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A B S T R A C T   

Perceptual attunement to the native phonetic repertoire occurs over the first year of life: an infant’s discrimi
nation of non-native phonetic contrasts declines while their discrimination of native phonetic contrasts improves, 
with the timing of change consistent with sensitive periods. The statistics of speech sound distributions is one 
source of input used to collapse non-native phonetic category boundaries, while sharpening native ones. 
Distributional learning can be a domain-general mechanism, yet given the timing of perceptual attunement, we 
hypothesized that this learning mechanism may be maturationally delimited in the content domain of phonetic 
categories. Here, we assessed whether sensitivity to the distribution of speech sounds in the environment declines 
as the period of perceptual attunement closes. We used electroencephalography (EEG) to investigate whether 
neuronal responses to native ‘ra’ and ‘la’ phones are modulated differently in older vs young infants by exposure 
to either a bimodal or unimodal sound distribution spanning the [r] ~ [l] phoneme space. The native contrast, 
ra-la, is discriminable at all three ages, ensuring that we were testing the distributional learning mechanism, 
rather than confounding it with a decline in discrimination to a non-native distinction. English monolingual 
infants (n = 131) at 5-, 9- and 12-months-old were familiarized to either a unimodal or bimodal distribution of 
/ra/− /la/ speech sounds. Immediately following familiarization, an ERP oddball task was used to assess 
discrimination. Results showed that brief exposure to a bi- vs uni-modal distribution is sufficient to alter neuronal 
responses to subsequent /ra/ vs /la/ speech sounds at 5-months and 9-months, but not at 12-months. These 
results are the first to capture a progressive decline in sensitivity to distributional statistics in the environment. A 
potential mechanistic explanation based on critical period biology is discussed.   

1. Introduction 

Since the seminal study by Eimas, Siqueland, Jusczyk, and Vigorito 
(1971), infants are known to begin life with perceptual sensitivities that 
support discrimination of similar-sounding syllables such as /ba/ -/pa/, 
and do so better at boundaries that are typically used across the world’s 
languages to distinguish one phoneme from another. Moreover, these 
sensitivities even extend to non-native speech sound contrasts that in
fants have never before heard (Streeter, 1976; Trehub, 1976; Werker, 
Humphrey, & Tees, 1981). Importantly, infants attune to the native 
language phonemic repertoire across the first year of life, with a decline 
in discrimination of non-native phonetic distinctions (e.g., Werker & 
Tees, 1984) and an improvement of native ones (e.g., Kuhl, Williams, 

Lacerda, Stevens, & Lindblom, 1992). Over the past four decades, many 
theories and models of speech perception development have been pro
posed (for a review see Houston, 2011) to account for this age-related 
attunement (also called ‘perceptual narrowing’). One such mechanism 
is statistical learning, whereby infants are influenced by the distribu
tional properties of their phonetic input. The first experimental evidence 
of distributional learning in infants was published by Maye, Werker, and 
Gerken in Cognition in 2002, with Jacques Mehler as Editor of the journal 
and of this particular paper. 

Since this publication, a number of studies have confirmed and 
extended distributional learning of phonetic categories in infants (Maye, 
Weiss, & Aslin, 2008; Wanrooij, Boersma, & van Zuijen, 2014a; Yoshida, 
Pons, Maye, & Werker, 2010; Liu & Kager, 2017, Cristia, 2018). 
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However, it is still unclear whether the strength of distributional 
learning remains constant across development, or changes with age. 
Indeed, two recent papers reached opposite conclusions regarding age- 
related changes in the strength of distributional learning (Liu & Kager, 
2017; Cristia, 2018). There is considerable evidence (as reviewed below) 
that phonetic perception is refined during an early sensitive period. 
Distributional learning, in contrast, is often considered a domain- 
general mechanism that is capable of supporting learning at any age. 
If the efficacy of distributional learning declines with age along the same 
time frame as perceptual attunement, a reexamination is warranted of 
whether this type of learning is necessarily always domain-general, and 
why statistical learning can be effective across the lifespan for some 
modalities/stimuli but not others. In the current study, we provide direct 
evidence that distributional learning is itself gated by plasticity, 
providing convergent evidence that distributional learning is at least one 
of the learning mechanisms that accounts for perceptual attunement 
across the first year of life. 

1.1. Perceptual attunement 

While infants begin life with a preference for speech over non-speech 
sounds (Vouloumanos & Werker, 2007) and for well-formed syllables 
(Gómez et al., 2014), their perception is also already influenced by 
experience. Newborns show a preference for listening to speech sounds 
heard in utero (Moon, Lagercrantz, & Kuhl, 2013), and by 4–6 months 
start showing differential processing of familiar, native speech sounds 
(Kuhl et al., 1992; Polka & Werker, 1994; Yeung, Chen, & Werker, 
2014). By 10 to 12 months of age, infants show a decline in discrimi
nation of many non-native consonant distinctions (e.g. Werker & Tees, 
1984, see Werker & Hensch, 2015, for a review) and an improvement in 
native ones (e.g., Kuhl et al., 2006; Sato, Ito, & Mazuka, 2010; Narayan 
et al., 2010), a process we call “perceptual attunement”. While there are 
some non-native distinctions that remain discriminable across the life
span, for many others, discrimination of non-native distinctions is poor 
after 12-months, suggesting that plasticity may have begun to abate by 
this age. 

The timing of declining plasticity is set by both environmental and 
biological constraints. In infants born prematurely, the time period for 
perceptual attunement corresponds with their gestational age rather 
than their chronological age since birth, suggesting that additional 
language experience can only impact the system when it is matura
tionally ready (Peña et al., 2012). Moreover, when pharmacological 
agents prematurely open circuit plasticity, the period of perceptual 
attunement shifts forward in time (Weikum, Oberlander, Hensch, & 
Werker, 2012). In contrast, bilingual infants show a protracted period of 
perceptual attunement, such that the ability to discriminate non-native 
contrasts remains open well past the age at which monolingual infants 
fail to do so (Petitto et al., 2012). Thus, total exposure in combination 
with maturational openness to input appears necessary to tune phonetic 
categories. 

