-
tinguish the highly overlapping [I] and [E] vowels in English by
hearing the former in a frequent word like ‘milk’ and the latter in
a frequent word like ‘bed’. This is more plausible than the min-
imal pair account of early phonetic development, given the
composition of the early vocabulary and the timing of phonetic
tuning. Moreover, there is evidence that the characteristics of
natural IDS could potentially support such a strategy (despite
its increased variability compared to speech generated by par-
ents in lab settings; Swingley & Alarcon, 2018; Hitczenko &
Feldman, 2022). In particular, a classifier trained to identify
word and phonetic units simultaneously outperformed a classi-
fier trained to identify only phonetic units (see also Martin et al.,
2013).

But this word-level information is only useful to the extent
that infants are able to access it and track information at the
phonetic and lexical levels simultaneously. There is evidence
that they are able to do so – in one study, infants familiarized
to a unimodal distribution of a synthesized vowel contrast in
two distinct lexical contexts were better able to discriminate
the contrast than infants familiarized to the same sounds in
overlapping lexical contexts (Feldman et al., 2013b). In order
for this to be a viable strategy, of course, its utility will have
to be demonstrated across a broader range of phonetic units,
including tones, which have not yet been incorporated into
such discussions.

An additional possibility is that utterance edges, in addition
to being informative about word boundaries, could play a part
in infants’ learning about sounds. Imagine that an infant is par-
ticularly attentive to utterance boundaries. They have a stuffed
otter toy that their caregiver often labels. The word ‘otter’ often
corresponds with the physical presence of the otter toy, and
the caregiver often produces co-speech gestures with the otter
and places the label in utterance-initial or -final position when
talking about it (as is common in child-directed speech)
(Jesse & Johnson, 2016). The co-occurrence of the otter in
visual space with the often edge-aligned label ‘otter’ in the
child’s input, reinforced by the caregiver’s exaggerated ges-
tures, prosody, and tactile cues (Brand et al., 2002; Ko et al.,
2023; Koterba & Iverson, 2009), helps the child pull out the
label ‘otter’. As the word ‘otter’ is heard more and more, the
child’s ability to recognize the word will grow stronger. The
same thing happens with other words in their input. At this
point, they have a set of words that sound quite suspiciously
like another set of words in medial sentence position in their
input. Given the similarity between the pairs of word forms
across positions, perhaps infants can group them together
(much like they have been shown to do with complementary
distributions at the segmental level; White et al., 2008; White
& Sundara, 2014). Now, by comparing the variation in the real-
ization of the segments in the utterance-aligned and utterance-
medial words, the child will begin to learn about allowable vari-
ation in the realization of segments across word forms. They
could realize, for example, that words like ‘otter’ have a glottal-
ized vowel onset when in utterance-initial position but not in
medial position. They may also realize that the medial conso-
nant is sometimes released and sometimes flapped. Armed
with this generalization, they can then recognize other words
in their input, because they will begin to hypothesize that nei-
ther glottalization nor the flap/release contrast in stops is con-
trastive. In line with this proposal, artificial language learning
studies have suggested that listeners could use utterance
boundaries to begin to learn about native-language phonotac-
tics, by simply noting which segments occur at utterance
onsets and offsets (Sohail & Johnson, 2016). Presumably, this
type of analysis would work at lower levels of the prosodic hier-
archy as well (and not just utterance boundaries).This type of
multi-level, multimodal approach to learning would be consis-
tent with a number of other findings in the literature showing
that infants’ learning of phonetic categories is boosted by
redundant information in the input – whether it is visual articu-
latory information from the speaker (Teinonen et al., 2008) or
the speaker’s attentional and gestural cues to referents co-
occuring with the speech (Kuhl et al., 2003; see also Beech
& Swingley, 2024).

1.3.5. Coping with variability

From its earliest days, the lack of invariance in the signal
has been the central issue in the field of adult speech percep-
tion. Variability has been seen as a problem to overcome –
how, despite the differences across contexts and talkers, do
we arrive at a stable percept of language-relevant categories?
It did not seem that there were invariant acoustic cues that
were present in all instances of a particular phone. Direct per-
ception of gestures or engaging in motor simulation could
explain how we perceived similarity despite differing acoustic
patterns, but not the fact that variability had effects on adults’
processing. For example, adults are slower and less accurate
at remembering previously presented words when they are
heard in a new voice than when they are spoken in the same
voice (Bradlow et al., 1999). Similarly, adult listeners show a
reduction in accuracy for identifying vowels in mixed vs. single
voice contexts (Nearey, 1989). These findings were interpreted
as consistent with a costly process of normalization in which
such variability was discarded before listeners accessed the
abstract ‘linguistic’ representations.

Were infants able to perceive through the inherent variability
of speech in the same way as adults? Initial findings suggested
that the answer was yes. For example, both behavioral and
neural studies demonstrated that infants recognized the equiv-
alence of syllables that differed in pitch or speech rate
(Dehaene-Lambertz & Baillet, 1998; Eimas & Miller, 1980a;
Kuhl, 1983). But later work clouded this picture. When familiar-
ized with new words in the lab, young infants sometimes failed
to recognize these words when they were spoken in a new
voice or pitch – especially when the familiarization words were
relatively similar acoustically (Houston & Jusczyk, 2000; Singh
et al., 2008). In contrast, when the initial exposure involved
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1 Although we focus our discussion on the situation of multi-accent input in monolinguals
(given its neglect in the field to date), many of the points we make are intended to apply to
all child language learners, regardless of how many languages they are learning. Indeed,
since bilinguals are likely to have more exposure to accent variation than monolinguals,
ignoring accent variation may have a particularly strong impact on our understanding of
bilingual acquisition.
more variable instances, infants were much better at recogniz-
ing words through acoustic changes (van Heugten & Johnson,
2012; Singh, 2008). These findings led to suggestions that
infants might not yet know which dimensions of variability were
important to include in word representations – and that, even in
a non-tonal language like English, they entertain the possibility
early on that pitch changes alone could distinguish words
(Singh et al., 2008). Therefore, when acoustic features like
pitch co-occurred with the word form, infants might assume
that these features were also lexically relevant. In contrast,
when infants encountered a word produced more variably, they
would be able to isolate the critical phonetic dimensions (see
also Rost & McMurray, 2009). Findings that a broader range
of experienced exemplars led to more robust processing were
seen as consistent with exemplar approaches to early word
representation – and bolstered claims that similar mechanisms
(rather than abstract linguistic representations) could explain
word recognition in adults. Importantly, these findings also sug-
gested that the nature of infants’ real-world exposure to acous-
tic and talker variation could have significant consequences for
their ability to listen through ‘irrelevant’ information and recog-
nize words spoken by new individuals.