Perhaps the strongest evidence that perceptual attunement is gated 
by biological sensitive periods comes from studies showing that early 
linguistic experience has a lasting impact on adult perception. Take the 
case of international adoption, where early experience is vastly out
weighed by subsequent language input. These studies show that even 
when an individual has no exposure to their first language past the in
fancy or toddler period, adult relearning of difficult phonological con
trasts from the first language is faster and more complete than it is in 
individuals who never had such early exposure (Choi et al., 2017; Singh, 
Liederman, Mierzejewski, & Barnes, 2011; Oh, Au, & Jun, 2009). More 
recently, Norrman and colleagues compared adults who were adopted 
from China to Sweden before 30 months of age (mean age, 18.5 months) 
to native Mandarin and native Swedish adults on their discrimination of 
a vowel distinction used only in Swedish /y/-/u/ with a lexical tone 
distinction used only in Mandarin (high flat vs high rising). ERP results 
showed the adoptees discriminated the Chinese tone as well as Chinese 

native speakers, but were no better than the Chinese native speakers on 
the Swedish vowel distinction, and significantly worse than Swedish 
adults (Norrman, Bylund, and Thierry, 2019). Neuroimaging studies 
reveal that this early experience alters the way linguistic information is 
processed years later. In adults who were adopted from China to Quebec 
as infants with no further use of a Chinese language, fMRI activation to a 
Chinese tone distinction matched neuronal activity patterns observed in 
Chinese-French bilinguals who had moved to Quebec at the same age, 
but had maintained their Chinese (Pierce, Klein, Chen, Delcenserie, & 
Genesee, 2014). These results provide striking evidence that early 
experience indelibly alters phonetic sensitivity, and provide additional 
evidence that the openness to experience for phonetic learning has 
begun to close early in life. 

1.2. Distributional learning 

As noted above, there is increasing evidence that distributional 
learning may be a mechanism by which infants attune to the phonetic 
categories of their native language (see Swingley, 2019; Werker, 2018, 
for other possible learning mechanisms). In any given language, the 
distribution of produced speech sounds contains acoustic cues that 
reflect phonemic categories (see Lotto, Sato, & Diehl, 2004; Werker 
et al., 2007 for analyses of selected corpora, and Schatz, Feldman, 
Goldwater, Cao, & Dupoux, 2019 for an acoustic analysis of a more 
comprehensive corpus). Spoken syllables differ from one another along a 
number of different acoustic/phonetic dimensions (e.g. loudness, voice 
onset time (VOT), formant structure, pitch contour), but only some of 
these are criterial to phonemic category distinctions. For any particular 
minimally different syllable pair, the criterial differences tend to cluster 
in a bimodal distribution along the relevant acoustic dimension (Fig. 1). 
For example, native English speakers’ productions of [r] and [l] fall into 
a bimodal distribution along the trajectories of the 2nd and 3rd formant 
frequency onsets (Lotto et al., 2004). In contrast, if phonetic variation is 
not used phonemically, i.e., to contrast meaning in a given language, 
then speech sound production falls into a more flat or unimodal distri
bution along the same acoustic dimension. This is seen in Japanese 
speakers’ productions of the liquid flap (illustrated with the word ‘ringo’ 
in Fig. 1), the Japanese consonant that falls roughly between the English 
/r/ and /l/ (Lotto et al., 2004). 

The logic of distributional learning is that infants growing up in an 
English environment will be exposed to a bimodal distribution of native 

Fig. 1. Schematic illustrating the distribution of speech sounds infants of 
different language environments experience. 
Infants growing up exposed to English (teal) will hear variability in the pro
nunciation of liquid phones which supports the distinction between ‘ra’ and ‘la’, 
whereas infants exposed to Japanese (dashed grey) will hear variability in 
pronunciation that does not support this distinction. So, for example, each time 
English-learning infants hear the word ‘rake’ there is some variability in the 
onset frequency of the 3rd formant of the /r/, however this variability falls in a 
narrow range, which is separable from the variability which occurs around an 
English speaker’s production of the /l/ in the word ‘lake’. In contrast, when 
Japanese learning infants hear the Japanese word ‘ringo’ (apple), the variability 
in the onset frequency of the 3rd formant of the /r/ spans the English /r/ and 
/l/ boundary. 
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phonemes, e.g., /ra/ vs /la/, that supports maintenance or sharpening of 
/ra/-/la/ discrimination, whereas infants growing up hearing Japanese 
will be exposed to statistics that support collapsing the distinction. 
While a distributional learning experimental study has not, to our 
knowledge, previously been done with /ra/-/la/, studies of distribu
tional learning of other consonant (Maye et al., 2008; Maye, Werker, & 
Gerken, 2002; Yoshida et al., 2010), vowel (Wanrooij et al., 2014a, b), 
and tonal (Liu & Kager, 2014; Liu & Kager, 2017) contrasts show that 
experimentally manipulating distributional exposure does indeed sup
port enhanced discrimination or collapse of phonetic distinctions in 
young infants. 

Distributional learning has been assessed experimentally by first 
briefly familiarizing infants to a set of syllables that – although presented 
in random order – bear the statistics of either a unimodal or bimodal 
frequency distribution, prior to testing discrimination of the phonetic 
category difference. Following familiarization to syllables drawn from a 
bimodal distribution, infants aged 6–8 months and younger were found 
to discriminate the contrast, while those exposed to a unimodal distri
bution did not (e.g., Maye et al., 2002). Moreover, bimodal exposure has 
been shown to generalize improved discrimination of one contrast to 
another (e.g. da/ta to ga/ka and vice versa) if the relevant acoustic/ 
phonetic dimension (in this case voicing) is held constant (Maye et al., 
2008). Generalization indicates that infants are learning higher-level 
phonetic regularities, as opposed to simple repetition of specific 
speech sounds, suggesting distributional learning to be a potentially 
powerful learning mechanism for explaining perceptual attunement. 

Distributional learning, then, is both a theoretically plausible and 
experimentally verified method through which infants may learn the 
phonetic categories of their native language. However, statistical 
learning is widely considered a domain-general mechanism that sup
ports learning throughout life. From this perspective, despite the stable 
representations accrued over a lifetime of daily language listening 
experience, the brain should still be open to changing perception if 
sufficient learning time is provided. Such a view, however, fails to 
consider the developmental consolidation – particularly of specialized 
sensory and perceptual systems (such as language) that occur during 
critical windows in development (Hensch, 2004; Reh et al., 2020; 
Takesian and Hensch, 2013). These changes in circuit properties which 
are organized through a combination of innate, genetic instructions; 
spontaneous activity; and environmentally driven neuronal activity may 
govern the developmental time period over which experience in general, 
and distributional learning in particular, might be most effective in 
driving perceptual attunement (see Werker & Hensch, 2015). 