How much talker variability was there in infants’ natural
environments? For decades, almost all investigations into the
input to young language learners proceeded as if a single (fe-
male adult) individual provided all of that input – with almost all
characterizations of children’s early language environments
exploring input from mothers alone. Recent work using
cross-cultural and big data approaches has begun to examine
this implicit assumption, however, documenting much more
diversity in infants’ language environments than previously
acknowledged. For example, in an analysis of five word types
in a restricted North American sample of children, children
heard a range of 1–13 talkers, with multiple talkers per word
(Bulgarelli et al., 2021), and in some societies, children provide
more input than adults (Casillas et al., 2020; Loukatou et al.,
2022). Even in more commonly studied Western cultures, child
speech is a more significant source of input than has previ-
ously been acknowledged (Soderstrom et al., 2018), which is
noteworthy given that children’s productions are far more vari-
able than adult productions (McLeod & Crowe, 2018; Munson,
2004; Romeo, Hazan, & Pettinato, 2013). There is little work so
far linking real-world variability in talkers to infants’ learning of
speech sounds (Bergmann & Cristia, 2018), although the
amount of acoustic variability in a learner’s environment
appears to be related to the age at which words are produced
(Bulgarelli & Bergelson, 2024).

Moreover, knowing the number of talkers still does not tell
you about the full range of variability in a learner’s input. Even
adult talkers do not all differ from one another in the same
ways. Some have the same language background, differing
from one another in characteristics like pitch or other aspects
of voice quality, and some aspects of the realization of speech
sounds (one monolingual speaker of North American English
might produce voiceless sounds with longer VOTs than
another monolingual speaker of North American English, even
if both fall within the typical range for the language). In other
cases, however, the talkers in a learner’s environment have
different linguistic systems (due to different accents or devel-
opmental stages) and sometimes these systems differ in their
phonetic inventories or realizations of the same phonetic cate-
gories. For example, an English-learning child listening to a
speaker of French-accented English might hear voiceless
sounds in English that fall within the voiced range for monolin-
gual English speakers, or a child speaker producing ‘r’ in place
of ‘w’. A Korean-learning child may hear different cues to voic-
ing contrasts when listening to their grandmother than when
listening to their mother (because of ongoing sound change;
Jang et al., 2024).

1.3.6. Variation as information

Recognition that even monolingual learners are exposed to
multiple language varieties has inspired the next sea change in
the field. Although researchers have acknowledged the com-
plexities of phonetic acquisition for infants with bilingual or mul-
tilingual input for the past few decades, it is only recently that
multi-dialectal input has started to receive similar attention.1

In seeking to understand how children cope with multiple vari-
eties in their input, there has been a realization that, far from
posing a problem to overcome, some variation might be a tool
that links children’s language knowledge to their burgeoning
knowledge of the social world around them. Investigating how
learners treat different types of variation could also provide
important insights into the nature of their early representations
and the learning mechanisms that support them.

If we accept that monolingual children possess a strong
bias to assume a one–one mapping between referents and
labels (Markman, 1990), exposure to a new variety that intro-
duces phonetic differences should be catastrophic for the early
word recognition system. But studies suggest otherwise – over
the 2nd year of life, children become increasingly more adept
at processing words in unfamiliar accents, particularly when
they have some exposure to the accent or other supporting
context (Johnson et al., 2022) and when they have larger
vocabularies (Mulak et al., 2013). In fact, by 24 months of
age, eye-tracking studies suggest that toddlers recognize
familiar words in an unfamiliar accent as well as they do in a
familiar accent (van Heugten et al., 2015).

How are young learners recognizing words despite this type
of variation, and what does it tell us about the nature of their
early phonological representations? As has been pointed out
in the adult literature, there are different strategies that listen-
ers could use to recognize words in different accents. One,
consistent with exemplar accounts to representation, is to sim-
ply relax category boundaries (long-term) or criteria for recog-
nition in the moment (Schmale et al., 2015). This could allow
listeners to recognize varieties that differ in multiple ways, with-
out having to track specific differences between them. For
example, one study demonstrated that English-learning tod-
dlers exposed to Spanish-accented speech recognized just
trained words in that accent (Schmale et al., 2012). On an
exemplar account, one might expect this recognition benefit
to generalize to other (untrained) varieties, such as Korean-
accented English. To our knowledge, this has not been
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rigorously tested. Similarly, in most work that has presented
adult listeners with novel accent varieties, processing
improves with exposure, but it is not clear whether listeners
have learned about the accent’s specific properties or have
simply expanded the range of exemplars they accept.

Importantly, however, other work suggests that toddlers can
learn something specific about the difference between vari-
eties and, importantly, that this occurs at an abstract, sub-
lexical level that allows for generalization of a specific accent’s
properties across the lexicon. This interpretation is supported
by studies in which toddlers are exposed to a new accent in
the lab in a context that allows them to detect the specific dif-
ferences between that variety and their own (van Heugten &
Johnson, 2014; White & Aslin, 2011). For example, when intro-
duced to an accent in which words in their own dialect pro-
duced with /a/ are heard instead with /ae/ (e.g., “sock” as
“sack” – in a context depicting an image of a sock) toddlers
later recognize other words undergoing that same /a/--/ae/
shift, even if they did not hear those words in that shift previ-
ously. But, critically, they do not recognize words in a new shift
(for example, /a/ words pronounced with /E/, e.g., “sock” as
“seck”). This type of learning, in which toddlers remap specific
segments and generalize this across the lexicon, is remarkably
similar to lexically driven learning demonstrated in adults
(McQueen et al., 2006) and, as has been argued for adults,
appears to require representations that contain abstract, sub-
lexical information. Although larger vocabularies may boost
performance because of better knowledge of these abstract
units (e.g., Edwards et al., 2004, Mulak et al., 2013) even 11-
month-olds are able to generalize a newly learned vowel shift
across lexical items (Weatherhead & White, 2016).