Studies of distributional learning provide direct evidence that it is 
more effective in early infancy than in childhood and adulthood. In 
illustration, Maye and Gerken (2001) investigated the impact of distri
butional learning on English speaking adults’ discrimination of the En
glish unaspirated [t] from voiced [d]. This contrast is interesting because 
while it is native to English, the unaspirated [t] is not naturally found in 
a syllable initial position, and is difficult for adults and older infants to 
distinguish from a voiced [d] (Pegg & Werker, 1997). Despite this, 
bimodal exposure did not enhance discrimination; instead, discrimina
tion declined following familiarization to the unimodal distribution 
(Hayes-Harb, 2007; Maye & Gerken, 2001). Studies have also examined 
the effect of distributional exposure on adult perception of foreign vowel 
contrasts (Escudero, Benders, & Wanrooij, 2011; Wanrooij & Boersma, 
2013; Wanrooij, Escudero, & Raijmakers, 2013). Native Spanish 
speakers, living in the Netherlands and learning Dutch as a second 
language, were exposed to a bimodal distribution of the Dutch /a/-/a:/ 
vowel contrast, which is difficult for Spanish speakers to perceive. While 
there was improvement in discrimination of this acoustically salient 
vowel length difference following bimodal exposure, music was used as 
the control condition, as opposed to either a flat or unimodal distribu
tion. Therefore, it is impossible to ascertain whether the overall effect 
was driven by simple exposure to the sounds, or whether the distribu
tional information played a role. A follow-up study that contained a 

unimodal distribution condition showed that adult discrimination of the 
contrast improved by the same amount regardless of exposure condition, 
arguing that simple exposure to the speech sounds, and not the distri
butional information, was driving the effects (Wanrooij, Boersma, & 
Benders, 2015). Moreover, such second-language learners were being 
exposed to the Dutch vowel contrast in their everyday lives, possibly 
boosting their sensitivity to the contrast. Indeed, length of residence in 
the Netherlands was correlated with the degree of learning following 
distributional exposure (Wanrooij et al., 2013). 

We are aware of only one study that directly compares the effect of 
distributional learning in young infants and adults. Wanrooij, Boersma, 
and van Zuijen (2014b) tested Dutch listeners’ perception of a Southern 
British English vowel contrast using EEG. While they found that infants 
as young as 2–3 months were sensitive to the distributional information, 
adults were not, even following 12 min of familiarization to the distri
butions. The authors further found no evidence of improvement in 
discrimination driven by distributional exposure on a behavioral level 
(Wanrooij, De Vos, and Boersma, 2015). Taken together, these studies 
indicate adult perception may be improved to some degree by repeated 
exposure to different speech sounds, but appears to be much less sen
sitive to the statistics of the presented tokens. Studies with older infants 
indicate that the decline in efficacy of distributional learning in adults 
begins around the end of the first year of life, in accordance with the 
timing of perceptual attunement. Twice as much exposure to a bimodal 
distribution was required to alter 10-month-olds’ discrimination of a 
non-native plosive contrast, when compared with 6-month-olds (Yosh
ida et al., 2010). Similarly, bimodal exposure to a tonal contrast 
improved Dutch infants’ discrimination of a non-native tonal contrast, 
but only at 11-months, not 14-months of age (Liu & Kager, 2017). 

The studies reviewed above showing a decline in distributional 
learning around the end of the first year of life and beyond have asked 
whether bimodal exposure can improve discrimination of a non-native 
phonetic contrast. A potential confound, however, is that ongoing 
attunement to the native phonemic repertoire in infancy leads to a 
declining ability to discriminate non-native phonetic contrasts (Fig. 2a). 
Therefore, past the period of perceptual attunement, infants and adults 
may no longer be able to even perceive the differences along the con
tinuum of the distributional information presented. As such, testing 
distributional learning by using a non-native contrast conflates the ef
ficacy of the learning mechanism itself with the listeners’ possible 
insensitivity to the acoustic/phonetic information to be learned. Here, 
we tested the efficacy of distributional learning by exploring whether 
familiarization to a unimodal distribution could collapse discrimination 
of a phonemic contrast that is native for our population of infants (see 
Fig. 2b) but that is known to attune across the first year of life in infants 
for whom the contrast is non-native (see Fig. 2a). 

Theoretically, distributional learning serves both to enhance 
discrimination (if exposed to a bimodal distribution of speech sounds), 
or interfere with discrimination (if exposed to a unimodal distribution of 
speech sounds). Thus, testing age-related changes on collapsing a native 
contrast in native listeners eliminates the confound outlined above 
(Fig. 2b). If they are open to the effects of distributional learning, the 
presentation of a unimodal distribution along a native phoneme con
tinuum would be predicted to interfere with infants’ discrimination of 
the phonemic contrast, whereas the presentation of a bimodal distri
bution would be predicted to maintain or strengthen it. Moreover, the 
strength of this effect can be assessed at any age, since sensitivity to the 
relevant acoustic dimensions should be maintained for native phonemic 
contrasts. To our knowledge, no study has yet assessed how distribu
tional learning alters discrimination of a native phoneme distinction 
across age. Thus, the current study is the first to examine age-related 
differences in the efficacy of distributional learning in collapsing a 
native contrast. 

A related but distinct concern is the accumulation of language 
experience across different ages. It could be argued that a decline in 
distributional learning with age represents not a decline in circuit 

R.K. Reh et al.                                                                                                                                                                                                                                   



Cognition xxx (xxxx) xxx

4

plasticity, but instead the inability of a brief, recent exposure to over
whelm the accumulation of native language statistics. Apart from strong 
evidence in the literature (above) — particularly that from international 
adoptees – the conflation of declining statistical learning efficacy with 
strong priors is also addressed by using a native language contrast. In 
this case, even young infants will have accumulated multiple times more 
exposure to the distinction in everyday listening than will be provided in 
a brief distributional learning study. 

Here, we investigate the effectiveness of distributional information 
to alter perception of a native phonemic sound contrast by testing in
fants whose ages span the period of perceptual attunement. Specifically, 
we examine distributional learning of the English /r/-/l/ phonemic 
contrast in native English-learning infants. This /r/-/l/ (liquid) contrast 
is considered a difficult contrast both for perception and production, and 
is one of the hardest distinctions for non-native listeners (for example 
Japanese speakers) to learn to discriminate and produce (McCandliss 
et al., 2002; Yamada & Tohkura, 1990; Iverson et al., 2003). Indeed, 
multiple training studies with Japanese adults show only limited 
improvement even across many hours and days of training (e.g., 
Ingvalson, Holt, & McClelland, 2012). Moreover, perception of this 
speech sound distinction is influenced by experience over the first year 
of life. Discrimination declines for Japanese-learning infants (Tsushima 
et al., 1994) and improves for infants growing up in English-speaking 
homes between 6–8 and 10–12 months of age (Kuhl et al., 2006). 
Therefore, we reasoned this contrast may be sensitive to brief distribu
tional exposure. 

While the majority of distributional learning studies to date in both 
infants and adults have used a discrete distribution, with a limited 
number of steps, this is not an accurate reflection of the language 
environment. In any given speaker’s production of different speech 
sounds, no single token is ever acoustically identical. In addition, vari
ability has been found to promote category formation in a number of 
other learning paradigms (Quinn & Bhatt, 2010; Rost & McMurray, 
2009), therefore the narrow acoustic variability presented in traditional 
distributional learning studies may actually limit their effectiveness. To 
introduce at least some of the variability that would be encountered 

naturally, we created a continuous distribution of 200 speech sounds 
spanning the /r/-/l/ continuum, from which the bimodal and unimodal 
distributions were drawn. While the continuum clearly spanned the 
/r/-/l/ phonetic space as rated by English adults (see Fig. 3), not all 
tokens drawn were equally consistently labeled as /r/ or as /l/, ensuring 
some perceptual variability as well. A similar approach has been used 
with infants previously (Wanrooij, De Vos, & Boersma, 2015), and has 
been found to be effective for distributional learning. In addition, this 
multi-step continuum allows the use of acoustically unique tokens dur
ing the test phase, which infants did not hear during familiarization. 