But what happens when learners are exposed in the real
world to multiple varieties of their native language(s)? If a child
exposed to British, Jamaican, and Canadian English were to
compute statistics on the segmental level alone to determine
the vowel inventory of their language, it is hard to imagine
the vowel system that would result. Does processing in such
learners suggest that they have broader exemplar representa-
tions than learners exposed to a single variety (Kartushina
et al., 2021)? Or does it instead suggest that they have tracked
the specific properties of the varieties in their input? If so, this
would suggest that learners have the tools to separate these
varieties and track their properties individually. It is only now,
in the field’s 5th decade, that infant speech researchers have
begun to take these questions seriously. There is still little work
in this area, and what little there is remains somewhat incon-
sistent, likely reflecting the diversity of learning environments
faced by children exposed to multiple accents. For example,
some work suggests that bidialectal toddlers, exposed to one
British English variant from their parents and a different one
in the community, can recognize only the community variant
(Floccia et al., 2012). However, they also appear to accept mis-
pronunciations that are not present in either dialect (Durrant
et al., 2014), suggesting overly broad representations that
could impact word learning (consistent with findings of a delay
in word recognition in van Heugten & Johnson, 2017). But
even 5 month olds are sensitive to different accents (Nazzi
et al., 2000) and to potential context cues that they could
use to separate them (such as talker race, Quinn et al.,
2019). Indeed, there are also suggestions that toddlers can
track specific accent differences and recognize words spoken
by new talkers in those accents only when they are consistent
with the properties of the accent (van der Feest & Johnson,
2016). This pattern is inconsistent with a general broadening
of representations or recognition criteria. Instead, it suggests
that infants retain specific detail about the variation in their
environment that can be used to interpret future productions
(as do adults; Kleinschmidt & Jaeger, 2015).

This variation, in turn, might do more than just tell learners
about the language system – they might also leverage this
information to learn about and act on their social world. In other
words, just as learning about sounds and words can bootstrap
one another, so, too, might children’s language and social
knowledge. From infancy and into childhood, listeners use
the way people talk to make inferences and predictions about
them, making judgments about who they want to befriend or
interact with (Kinzler et al., 2007), where someone is from
(Weatherhead et al., 2016; Weatherhead et al., 2018;
Weatherhead et al., 2019), and what kinds of preferences an
individual has (Liberman et al., 2016), based on their speech
variety. Intriguingly, recent work suggests that this relation
between speech and social processing runs in the other direc-
tion, too – infants and toddlers use social information to inter-
pret the speech they hear. For example, much like adults
whose identification of speech sounds differs depending on
the social information provided (Johnson et al., 1999), toddlers
treat the same acoustic–phonetic information differently
depending on information about the speaker, such as their
race (Weatherhead & White, 2018) and age (Bernier &
White, 2019). Toddlers also expect people of the same race
or people who interact with one another to pronounce words
in the same way (Weatherhead & White, 2021). These recent
findings, based on learners in more complex environments and
experimental situations that incorporate information beyond
the speech signal itself, have upended our understanding of
early language development. Infants are not learning about
their social and linguistic worlds separately – rather, from the
early stages, learners’ representations of speech (like adults’)
encode dual, intertwined, functions (Kleinschmidt et al., 2018;
Sumner et al., 2013), and extracting linguistic and social infor-
mation is interdependent and mutually informative. What was
seen previously as just noise is information, from the identity
of the person talking, to other circumstances in the environ-
ment – such as a lollipop in the mouth (White, & Daub,
2021) – that can all be used in the service of inferring the
underlying structure. The realization that variation is not just
noise – and that learners might be linking linguistic and social
information far earlier than thought – necessitates new ways of
thinking about infant speech perception going forward.

2. Developing new frameworks

Today, advancements in technology and the establishment
of more infant research labs around the world have enabled
exciting new lines of research that were well out of reach even
20 years ago. But despite the ample data generated in recent
years, and methodological innovations, we are still far from an
agreement on how infants transition from universal listeners to
members of a particular language community, who parse the
speech signal with language-specific heuristics. With the solid
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foundation of the last 50 years, and the explosion of new test-
ing methodologies and data, where do we go from here?
(Fig. 2).

We would argue that a key to continued progress as we
move forward into the second quarter of the 21st century is
to create new theoretical frameworks better-suited to account
for the ever-increasingly complex patterns we are observing
(in part due to advances in analytical approaches and technol-
ogy that allow us to identify and visualize these patterns). New
frameworks must consider the diversity of learners’ environ-
ments, not just from the perspective of the number and type
(s) of language(s) being acquired (a point of growing recogni-
tion), but also in terms of the complex, dynamic sociolinguistic
patterns these language varieties are embedded in. How can
we explain infants’ success in handling linguistically-diverse
input? What strategies might infants use to find the right pat-
terns in their input, rather than becoming sidelined by mislead-
ing regularities? How do children learn to speak in the socially
dominant accent in their community even when the majority of
their input comes from L2 speakers? We believe strongly that
the predictive power of these new frameworks will be maxi-
mized if we consider speech development broadly, with per-
spectives from related fields, such as phonetics,
sociolinguistics, child development, and the cognitive
sciences.

2.1. Introducing SLED

What might a 21st century model of infant speech percep-
tion, designed from the bottom up with linguistic diversity in
mind, look like? In this section, we address this question by
sketching out the beginnings of a new framework we will call
SLED (Spoken Language Enculturation and Development).
By introducing this fledgling framework, we demonstrate
one way 21st century advancements in the field can lay the
Fig. 2. Important methodological developments (left side) and
foundation for models that generate novel and testable
predictions.

SLED conceptualizes the goal of speech perception as
working out an interlocutor’s intended communication, using
all available information in the most efficient manner humanly
possible. In the SLED framework, the words ‘spoken language’
are used to admit that the framework is built with the goal of
explaining spoken language acquisition, although we would
hope that most of the principles we outline would also be rele-
vant to the signed modality. The term ‘enculturation’ is used to
emphasize the important role we think sociolinguistic factors
play in speech development. SLED sees diverse language
input as the norm, not an exception, and proposes that infants
rely on speech variation and contextual factors to make sense
of otherwise ambiguous communications, facilitating informa-
tion uptake and processing. The term ‘development’ is used
to acknowledge the goal of SLED to explain changes as
infants transition to children and eventually adults. In SLED,
development is seen as a specialization of speech processing
abilities, taking infants from a more veridical experience of the
world to one that highlights precisely that information that is
most suited to children’s particular communicative
environment.

SLED makes three key assumptions about how infants
make sense of their speech input and acquire language. Some
of these assumptions reinforce those made by other existing
models, whereas others incorporate new perspectives that
have been understudied up to now. But all three assumptions
feel necessary to us to explain how infants can learn language
so quickly and efficiently despite such different input condi-
tions. After laying out these three assumptions, in the following
sections, we discuss how SLED differs (or not) from existing
models in its approach to fundamental questions in the field
and in its predictions – predictions that are now possible for
researchers to address, thanks to recent technical develop-
questions (right side) in the field over the past 50 years.
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ments and the expanded scope of the populations being
studied.

(1) The first assumption of SLED is that linguistic diversity is
the norm, rather than a challenge that only a subset of
learners need to overcome. This may at first seem like an
uncontroversial statement given recent increases in work on
bilingualism, but in fact it is a shift from existing models that
either do not directly address the situation of diverse input
(e.g., WRAPSA – Jusczyk, 1997; NLM-e – Kuhl et al., 2008;
PAM – Best, 1994; DRIBBLER – Morgan, ms.) or that discuss
bilingualism as a distinct type of language acquisition (PRI-
MIR—Curtin et al., 2011). SLED – by default – assumes the
learner will probably hear multiple languages or accents in their
input, and that a lack of linguistic diversity in a child’s input is the
exception rather than the norm. As a corollary of assuming that
diverse input in the norm, SLED assumes that linguistically
diverse environments will lead to different acquisition trajecto-
ries – but importantly, that such diversity should not lead to a
significant delay in the discovery of linguistic structure, because
infants are equipped to take advantage of the information-rich
speech signal.

(2) The second assumption of SLED is that the same basic
architecture underlies spoken language processing by both
infants and adults. SLED aligns with other proposals that the
speech representations infants possess early in infancy are
not adult-like (McMurray et al., 2018). Indeed, they will neces-
sarily change, given differences in learners’ perceptual, cogni-
tive, and social abilities, as well as their prior experience.
Importantly, however, SLED views many of the differences
between young learners and mature language users as a matter
of degree, and not kind (White, 2017). Thus, every aspect of
SLED is heavily informed by what we know about adult speech
processing, and we expect that our understanding of adult
speech processing should likewise be informed by our emerging
understanding of infant speech processing.

(3) The final assumption of SLED is that human speech pro-
cessing (and learning) cannot be understood without refer-
ence to the wide variety of social-cultural contexts within
which it is produced. This assumption is based on insights
from sociolinguistics, where language must always be consid-
ered within a social or cultural context. SLED assumes that even
the development of seemingly low-level perceptual abilities, like
distinguishing segmental contrasts, is deeply connected to soci-
olinguistic awareness. And this is not just because social cues
are seen as needed to motivate children to attend to language,
as is suggested by many recent proposals in the field of speech
development (Nencheva & Lew-Williams, 2022). Nor is it just
because social information reduces the noise that variation
introduces, or provides more token variability to strengthen
exemplar representations. Rather, social information and, con-
textual information more broadly (White & Daub, 2021), is seen
as also providing categorical structure that can constrain com-
putations at various levels of linguistic structure, and help the lis-
tener (including infants) make sense out of otherwise
ambiguous communications.

2.2. Logical consequences of SLED’s assumptions

We now turn to discussing how these assumptions shape
the way SLED explains early speech acquisition, focusing on
the following questions: Which level of language structure do
infants learn first? How do infants extract meaningful patterns
from speech? And what types of representations support this
process? We see these questions as critical for understanding
how infants learn from a multi-level and highly variable speech
signal.

2.2.1. What level (or levels) of language do infants track first?

How do infants initially break into the linguistic system(s) of
their native language(s)? That is, what level or linguistic unit do
infants track first, and in what order do they learn about other
levels or units? Do infants proceed from big to small units, or
from small to big?

Early approaches tended to assume (either implicitly or
explicitly) a linear progression, either from acoustic (or articula-
tory) features to phonemes to syllables and words, or the
reverse, with infants initially attuning to the overall rhythmic
and intonation structure of their language and then working
their way down to smaller segmental units. However, as dis-
cussed in our review above, neither of these progressions –
from big to small or small to big – is consistent with infants’
early sensitivity to both segmental and prosodic structure.
The state of the art in infant speech work suggests that infants
are learning about both the micro (i.e., segmental) and macro
(i.e., rhythm and intonation) elements of speech structure from
birth (Moon et al., 2013; Mampe et al., 2009; Nazzi & Ramus,
2003).

Therefore, in line with several other contemporary propos-
als for infant speech processing (Feldman et al., 2013a;
Swingley, 2009; Werker & Curtin, 2005), SLED specifies that
infants do not proceed sequentially in their acquisition of lan-
guage, waiting to master one level of linguistic structure before
moving on to the next. Rather, because no one level is capable
of being interpreted without reference to other levels, infants
must track patterns on multiple levels at the same time. In other
words, the interpretation of segmental, tonal, word, and proso-
dic information is inter-dependent and mutually informative.
And what is powerful about this type of approach is that learn-
ing at one level can constrain learning at other levels (such as
the fact that transitional probabilities are not computed across
intonational phrase boundaries; Shukla et al., 2011), in an iter-
ative process that will eventually lead to the development of a
lexicon and language-specific processing mechanisms. For
example, to learn about segmental and tonal contrasts, infants
must understand how prosodic structure impacts the realiza-
tion of these linguistic elements, because many segmental
contrasts are difficult to interpret without reference to their
placement within a broader prosodic structure (e.g., glottal
stops in Maltese; Mitterer et al., 2019). And, since the specific
manifestation of prosodic structure (and its impact on the real-
ization of words and segments) varies across languages,
attuning to language-specific aspects of the prosodic hierarchy
is important to working out all other levels of language
structure.

2.2.2. What kinds of patterns do infants track, and how do they do it?

In addition to learning multiple levels of language structure
at once, SLED also presumes that infants discern meaningful
patterns in what other models might consider noise. For exam-
ple, an exemplar-based model might argue that, because the
acoustic–phonetic realization of fricatives is highly variable,
infants’ task is to construct a broad representation, so they
can be recognized despite these varying realizations. SLED,
in contrast, presumes that infants’ goal is to work out what fac-
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tors condition variation in the realization of fricatives (e.g.,
placement in prosodic hierarchy, contextual influences from
surrounding segments, accent of the speaker, etc.), and use
this information to extract as much information as possible in
as efficient a manner as possible from the signal.

Of course, tracking variability as well as the possible
sources of this variability increases the complexity of the learn-
ing challenge faced by the infant. To account for learners’ abil-
ity to extract complex patterns from multi-level speech
variation, SLED assumes that they are aided by both powerful
learning mechanisms and built-in perceptual biases, such as
those posited by other 21st century models of infant speech
perception (e.g., attention to speech; Lavechin et al., 2024;
Shultz & Vouloumanos, 2010). But even with these perceptual
constraints/biases, it is hard to explain how infants track the
patterns they need to track, especially when acquiring lan-
guage in the type of linguistically diverse environment that
SLED assumes is the norm. Thus, to contend with these chal-
lenges, SLED further presumes that there is early emerging or
inborn knowledge of the general sound structure of the world’s
languages, as well as built-in biases that constrain computa-
tions. Some evidence in support of this view includes reports
that infants seem to expect every word to contain a vowel or
sonorant segment (Johnson et al., 2003), and that people
who speak alike are in-group members (Liberman et al., 2017).