In the current study, we tested infants at the ages of 5, 9, and 12 
months to investigate changes in the strength of distributional learning 
of a liquid speech sound continuum. These ages were chosen in order to 
span the period of phonetic attunement to the native language conso
nant repertoire. Five months was chosen as a time point of active 
perceptual narrowing, when infants are sensitive to non-native phone
mic contrasts but beginning to show evidence of some sensitivity to 
native information (Yeung, Chen, & Werker, 2013; Choi et al., 2017), 
have yet to improve on native phonemic contrasts, and should be 

Fig. 2. Diagram outlining the predicted 
impact of distributional exposure across age. 
A. Over the period between 5 and 12 months 
of age, infants’ phonetic perception attunes 
to their native language environment, such 
that they become less adept at discriminating 
certain sound contrasts that are not present 
in their native language. At 5 months of age, 
exposure to a bimodal distribution is pre
dicted to enhance infants’ discrimination of 
this contrast, while exposure to a unimodal 
distribution would be expected to collapse it. 
If infants are indeed less sensitive to distri
butional information, then by 12 months of 
age, discrimination should be reduced (due 
to perceptual attunement), and neither con
dition should show measurable discrimina
tion between the phones. B. In the case of 
native phones, infants’ ability to discrimi
nate the sound contrast is maintained or 
even increases over the period from 5 to 12 
months. At 5 months, distributional exposure 
leads to the same predictions as those made 
if a non-native sound contrast is used, with 
an increase in perception observed in the 
bimodal condition, and a decline in percep
tion observed in the unimodal condition. 
However, the 12-month-olds show a very 
different pattern if a native contrast is used, 
with discrimination of the native contrast 
maintained in both conditions.   

Fig. 3. Stimuli set. 
A. Proportion of time each token was rated as ‘la’ by a group of 10 native 
English speaking adults. B. The sound tokens played during the bimodal (teal) 
and unimodal (grey) condition, with accompanying density plot of the 
distributions. 
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sensitive to the distributional information in the language environment 
(Kuhl et al., 2006; Werker & Tees, 1984). The 9-month age was chosen 
as a point when infant perception of phonetic contrasts has begun to 
narrow to the native language environment, as reflected in a reduction 
in their ability to perceive non-native sound contrasts (Werker & Tees, 
1984). By 12 months, infant perceptual reorganization to the native 
phonemic repertoire should be complete; by this age most infants no 
longer demonstrate discrimination of non-native phonemic contrasts, 
and their perception of native sound contrasts has improved (Kuhl et al., 
2006; Werker & Tees, 1984). 

Following familiarization, infants were tested on their ability to 
detect a change from /ra/ to /la/ or vice-versa using an event-related 
potential (ERP) oddball detection task. We hypothesized that distribu
tional learning would decrease in effectiveness across the three ages 
tested, as the period of phonetic attunement closed. Specifically, we 
expected to see a reduced effect with age (between 5 and 12 months) in 
the collapsing of a native /r/-/l/ contrast following familiarization to a 
unimodal distribution. 

2. Methods 

2.1. Participants 

Data from 45 five-month-old (20 female, age in days: median = 148, 
min = 138, max = 167), 44 nine-month-old (22 female, age in days: 
median = 274, min = 258, max = 289), and 42 twelve-month-old (22 
female, age in days: median = 365, min = 351, max = 418) infants are 
included in the present analysis. Families were recruited from the 
participant database of the Early Development Research Group at the 
University of British Columbia. As previous studies have reported an 
extended period of perceptual narrowing for bilingual infants (Petitto 
et al., 2012), we restricted our subject pool to infants growing up in a 
monolingual English family environment (for which English comprised 
at least 90% of infant language input). Language exposure was assessed 
using a modified version of the language exposure questionnaire (Bosch 
and Sebastián-Gallés, 1997; see also Byers-Heinlein et al., 2020). The 
mean English language exposure was 97%. An additional 94 infants 
were tested but excluded from analysis due to failure to complete the 
study (n = 30), parental interference during the study (n = 1), equip
ment error (n = 9), parental report of over 10% exposure to a language 
other than English (n = 2), or failure to meet EEG data quality criteria (n 
= 52). 

2.2. Stimuli 

We recorded natural tokens of the syllables [ra] and [la] produced by 
a male native English speaker. Each syllable was 356 msec in duration. 
One token of each syllable was chosen to serve as the end point of the 
distribution, and a continuum of 200 speech sounds spanning the 
acoustic space between the end points was created using the program 
TANDEM-STRAIGHT (2008 ICASSP). Due to the non-linearities of 
acoustic perception we recruited ten adult native-English speakers (8 
female) to determine the perceptual boundary along the /ra/-/la/ con
tinuum. Participants listened to nine repetitions of each sound token, 
presented in random order, and were asked to categorize the sound as 
either a [ra] or a [la]. Results from this study are shown in Fig. 3a, and 
illustrate a clear perceptual boundary along the speech sound 
continuum. 

Using this sound continuum, we created both a unimodal and 
bimodal distribution of speech sounds, modelled after those used in 
Maye et al. (2002). To create the familiarization distributions, the 
continuum was divided into eight bins, based on adults’ perceptual 
ratings. A polynomial was fit to the perceptual curve, and bin boundaries 
determined based on the token at which the proportion of ‘la’ responses 
fell between 1 and 0.9 (bin 1), 0.9–0.8 (bin 2), 0.8–0.7 (bin 3), 0.7–0.5 
(bin 4), 0.5–0.3 (bin 5), 0.3–0.2 (bin 6), 0.2–0.1 (bin 7), and 0.1–0 (bin 

8). Bins 4 and 5 span slightly larger perceptual space due to the rapid 
perceptual shift from ‘la’ to ‘ra’ along the continuum, resulting in a 
limited number of tokens within this range. Once bin boundaries were 
defined, tokens were randomly selected from each bin to form the 
unimodal and bimodal distributions, according to Table 1. The resulting 
distributions are shown in Fig. 3b. 

2.3. Design 

Infants were randomly assigned to one of two familiarization con
ditions. During familiarization, infants were presented with syllables 
drawn from the liquid speech sound continuum; the syllables were 
drawn from either a bimodal (bimodal condition) or a unimodal 
(unimodal condition) distribution (Fig. 3b). Immediately following 
familiarization, infants were tested on their ability to discriminate be
tween two speech sounds taken from near the ends of the continuum 
(token 18 and token 154). These tokens were not presented to the infants 
during the familiarization phase. Discrimination was assessed using an 
ERP oddball paradigm. 

2.4. Experimental procedure 

Infants were seated on a parent’s lap in a dimly lit, sound-attenuated 
chamber. The experiment was presented via Psychtoolbox-3 in Matlab 
(Mathworks, Inc.), running on a Dell laptop outside the sound- 
attenuated testing booth (IAC Acoustics). During the familiarization 
phase, 96 tokens from the /ra/-/la/ continuum were played at a rate of 
1.4 Hz. Similar to the Maye et al. (2002) paradigm, 48 filler syllables 
were also presented during this phase, in this case [da] syllables recor
ded from a native Hindi speaker. The familiarization phase was broken 
into 6 blocks of 24 s duration, with 4 s of silence between each block, and 
lasted approximately 2.5 min. Immediately following familiarization, an 
ERP oddball paradigm was used to assess infants’ discrimination, and 
lasted approximately 5 min. A single token, serving as the standard, was 
presented in repetition at a rate of 1 Hz. A new token, the deviant, semi- 
randomly occurred ~17% of the time. The semi-random design did not 
allow for a deviant to immediately follow another deviant token, and 
specified the repetition of at least 4 standard tokens at the start of the 
paradigm. In order to control for possible directionality effects in 
discrimination, the deviant was counterbalanced such that half the in
fants heard token 18 as the deviant, and half heard token 154. A total of 
300 stimuli were presented during this phase. Auditory stimuli were 
presented to the infant through a speaker (Fostex 6301NE) at a volume 
level of 70 dB. A silent video showing screen savers and a short cartoon 
(which contained no human characters or mouth movements) was 
presented on a Samsung 24” LCD monitor positioned in front of the 
infants for the duration of the study to help them stay still and engaged. 
Parents listened to masking music through headphones. During the 
assessment phase, if infants attempted to pull at the EEG cap, or 
excessive movement was disrupting the recording, a research assistant 
blew bubbles to distract the infant. Any intervention by the researcher 
during the familiarization phase led to the infant being excluded from 
the analysis. The experiment was recorded using a Panasonic Color 

Table 1 
Table showing the number of tokens randomly selected from each bin for the 
unimodal and bimodal distributions respectively.  

Bin number Unimodal Bimodal 

1 4 4 
2 4 16 
3 8 8 
4 16 4 
5 16 4 
6 8 8 
7 4 16 
8 4 4  
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CCTV camera and SHURE SLX1 microphone to facilitate data analysis. 

2.5. EEG recording and analysis 

Infant electrophysiological responses were measured using a 
Hydrocel Geodesic 64-channel cap, acquired with the Net Amps 400 
amplifier (Philips-Electrical Geodesics, Inc.). Infants’ head circumfer
ence and distance from nasion to inion and ear to ear were measured in 
order to select and correctly place the EEG cap. Electrode impedances 
were measured for each channel and kept at or below 50 kΩ. Any 
channels reading above 50 kΩ were marked as bad in subsequent 
analysis. During recording, the EEG signal was sampled at a rate of 1000 
Hz and referenced to the vertex (Cz). 

Preprocessing analysis was done in NetStation (Philips-Electrical 
Geodesics, Inc). The EEG signal was band-pass filtered from 0.3 to 30 Hz, 
segmented into 1-s-long epochs beginning 200 msec prior to syllable 
onset and baseline corrected for the first 200 msec. Automatic artifact 
detection identified channels with a voltage change of over 200 μV 
within an 80 ms sliding window. Bad channels were interpolated and the 
signal re-referenced to the average reference. If over 10% of channels 
were identified as bad, data for that infant were excluded from analysis. 
Automatic artifact detection also identified segments containing a blink 
artifact, identified by a change in voltage of greater than 140 μV over a 
sliding 80 ms window. These artifacts were reviewed by an experi
menter blind to infant condition. Segments containing an eye blink or 
other movement artifact were marked as bad and excluded from anal
ysis. If over 50% of the deviant epochs were marked as bad, data for that 
infant were excluded from analysis. If an infant did not make it through 
the entirety of the assessment phase, data from that infant was included 
if the infant contributed at least 20 good deviant trials. The total number 
of epochs included for each condition and age group are shown in 
Table 2. Data were exported to a .mat file for further analysis and 
visualization in MATLAB (Mathworks, Inc.) and MNE (Gramfort et al., 
2013; Gramfort et al., 2014). 

ERPs to the standard and deviant were generated for each infant by 
averaging together all good trials from each condition. For the matu
rational comparison, the ERP amplitude and latency of the first positive 
peak (P1) were calculated from the response to the standard trials using 
MNEs EvokedArray get_peak method (Gramfort et al., 2014). Since the 
get_peak method selects the channel with the largest peak voltage in 
order to calculate amplitude and latency, and slight variations in peak 
latency have been observed at different scalp locations (Hamburger, and 
Burgt, 1991), this method was not used to calculate the peak latency for 
the comparison between the standard and the deviant in each individ
ual. Instead, the ERP from 6 central-frontal channels (3, 4, 6, 7, 9, 54) 
were averaged together. P1 latency was calculated by finding the time of 
the peak positive voltage response within a 200 ms window centered on 
the mean ERP latency of each age group. 

The mismatch response (MMR) was calculated by subtracting the 
average ERP to the standard stimuli from the average ERP to the deviant 
stimuli. The MMR was assessed using a cluster-based sensor-by-time 
permutation F-test to determine the relevant time windows and elec
trodes over which the ERP to the deviant stimuli significantly differed 
from the response to the standard. This approach addresses the multiple 
comparisons problem inherent in EEG data by binding together related 
spatiotemporal features (Maris & Oostenveld, 2007). Clustering was 
thresholded at an alpha level of 0.005. The cluster-based test statistic 

was then compared to the permutation distribution, obtained by 
randomly sorting trials into the standard and deviant conditions, 
calculating the test-statistic on each random draw, and repeating 1000 
times. 

3. Results 

3.1. Maturation of ERP response with age 

The ERP response to both the standard and deviant stimuli at all ages 
was characterized by a frontocentral positive deflection followed by a 
negative deflection (Fig. 4). With age, there was a significant reduction 
in peak latency (5-month: 209 ms ± 0.021, 9-month: 186 ms ± 0.017, 
12-month: 185 ms ± 0.024; 1 way ANOVA p < 0.0001, F = 17.34), as 
well as peak amplitude (5-month: 8.91 μV ± 2.62, 9-month: 6.50 μV ±
2.00, 12-month: 6.11 μV ± 2.74; 1 way ANOVA p < 0.0001, F = 16.01). 
Tukey’s multiple comparison post-test confirmed that the major driver 
of the effect is the drop in both amplitude and latency occurring between 
5 and 9 months of age. Similar changes have been reported in previous 
infant ERP studies (Morr et al., 2002; Choudhury & Benasich, 2011; 
Ortiz-Mantilla, Hämäläinen, Realpe-Bonilla, & Benasich, 2016), 
reflecting maturation of the neuronal processes underlying this 
response. While ideally data from all three ages would be analyzed in an 
omnibus analysis, given the difference in amplitude and latency of the 
ERP response at 5-months in comparison to 9- and 12-month-old infants, 
only the ERP data at 9- and 12 months was combined in an ANOVA, with 
the 5-month-old infants analyzed separately. 