In short, SLED does not see initial computations taking
place over an undefined acoustic plane, as some 21st century
infant speech models suggest (e.g., WRAPSA, PRIMIR, DRIB-
BLER). Rather, SLED presumes that there are more as of yet
to be discovered built-in constraints on how infants package
speech input, and one of the most fascinating questions in
studying infant speech development is understanding what is
wired in, and what is abstracted from the input (and how). This
view that infants are powerful learners, but that learning is
tightly constrained by in-born biases and constraints, helps
explain continuities we see across different language
populations.

2.2.3. When do abstract representations emerge in development?

As mentioned above, many 21st century models of infant
speech perception assume that infants start off with exemplar
representations that are built up from an analysis of the acous-
tic signal (PRIMIR, WRAPSA, DRIBBLER, NLM-e). These
models do not view early speech processing as necessarily lin-
guistic. Rather, in many of these models, the development of
abstract phonological representations only emerges once chil-
dren have built up a substantial vocabulary (i.e., presumably
around 18 months, when children hit the word spurt). This
assumption is also seen in some computational models, where
infants do not acquire phonological structure during the first
year of life (Schatz et al., 2021). Other models do not posit
the development of abstract representations at all
(DRIBBLER).

SLED takes a different view on the initial state, presuming
that the patterns that infants must track in their input are so
complex that they could not be mastered without the use of
abstract representations that are formed in the earliest months
of life. What evidence exists to support the notion that abstract
representations are present far earlier than 18 months of age?
Although most evidence for children’s abstract representions
emerges well after the first birthday (in alignment with the tim-
ing proposed by other contemporary models), there is some
evidence compatible with earlier abstraction abilities (e.g.,
Altuntas et al., 2025; Choi et al., 2017). For example, 6-
month-old infants treat CV syllables starting with a particular
consonant as the same, even when they differ in the vowel
(and therefore, their formant transitions; Hochmann & Papeo,
2014). They also readily recognize words only ever heard in
a female voice when presented in a male voice (Johnson
et al., 2014). And 8 month olds generalize phonological pat-
terns learned in one place of articulation to other places of
articulation (Maye et al., 2008).

This view of early emerging abstract representations is con-
sistent with SLED’s assumption of continuity in the basic men-
tal architecture that supports speech processing across
development. Many would agree that abstract representations
are required to process speech in an adult-like manner. With-
out abstract representations, it would be difficult to explain
how adults handle talker and accent variation (Cutler, 2008;
Cutler et al., 2010). Thus, abstract representations are neces-
sary in infants for the same reason they are necessary in
adults – it is hard to see how infants could otherwise acquire
language so efficiently in diverse settings where multiple talk-
ers and accents are the norm.

2.2.4. Are speech representations defined by articulatory or acoustic
information?

In the 20th century, many adult models of speech percep-
tion saw the units of speech perception as based on motor
or gesture representations (Liberman et al., 1967), because
the acoustic speech signal was deemed to be too ambiguous
and variable to be used in speech perception. But the emer-
gence of infant speech perception as a field helped bolster
the rise of more acoustic-based models of speech perception,
since infants’ speech perception abilities were considerably
more advanced than their production abilities. Current models
differ in the roles they propose for articulatory and acoustic
information in speech development. PAM defines articulatory
gestures as the basic units of speech perception. NLM-e, in
contrast, assumes acoustic input is key for speech develop-
ment, with early-emerging links between perception and pro-
duction supporting the acquisition of the native language
sound structure. Other developmental models (e.g., WRAPSA,
DRIBBLER, PRIMIR) assume a receptive lexicon is built lar-
gely (if not entirely) from acoustic input, and do not discuss
the relationship between production and perception much.

At this point, there is ample support for both acoustic and
articulatory representations being used in infants’ speech pro-
cessing, but neither approach on its own seems to be able to
satisfactorily account for the available data. For example,
how does an articulatory approach explain that infants’ percep-
tual attunement precedes their production abilities? And how
does an acoustic approach explain the fact that motor disrup-
tions (either long-term, as a result of cleft palates, or temporary,
as a result of a teether) alter speech perception (Bruderer
et al., 2015; Southby et al., 2021)? Thus, SLED takes a differ-
ent view on the debate over the role of articulatory and acous-
tic information in the development of speech perception
abilties. In line with its assumptions about the continuity of
the architecture for speech processing over development,
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SLED views speech representations not as acoustic or articu-
latory, but as amodal and built up from acoustic and articulatory
information as well as visual and tactile information. That is,
while acoustic and articulatory information are both used to
build up abstract speech representations (with acoustic infor-
mation often providing the most informative channel), the rep-
resentations themselves are not tied to any particular modality.
This design feature helps explain how infants – whether they
be blind or deaf or motorically challenged, or simply in a visu-
ally challenging or noisy environment – make optimal and flex-
ible use of all available information in communicative settings.
Although others have proposed that multisensory information
plays a role in speech processing, to our knowledge, SLED
is unique in its clear stance that speech representations are
amodal.

3. Gauging the usefulness of a framework

A good framework does more than summarize the status
quo in a field. A good framework outlines a theoretically coher-
ent set of assumptions and makes new concrete testable pre-
dictions. In many cases, a strong framework is so well
specified that it (or at least sub-components of it) can be real-
ized as a computational model. We have put our toe in the
water and outlined some ideas for a fledgling framework we
have termed SLED. How does it do along these criteria? Is it
specified well enough to be realized (at least partially) in a
computational model? Does it generate strong testable
hypotheses? And importantly, is it falsifiable? (Table 1).

Obviously SLED, being in its infancy, is not formalized in
enough detail to be modeled computationally, but it does make
several claims that lend themselves to testing. Below we list
some of the major predictions that SLED makes. The predic-
tions we discuss below all follow naturally from the assump-
tions and issues we outlined above. These predictions
include the necessity of abstract representations to explain
infant speech capabilities, the amodal nature of speech repre-
sentations, the general continuity in the handling of speech
variation across the lifespan, the multitude of factors affecting
attunement to the native language sound structure, the rich
and essential scaffolding that sociolinguistic information pro-
vides for language acquisition, and the robustness of the sys-
tem to handle linguistically diverse language environments.
Some of these predictions are contrary to the predictions made
by one or more of the influential 21st models of infant speech
perception; others are simply new or understudied predictions,
or alternative ways of explaining well-established findings.

3.1. Abstract speech representations must be present early in life

A key testable prediction that SLED makes is that young
infants will show evidence of abstract representations early
in development. This contrasts with the more prevalent con-
temporary claim that children do not develop abstract speech
representations until 18 months of age. Support for abstraction
earlier than 18 months exists, though the evidence is relatively
scant and controversial at this point. One line of evidence sup-
porting this prediction is work showing that at least under some
condtions, 15-month-olds can detect mispronunciations in an
unfamiliar accent after brief exposure to a talker speaking that
accent in the lab (van Heugten & Johnson, 2014). Another line
of evidence comes from speech pattern learning in infants
under six months (Altuntas et al., 2025). Additional evidence
for early abstract representations could be provided by show-
ing that even younger infants can adapt to accent and talker
variation, and by providing more evidence that this adaptation
can be targeted rather than just a general expansion of what is
considered an acceptable pronunciation of a word. SLED’s
prediction that early representations are abstract could also
be supported by more evidence of young infants’ transfer of
patterns learned with one set of speech segments to other
untrained segments that are related in their phonological status
(as in Maye et al., 2008).

3.2. Speech representations draw on multi-sensory input, but are
amodal

SLED’s assumption of amodal representations is consistent
with the data reviewed above showing that input from different
modalities influences speech perception. Importantly, however,
SLED’s assumption of amodal representations leads to three
additional closely related predictions.

First, because SLED assumes abstract amodal representa-
tions for speech, information provided in one modality (e.g., the
visual or tactile domain) should impact perception or detection
of patterns in the auditory modality (and vice versa). For exam-
ple, we would expect that visual articulatory information that
influences the interpretation of simultaneously presented audi-
tory information (e.g., Weatherhead & White, 2017) would lead
to a subsequent change in the processing of that auditory infor-
mation when presented alone. Moreover, we would expect that
the greater the ambiguity in the auditory channel about the
intended message, the greater the influence of other informa-
tion sources on the resulting representation.

Second, SLED’s reliance on amodal representations pre-
dicts that speech perception and production are not directly
coupled. That is, while allowing for evidence that both articula-
tory and acoustic information affect speech processing, SLED
predicts that there should also be observable disconnects
between production and perception. In short, SLED views
the observed connections between perception and production
as not critical to the success of speech perception. For exam-
ple, although neural evidence of motor activation during
speech processing is intriguing (Kuhl et al., 2014), it does
not show that such activation is necessary. And although some
have argued that children with cleft palates struggle with
aspects of speech perception, these children do appear to
develop relatively normal speech processing abilities (Abu-
Zhaya, et al., 2023; Southby et al., 2021). Further, studies
demonstrate that language users do not find their own utter-
ances easier to understand than others’ utterances. Rather,
adults find more “canonical” voices easier to understand than
their own (Schuerman et al., 2015), and toddlers find adults
easier to understand than themselves (Cooper et al., 2018).
Finally, contrary to the prediction one would make if our articu-
latory and perceptual representations were one and the same,
2.5-year-olds do not adjust their productions when the formant
structure of their utterances is shifted (MacDonald et al., 2012).
Taken together, these findings provide support for SLED’s pro-
posal that underlying speech representations are amodal, and
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Table 1
How SLED compares to existing frameworks for developmental speech perception. (See above-mentioned references for further
information.)
that, although acoustic and articulatory information can both be
used by the listener to decode a speaker’s intended communi-
cation, there is no reason to presume that successful spoken
language comprehension necessitates an essential coupling
between perception and production.

And finally, a third prediction relates to flexibility in how
speech information is communicated by the talker and
received by the listener. Past studies have suggested that lis-
teners shift their reliance on audio and visual cues to speech
segments, depending on how reliable those cues are in differ-
ent contexts (e.g., Bejjanki et al., 2011). Likewise, talkers rely
more on visually salient gestures to successfully communicate
in noisy settings (e.g., Trujillo et al., 2021), or settings where
the listener is inexperienced (Gogate et al., 2000). These find-
ings are in line with SLED’s assertion that speech representa-
tions are amodal, and information in one sensory channel can
compensate for lack of reliable information in another sensory
channel. But SLED goes one step further, predicting that a lis-
tener’s relative reliance on different sources of information in
the speech signal will not only rely on environmental informa-
tion, but will also depend on a speaker or listener’s linguistic
background. Some evidence already exists to support this pre-
diction, including the fact that bilingual infants might use audio-
visual speech information differently than monolingual infants
(Birulés et al., 2024; Weikum et al., 2007; but see Morin-
Lessard et al., 2019).

3.3. There is general continuity in the handling of speech variation
across the lifespan

SLED’s prediction of abstract representations early in life is
in line with its assumption that the same cognitive architecture
and learning mechanisms underlie infant and adult speech
perception. A corollary of this assumption of continuity is that
infants’ and adults’ processing of spoken language should be
much more similar than contemporary research suggests. This
includes their ability to understand unfamiliar accents, some-
thing that has been argued to be qualitatively different across
development.

Although the fact that infants struggle to recognize familiar
words spoken in unfamiliar accents prior to 19 months of age
has been provided as evidence that infants under 19 months
do not possess phonological constancy (Mulak et al., 2013),
adults also find it more challenging to understand words spo-
ken in unfamiliar accents (Munro, 1998). Thus, instead of inter-
preting infants’ inability to recognize words in unfamiliar
accents as evidence that they process speech in a dramati-
cally different way than adults, one could instead argue that,
for both adults and infants, it is more challenging to recognize
words in unfamiliar accents (see Bent, 2014, for evidence that
adults and pre-school-aged children show the same decre-
ment for unfamiliar vs. familiar-accent word recognition). Evi-
dence that even 15-month-olds adapt to unfamiliar accents
when given more context, as well as evidence that infants
exposed to multiple accents in their day to day input are not
delayed in their vocabulary development (Fung, 2025; van
Heugten & Johnson, 2014), supports this argument.

SLED’s assumption of continuity can also be extended to
address debates about whether infants recognize words in
unfamiliar accents through a specific mapping process (i.e.,
identifying rules that explain the specific phonological mapping
between pronunciations in different accents) or a general
expansion process (i.e., relaxing the boundaries for what is
considered an acceptable pronunciation of a word). The fact
that infants have been shown to engage in general expansion
in recognition of other-accented words (Schmale et al., 2015)
could be interpreted as evidence that they do not possess
the type of abstract representations that are necessary to
engage in more targeted accent adaptation. But adults have
also been shown to engage in general expansion under some
circumstances (Babel et al., 2021; Melguy & Johnson, 2022).
SLED argues that infants – like adults – will flexibly adapt their
speech processing strategies, exhibiting either general expan-
sion or accent-specific targeted re-mapping, depending on the
context. But importantly, the fact that infants do engage in
specific re-mapping in some contexts (White & Aslin, 2011)
supports the notion that infants have abstract representations.
More generally, SLED argues that apparent differences
between infants and adults (as in the representation and pro-
cessing of acoustic–phonetic detail; Stager & Werker, 1997;
Walley, 1993) often disappear when the task is better equated
(White & Morgan, 2008; White et al., 2013). Moving forward,
SLED recommends greater interaction between infant and
adult speech researchers, and predicts that many supposed
qualitative differences in how infants and adults process spo-
ken language will upon closer examination be explained by dif-
ferences in experience, task demands, and/or ecological
validity of the test scenario.