3.2. 5-month-old analysis 

We confirmed that distributional learning was able to alter phonetic 
perception in a group of 5-month-old infants. We first assessed whether 
infants in the bimodal group were able to discriminate the /ra/-/la/ 
contrast. A cluster based sensor-by-time permutation F-test was run to 
assess whether the response to the standard differed from the response to 
the deviant. A single significant cluster was identified in the central- 
frontal region, from 354 to 619 ms following stimulus onset (Monte 
Carlo p = 0.013; Fig. 5). This time window and region is consistent with 
the time-course of the mismatch response found in the literature at this 
age group (Dehaene-Lambertz, 2000). 

To determine whether familiarization to the unimodal distribution 
altered infant perception, we repeated this analysis on the unimodal 
data set. The permutation F-test revealed no significant cluster, with the 
smallest Monte Carlo p value at 0.589. 

In order to more directly assess differences between the conditions, 
we compared the mean mismatch response for the electrodes and time 
window identified in the bimodal condition to that of the unimodal 
condition. The mean voltage for this time period in the bimodal group 
was 2.50 ± 2.31 μV, while the mean voltage over the same time period in 
the unimodal group was − 0.66 ± 3.40 μV. The two groups were 
significantly different (ttest, p = 0.0006, tstat = 3.65), corroborating the 
results found using the permutation cluster approach. 

It should be noted that at this age we observed a positive MMR, as 
opposed to the more traditional negativity observed in adults. This 
positive response to the deviant has been observed previously in studies 
investigating infant phonetic perception (Dehaene-Lambertz, 2000). 
Changes in the MMR from a positivity to a negativity over development 

Table 2 
Number of epochs included in the analysis for each group, showing the mean, min and max values.   

5 month 9 month 12 month 

Unimodal Bimodal Unimodal Bimodal Unimodal Bimodal 

Standard 175 (127, 241) 150 (94, 227) 145 (78, 220) 142 (97, 195) 143 (98, 212) 155 (81, 216) 
Deviant 39 (25, 56) 34 (25, 45) 34 (20, 52) 34 (25, 43) 33 (24, 47) 36 (20, 48)  
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have been documented, and vary depending on the difficulty of the 
sound contrast (Morr et al., 2002; Maurer, Bucher, Brem, & Brandeis, 
2003; Cheng & Lee, 2018). Therefore, it is possible that the unimodal 
group does not represent a failure to discriminate the sound, but instead 
the averaging together of two groups, one showing a positive MMR and 
one showing a negative MMR. If this were indeed the case, we would 
predict the distribution of MMR to fall into two groups, one negative and 
one positive. To test this, we performed D’Agostino & Pearson omnibus 
normality test, which indicated that both the unimodal and bimodal 
data were normally distributed (bimodal K2 = 2.823, unimodal K2 =
0.025), arguing against this interpretation. 

3.3. 9- and 12-month-old analysis 

Next, we examined how distributional learning changes with age. We 
first confirmed that infants from 9 to 12 months of age were able to 
discriminate the /ra/-/la/ contrast in the bimodal condition. A cluster 

level sensor-by-time permutation F-test was run to assess whether the 
response to the standard differed from the response to the deviant. A 
single significant cluster was identified in the central-frontal region, 
from 241 to 329 ms following stimulus onset (Monte Carlo p = 0.045; 
Fig. 6a). While infants at this age still showed a mismatch positivity as 
opposed to a negativity in response to the deviant sound, evidence of 
maturation was seen. While a significant MMR was not observed in the 
5-month-olds until after 350 ms, in 9- and 12-month-olds the response 
occurred more rapidly and was localized to a left-central cluster, 
possibly reflecting lateralization of language responses. Next, we ran the 
same cluster analysis on infants exposed to the unimodal condition. No 
significant clusters were identified (Fig. 6b). 

Given our hypothesis that the response to the unimodal condition 
may change with age, we ran a cluster analysis on the 9- and 12-month- 
olds separately. The 9-month-olds did not show a significant response to 
the deviant token (with the smallest Monte Carlo p value = 0.555), 
indicating that unimodal exposure did collapse discrimination. In 

Fig. 4. Development of ERP response. 
A. Neuronal response to the standard stimuli over the frontal central electrodes for 5- (red), 9- (blue), and 12- (green) month-olds. 
B. Neuronal response to the standard showing the topographical distribution of the voltage change over the scalp, in 5- (top), 9- (middle), and 12- (bottom) 
month-olds. 

Fig. 5. 5-month-old infants are sensitive to distributional exposure during familiarization. 
A. Topographic map of the averaged F-values from the sensor-by-time permutation cluster analysis on the 5-month bimodal data, showing a significant cluster over 
the central electrodes, between 354 and 619 ms following stimulus onset. 
B. ERP elicited by the standard (blue) and deviant (red) stimulus for infants in the bimodal (left) and unimodal (right) condition. The time window for the cluster 
identified in the bimodal analysis is shaded in both panels, with pink used to highlight Monte Carlo p < 0.05. Topographic map indicates electrodes included in the 
generation of the ERP waveform. 
C. Mean MMR voltage over the electrodes and time window identified in the permutation analysis, comparing bimodal and unimodal groups. 
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contrast, the 12-month-olds exhibited a mismatch response very similar 
to that seen in the bimodal group, with a positive voltage response over 
the left-frontal-central channels occurring from 201 to 414 ms (Monte 
Carlo p = 0.039; Fig. 7). 

In order to directly compare the unimodal and bimodal conditions 
across the two ages, we calculated the mean voltage of the mismatch 
response for the sensors and time window identified in the bimodal 
cluster permutation analysis. A two-way ANOVA showed no significant 
interaction between condition and age (p = 0.974, F = 0.001), and close 
but not significant effects of both condition (p = 0.090, F = 2.944) and 
age (p = 0.059, F = 3.640). As the lack of a significant effect in this 
analysis makes it difficult to interpret the data, we turned to a different 
analysis approach. 

Latency of the ERP response has also been used as an indication of 
detection of the deviant at these ages, and captures similar information 
to the mismatch response (Ortiz-Mantilla et al., 2016), with the ERP to 
the deviant showing a longer latency than the ERP to the standard. A 3- 
way mixed ANOVA on the 9- and 12-month-old data revealed a signif
icant interaction between condition (bimodal vs unimodal), token type 
(standard vs deviant) and age (p = 0.047, F = 5.889). We then followed 
this with 2-way mixed ANOVAs on the 9- and 12-month-old infants 

separately to determine how the effects differed at each age. At 9 
months, there was a significant condition x token type interaction (p =
0.004, F = 9.23), with infants in the bimodal condition showing the 
expected increase in ERP latency to the deviant stimulus, but not the 
unimodal condition (Fig. 8). In contrast, a 2-way mixed ANOVA on the 
12-month-old data showed a significant effect of token (p = 0.017, F =
6.22), but no interaction (p = 0.541, F = 0.38), and no effect of condition 
(p = 0.3, F = 1.10). These results provide further support that infants at 
9 months remained sensitive to the familiarization exposure, while in
fants at 12 months were able to discriminate the /ra/− /la/ stimulus 
regardless of condition. 

4. Discussion 

Statistical learning is often framed as a domain-general mechanism 
(Thiessen & Saffran, 2007). Diverse sensory modalities are clearly sen
sitive to environmental statistics. However, differences in the innate 
organization and connectivity of specific brain regions and their rate of 
maturation may all impact how statistics from the environment are 
processed (Reh et al., 2020). In addition, differences in the stimulus 
properties themselves may be expected to influence how the information 
is processed across different modalities. We argue that the sensitivity to 
all statistics present in the environment is not static across development. 
The distributional statistics of some kinds of stimuli are undoubtedly 
learnable by some brain systems throughout development. However, for 
other kinds of stimuli – with speech sounds, and in particular consonants 
being a prototypical example – there may be delimited time-periods 
during which the brain areas specialized for processing those sounds 
can be influenced by distributional statistics. Indeed, the essence of 
critical periods is that distinct brain areas are shaped by specific infor
mation from the environment during discrete time windows in devel
opment (Werker & Hensch, 2015). The mechanisms via which 
environmental statistics are learned may differ between different sen
sory modalities, and also across developmental time, reflecting differ
ences in both brain capacity and stimulus properties. 

In the current study, we explored how the efficacy of distributional 
learning of phonetic categories changes over the first year of life, using 
the age range during which perceptual attunement to the native pho
netic repertoire has been shown to occur. Our results support the hy
pothesis that the strength of distributional learning declines with age, 
following the timeline of perceptual attunement to the native language. 
Specifically, we find that at 5 months of age, infants’ perception is highly 
influenced by the presented statistical distribution. At this age, infants 
exposed to the bimodal condition show a clear mismatch response to the 
deviant stimulus. In contrast, we do not find any significant difference 

Fig. 6. Infants at 9- and 12-months discriminate the contrast following exposure to the bimodal distribution. 
A. Topographic map of the averaged F-values from the sensor-by-time permutation cluster analysis on the 9- and 12-month bimodal data, showing a significant 
cluster over the left central electrodes, between 241 and 329 ms following stimulus onset. 
B. ERP elicited by the standard (blue) and deviant (red) stimulus for 9- and 12-month-old infants in the bimodal (left) and unimodal (right) condition. The time 
window for the cluster identified in the bimodal analysis is shaded in both panels, with pink used to highlight Monte Carlo p < 0.05. Topographic map indicates 
electrodes included in the generation of the ERP waveform. 

Fig. 7. Infants exposed to the unimodal distribution discriminate the contrast 
at 12-months. 
A. The topographic map of the averaged F-values from the sensor-by-time 
permutation cluster analysis on the 12-month unimodal data, showing a sig
nificant cluster over the left central electrodes, between 201 and 414 ms 
following stimulus onset. 
B. ERP elicited by the standard (blue) and deviant (red) stimulus for infants in 
the unimodal condition at 12 months. The time window identified in the per
mutation cluster analysis is shaded in pink indicating a Monte Carlo p < 0.05. 
Topographic map indicates which electrodes were included in the generation of 
the ERP waveform. 
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between the response to the standard and the deviant stimulus after 
infants have been exposed to the unimodal distribution. 

Between 9 and 12 months, the efficacy of distributional learning 
declines. At 9 months, infants in the unimodal condition fail to show a 
significant mismatch response to the deviant stimuli, and there is no 
difference in the latency of the ERP regardless of whether the standard 
or deviant stimulus is presented. Thus, distributional exposure is still 
effective in changing phonetic sensitivity at this age. In contrast, 12- 
month-olds exposed to the unimodal condition still show a mismatch 
response to the presentation of the deviant stimuli, and the latency of the 
response is longer to the deviant than to the standard, an indication that 
the change in stimulus has been detected. Due to the fact that we are 
exploring how distributional exposure alters perception of a native 
phonetic contrast, the fact that infants at 12 months of age continue to 
discriminate the /ra/-/la/ contrast even after exposure to the unimodal 
distribution indicates a decline in the efficacy of distributional learning 
at this age. 

With the stimuli and design used in the current study, we can be 
confident that this age-related decline in the efficacy of distributional 
learning is not driven by a reduction in the brain’s ability to detect the 
differences among the stimuli over which the statistics operate. While 
previous studies support the idea that distributional learning declines by 
the end of the sensitive period for phonetic attunement (Liu & Kager, 
2017; Yoshida et al., 2010), the use of non-native phonetic contrasts 
made it impossible to disentangle whether this decline was due to a true 
change in the efficacy of distributional learning with age, or an inability 
of the infants even to perceive the two categories presented. We 
addressed this concern by using the native English /ra/− /la/ phonetic 
contrast in English-learners. Therefore, the decline in distributional 
learning we observe is not driven by the older infants’ inability to 
perceive the native syllables presented, but rather by a decline in their 
ability to use distributional statistics to reduce sensitivity to a phonemic 
contrast by collapsing the phonetic category distinction. 

As mentioned above, previous studies (e.g., Liu & Kager, 2017; 
Yoshida et al., 2010) have also reported a maturational decline in the 
effectiveness of distributional learning, however a recent meta-analysis 
suggested that distributional learning actually increases with age 
(Cristia, 2018). While Liu and Kager (2014) reports a large effect for a 
tonal contrast at 11–12 months, Liu and Kager (2017) had not yet been 
published and was not included in the meta-analysis. Thus, the meta- 
analysis may have caught the rising phase of plasticity during an early 
sensitive period, but not the subsequent decline. Additionally, the meta- 
analysis assumed that the time course of sensitivity to distributional 
information would be the same for different types of phonetic contrasts. 
While necessary in order to gather together sufficient data to run a meta- 
analysis, these assumptions are not supported by our current 

understanding of the differences in perceptual salience of vowels, con
sonants, and tones. The majority of (the admittedly few) studies on 
distributional learning which use consonant phonetic contrasts, show 
the greatest efficacy of distributional learning around 6–8 months, with 
a decline by 10 months. While Liu and Kager (2014, 2017) report greater 
distributional learning at 11–12 months, their use of a tonal contrast 
makes it unlikely that the time course of sensitivity follows the same 
trajectory as that of studies using consonants. Additionally, their data 
support the hypothesis that the efficacy of distributional learning is not 
linear, but first increases then declines after 11–12 months (Liu and 
Kager, 2017), in line with the opening and closing of sensitive periods 
for phonetic category attunement (Werker & Hensch, 2015). Our data 
further support the hypothesis that the efficacy of distributional learning 
changes dynamically over development, and is most efficacious during 
sensitive periods of development, when infant perception of a particular 
phonetic contrast shows heightened sensitivity to environmental input. 