E.K. Johnson, K.S. White / Journal of Phonetics 111 (2025) 101425 15
3.4. Computational complexity impacts attunement to the native
language sound structure

Classic data suggest that the infant is a universal listener,
who then loses the ability to perceive speech contrasts that
do not exist in their native language by 10 to 12 months of
age (Werker & Tees, 1984). This loss in sensitivity to non-
native contrasts is thought to set the stage for lexical growth
and more efficient speech processing (Kuhl et al., 2005). But
more recent work has shown that there are some caveats to
this general pattern of development. What factors explain the
variability we see in the acquisition of different types of con-
trasts by different types of learners (e.g., Narayan, 2019;
Polka et al., 2001; Polka & Bohn, 2011; Werker & Hensch,
2015)?

In alignment with previous claims, SLED predicts that more
frequent or more salient contrasts will be learned first. In addi-
tion, SLED predicts that computational complexity will also
affect ease of acquisition. Regularities requiring reference to
fine-grained patterns at multiple levels of language may be
harder for infants to master than simpler, more encapsulated
patterns. Thus, SLED predicts that infants will show pre-
dictable errors over the course of development, reflecting the
best solution they can propose based on their current knowl-
edge set. Over the course of development, these errors will
disappear as infants refine their understanding of the native
language structure. For example, as noted earlier, in Maltese,
the phonemic status of glottal stops is dependent on the proso-
dic context within which they occur (Mitterer et al., 2019).
Maltese-learning infants may take time to learn the phonemic
status of glottal stops because to do so they must not only
track the pattern of glottal stops in their input, but also track
the distribution of glottals with respect to prosodic structure.
And taking this logic one step further, SLED presumes that
the same contrasts in any given language might be more or
less difficult for a child to learn depending on a wide array of
additional factors. For example, if the child is English-Maltese
bilingual, they need to work out that these dependencies are
critical in only one of their two languages. And if some care-
givers in their environment speak Maltese with an English
accent (or vice versa), they need to extract even more complex
conditional dependencies across the input they receive.

3.5. Sociolinguistic factors play a critical role in language acquisition

SLED assumes that infants’ access to the rich multi-layered
structure of speech includes social context from a very early
age. But SLED views sociolinguistic variation as an information
tier that scaffolds (rather than complicates) speech and lan-
guage development. This leads to a number of predictions.
First, we should see that learners’ interpetation of speech is
influenced by social information. Some evidence for this pre-
diction exists, at least for toddlers. For example, the race of
a speaker impacts toddlers’ readiness to adapt to unexpected
pronunciations (Weatherhead & White, 2018), and toddlers
treat mispronunciations typically produced by children differ-
ently depending on whether they are produced by a child or
an adult (Bernier & White, 2019). There is even some evidence
that social affiliation changes expectations for how interlocu-
tors will speak (Weatherhead & White, 2021). Extensions of
this fledgling body of work could look at younger infants, and
other social domains. For example, would patterns of speech
typically associated with males in a given socio-cultural context
be surprising (and thus processed with less fluency) if they
were produced by a female? Do children in multi-dialectal situ-
ations anticipate, and have an easier time processing, lexical
variants that are consistent with a talker’s language back-
ground (e.g., sweater vs. jumper for North American and Bri-
tish English)? More generally, children’s (and even infants’)
predictions and interpretations of new speakers should be
influenced by their burgeoning links between language and
social categories (which, in turn, will be influenced by the struc-
ture of variation in their own environments).

Second, SLED anticipates that learning trajectories will look
quite distinct in different children because acquisition is tightly
linked to the specific socio-phonetic environment they find
themselves in. That is, beyond differences in the specific pho-
netic data infants receive, SLED also predicts that we should
see that infants’ learning is influenced by the source of this
data – importantly, this should be true not just for bilinguals,
but for all language learners. For example, in tracking patterns
of stop voicing, infants should be able to sort their input based
on whether the variation is attributed to talker-specific idiosyn-
cracies (some speakers might produce more pre-voicing than
others) or group-level variation (some L2 speakers might
replace all voiceless dental fricatives with voiceless stops).
SLED would predict that it is not the statistical patterns alone
that matter (as suggested by some exemplar models), but
the source of these patterns – because learners are designed
to seek out regularity and link speech variation to social varia-
tion, these patterns should be learned more quickly when they
can be attributed to group-level factors. For example, returning
to the situation of our child learning both English and Maltese,
they will have a much easier time learning the conditioning of
glottal stops in Maltese if they can separate the input from Mal-
tese sources who speak with a native accent vs. those who
speak with an English accent. And a Korean child encounter-
ing the ongoing shift in the realization of voicing contrasts in
the language (Jang et al., 2024), will learn voicing contrasts
much more efficiently by realizing that older and younger gen-
erations tend to produce the contrast differently. By under-
standing the range of inputs humans are designed to learn
language in, and the range of solutions humans can tap into,
we will better understand the essence of human language
itself.

3.6. The learning system is robust enough to handle complex multi-
variety learning environments

Most 21st century models of infant speech learning (implic-
itly) viewed monolinguals as the standard learner, with children
learning multiple languages seen as a special case. This view-
point can lead to the prediction that the acquisition of more
than one language is a challenge to overcome. Recent devel-
opments in the field are driving a strong movement away from
the notion that learning more than one language is a burden on
the child, but the question of how exposure to more than one
accent might affect acquisition has not received as much atten-
tion. It is easy to understand how accent variation could also
be seen as a challenge for children to overcome. For example,
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the standard exemplar model would predict that an infant
exposed to only one variety of the native language would pro-
cess that one familiar variety far more efficiently than any other
variety of the native language; in contrast, an infant exposed to
multiple varieties of the native language would be less efficient
in their handling of all varieties of the native language, relative
to the infant who is exposed to only one variety.

Evidence to support this prediction is mixed. On the one hand,
there is some evidence that children exposed to more than one
accent recognize words more slowly (Buckler et al., 2017), and
have less well-specified lexical representations than children
who have less accent variation in their input (Durrant et al.,
2014). But on the other hand, there is evidence that multi-
dialect children can rapidly adapt to different accents in their input
(van der Feest & Johnson, 2016). Moreover, if multi-accent expo-
sure really led to slow overall processing of speech, one would
surely predict cascading effects on other aspects of language
development. For example, one would predict that slower speech
processing should lead to slower vocabulary growth. But the little
work that has been done on this topic does not support this pre-
diction – a recent study examining development in over 3000
infants and toddlers reported that multi-accent exposure appears
to have no effect on children’s early vocabulary growth (Fung,
2025). Clearly, understanding how multi-accent exposure
impacts both monolingual and multilingual children’s develop-
ment is an open question, and is key to evaluating current frame-
works for early infant speech development.

SLED takes a strong stance when predicting how multi-
accent exposure will impact speech and language develop-
ment. While SLED is in alignment with exemplar models in
assuming a tight coupling between the input a child receives
and the development of speech processing abilities, its
assumption that linguistically diverse input is the norm leads
to the prediction that exposure to multiple accents should not
make language acquisition particularly challenging. To be
clear, this means there often will be detectable differences in
the way children exposed to one versus many varieties of
the native language process specific aspects of speech, but
overall, these processing differences will not have major con-
sequences for the acquisition of language. In other words,
SLED predicts that there is no one-size-fits-all approach and
that different environments will lead to different optimal paths.
Understanding the wide range of normal paths typically-
developing infants take to mastering their native language sys-
tem(s) is key not only to working out a general theoretical
explanation of speech and language development, but also
to improving clinicians’ ability to detect developmentally atypi-
cal speech and language trajectories.

4. Summing up, and moving forward

As is the case in many scientific fields, major advances in
our understanding of infant speech preception have been
linked to technical innovations. The scientific study of infant
speech perception was born when researchers devised behav-
ioral test methods that allowed them to tap into the infant mind,
enabling researchers to turn what had previously been philo-
sophical questions into scientically testable hypotheses. As
the 21st century neared, advances in audiovisual technology
enabled researchers to ask new questions about infants’ input
and their processing of fluent connected speech, leading to
transformative insights about the remarkable sensitivities and
learning abilities present from the earliest months of life.
Researchers were able to ask questions about not just what
infants knew about language, but the timecourse of their pro-
cessing as well. These advances helped spur the development
of many exciting new models of infant speech development
that still shape the way we think about infant speech develop-
ment today, such as PRIMIR and WRAPSA.

But despite the availability of a wider array of infant testing
paradigms, one possible concern is that much of what we know
about early speech perception has been gleaned from studies
using highly controlled stimuli, stripped of many types of vari-
ability infants contend with in the real world. While presenting
infants with simplified speech stimuli in the lab has allowed us
to address questions that seem impossible to address other-
wise, it comes with the risk of distorting our understanding of
how children learn about the sound structure of their native lan-
guage, because researchers do not necessarily know which
aspects of the speech signal contribute to infants’ language
learning success. For example, although most studies of infants’
voicing perception rely on manipulations of VOT, there are other
cues to voicing present in natural speech as well (Kim et al.,
2018). And, it can be difficult to predict how decisions we make
when constructing an artificial language might affect infants’ per-
formance. For example, it makes sense to assume that present-
ing words of all one length in artificial languages simplifies the
the word segmentation task (Johnson & Tyler, 2010), but more
recent studies have suggested that more variable word lengths
can be useful when the frequency distribution is Zipfian, as in
natural language (Lavi-Rotbain & Arnon, 2022). Similarly, add-
ing talker variation to an artificial language may enhance learn-
ing in some but not all situations (e.g., Bulgarelli & Weiss, 2021;
Seidl et al., 2014). Therefore, when experiments simplify real
world learning problems by stripping away information like the
natural richness of the speech signal, the properties of natural
language structure, and even social context, this means that
they define the learning space in a way that may not reflect
how infants extract information in the real world.

To summarize, it is hard to predict what dimensions are crit-
ical to infants’ learning. Moreover, this may change as a func-
tion of a child’s language environment (e.g., a child who is
routinely exposed to multiple languages and/or more accent
variation may track patterns differently than a child learning just
one language variety). Going forward, it is critical that we not
only continue to add back these features of natural speech
and language variability that were missing in the field’s early
approaches, but also consider how added variability is used
in real-world contexts as well as in the laboratory context. For-
tunately, this is increasingly feasible due to methodological
innovations that allow researchers to couple more controlled
approaches to studying speech and language development
with others that more faithfully represent the richness and
diversity of infant learners’ environments.

Beyond presenting stimuli that more faithfully track the vari-
ation in the real world, our technological advances and the pro-
liferation of infant labs and team science now enable us to look
at the rich and diverse social circumstances in which infants
acquire language, and to investigate their knowledge embed-
ded within these contexts. As we have made clear in our pre-
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sentation of SLED, we see consideration of the sociolinguistic
context in which infants are learning as key to understanding
speech acquisition. We argue that there are many paths to lan-
guage acquisition, and that humans are designed to find
whichever path is most appropriate for them to work out the
structure of their native language(s) and dialect(s) (Foushee
& Srinivasan, 2024). To document these diverse paths, one
of the most exciting developments is the possibility of precisely
linking variation along dimensions of the input to individual tra-
jectories of perceptual development, something that has been
out of reach until recently (Bergelson et al., 2019; Bergelson
et al., 2024; Cristia, 2011; Johnson et al., 2013; Lavechin
et al., 2022). The rise of dense corpora, team science, and
sophisticated analytical approaches – combined with our more
traditional, carefully crafted experimental techniques – will rev-
olutionize the way we understand development and will pave
the way for discovery in the years to come.

5. In summary

Progress in understanding how infants perceive the speech
signal, and attune to their native language phonology, has come
a long way in the first quarter of the 21st century. But as we
enter the second quarter of the 21st century, thanks to techno-
logical developments and the expansion of infant labs around
the world (coupled with the rise of big data approaches to
science, e.g., Frank et al., 2017), data on infant speech percep-
tion is ever increasing. Looking forward, it seems clear to us that
our frameworks for understanding infant speech development
need to account for the fact that infants are not designed to
learn a single system (or even two), but rather to handle multiple
language varieties from the beginning (where varieties do not
just constitute different languages, but the many variations that
exist within a single language). Moreover, infants do not learn
the speech system of their language(s) in a vacuum, but
embedded within a complex social world. Paradoxically, this
added complexity of situating learning within a socio-cultural
context may simplify the learning problem, by providing infants
with a rich structure that focuses their attention and learning
on just those statistics that enable them to learn their speech
system in the most efficient way possible. With the growing
availability of new and/or more powerful methodologies for
studying the complex relationship between specific types of lan-
guage learning environments and individual differences in
speech and language learning trajectories, coupled with an
increase in data from around the world on children growing up
in linguistically diverse settings, we are excited to see the pro-
gress the field will make in the next quarter of a century.
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