Our study is not able to determine to what extent the perception of 
the /ra/ - /la/ contrast was enhanced in the bimodal condition versus 
collapsed in the unimodal condition. However, previous research sug
gests that some level of discrimination is present as young as 6 months 
independent of previous experience hearing the distinction contrastively 
(Kuhl et al., 2006). Therefore, our data suggest that the changes brought 
about by distributional learning involved collapsing of a category 
distinction driven by unimodal exposure. This is similar to what was 
seen in the original Maye et al. (2002) study, which also employed a 
contrast that prior research (Pegg & Werker, 1997) had suggested could 
be discriminated by infants at that age. The capacity of statistical in
formation to drive a decline in perception across a category distinction 
provides an important mechanism by which the perceptual decline for 
certain phonetic contrasts may occur. 

The observed decline in plastic response to environmental input 
could arise via a number of different underlying processes. An increase 
in the stability of the neuronal representation for the /ra/-/la/ phonetic 
contrast, for example, would make it more difficult to alter perception 
via short distributional exposures. In other words, the very establish
ment of native categories may render the neuronal representation of the 
phonetic contrast resistant to environmental perturbation. Alterna
tively, the actual strength of the neuronal systems driving circuit plas
ticity may decline with age, reducing the adaptive circuit response to the 
same environmental manipulation. These two alternatives are not 
mutually exclusive, and indeed both may play a role. 

The first possibility outlined above is consistent with, but does not 
require, a critical period explanation. In the context of critical periods, 
this circuit stabilization occurs during a unique window of time during 
development, and is set regardless of the amount of exposure to novel 
sound contrasts after this time. However, it is also possible that circuit 

Fig. 8. ERP latency indicates a decline in the sensitivity to distributional information with age. 
The latency of the P1 ERP in 9- and 12-month-olds to either the standard (blue) or the deviant (red) stimulus. 

R.K. Reh et al.                                                                                                                                                                                                                                   



Cognition xxx (xxxx) xxx

10

reorganization which occurs during the first year of life can be overcome 
with enough novel language experience. Our study does not directly 
address this possibility. While we show that sensitivity to distributional 
statistics declines with age, it is possible that a longer exposure would 
have been able to disrupt 12-month-olds’ perception of the /ra/-/la/ 
contrast. Regardless, the fact that the same amount of exposure did not 
disrupt discrimination at 12 months as did disrupt discrimination at 5 
and 9 months does represent a decline in the efficacy of distributional 
learning by this age and argues for a decline in plasticity. First, while the 
liquid consonant does not occur frequently, even 5-month-olds are ex
pected to have encountered substantially more than two minutes of 
exposure to this contrast – thus, if discrimination was based solely on the 
total amount of accumulated information, distributional collapse of a 
native contrast would not be expected even at 5 months and certainly 
not at 9 months. Secondly, the studies with international adoptees 
reviewed in the Introduction provide strong evidence that even in cases 
where second language experience after infancy vastly outweighs the 
language experience of the first year of life, the brain retains the imprint 
of this first language experience. 

While the exact nature of how the brain represents phonemes re
mains unclear, recent work in adults implanted with electro
corticography (ECoG) electrodes has shown that neurons in the Superior 
Temporal Gyrus (STG) are responsive to specific spectral properties in 
the auditory input which signal the manner and place of consonant 
articulation (Mesgarani, Cheung, Johnson, & Chang, 2014). Thus, for 
example, some neurons show selective activation in response to phones 
with short VOT, while others show selective activation for longer VOT 
(Mesgarani et al., 2014). These non-linearities in responsiveness to 
specific auditory cues theoretically support categorical perception of 
phones in adults. While we do not have similar data in infants, typically 
neuronal response properties become more selective over development, 
showing increased precision in their tuning for specific auditory prop
erties (Zhang, Bao, & Merzenich, 2001). This increased selectivity is 
likely driven by a combination of refining thalamocortical and intra
cortical connectivity (Sun, Liu, Tao, & Zhang, 2019) and a develop
mental remodeling of inhibitory input, which acts to balance excitatory 
activity within the network (Dorrn, Yuan, Barker, Schreiner, & Froemke, 
2010). These processes may increase the categorical perception of native 
language phonemes in adults, but may also act to limit circuit plasticity 
in the face of changing input after a sensitive period in early life. 

Even if the physical connections remain in adulthood to support 
some plasticity, work in a variety of model species has revealed a 
number of molecular brakes which actively limit circuit plasticity. While 
many of these mechanisms were first described in primary sensory areas, 
and involve fundamental perceptual processes such as binocular 
matching and tuning of the tonotopic map (Takesian & Hensch, 2013), 
work in songbirds illustrates the generalizability of these principles to 
vocal-motor learning as well (Yazaki-Sugiyama, 2019). Some of these 
brakes are structural, such as the formation of perineuronal nets around 
inhibitory cells and increases in myelin. Others are functional, such as 
the prototoxin Lynx1, which limits plasticity by dampening the ability of 
neuromodulators such as acetylcholine to disinhibit cortical circuits 
(Morishita, Miwa, Heintz, & Hensch, 2010; Takesian, Bogart, Lichtman, 
& Hensch, 2018). 

Throughout this paper we have argued for sensitive periods in early 
life for phonetic learning. Yet, this does not preclude circuit plasticity 
after sensitive period closure. Rather, the circuit changes that occur 
during the sensitive period delineate the boundaries within which future 
plasticity can occur. This plasticity is evident in speech processing: 
adults adjust on a second-by-second basis to the phonetic properties of 
encountered native speakers (see Clayards, Tanenhaus, Aslin, & Jacobs, 
2008 for experimental evidence), as well as to accents more or less well, 
depending upon our experience with them. Similarly, children beyond 
1–2 years of age can improve their perception of many non-native 
speech sound contrasts, as do adults across the lifespan. There are, 
however, enormous individual differences in attainment (Díaz, Baus, 

Escera, Costa, & Sebastián-Gallés, 2008; Golestani, Molko, Dehaene, 
LeBihan, & Pallier, 2007), and most often, late learning does not result in 
native levels of performance (see Abrahamsson et al., 2018, for a re
view). And, as the work with international adoptees reviewed in the 
Introduction shows, for many other contrasts, there is a residual imprint 
of early experience, revealing a limit to plasticity after the first year of 
life. Latent anatomical traces of early life experience have been reported 
in animal models (DeBello et al., 2001), which may broaden the 
repertoire of usable maps with no further need for dramatic adult 
plasticity (Knudsen, 1998). 

Moreover, there are lifelong consequences on the integration and 
lexical use of phonetic categories learned or absent during the first year 
of life. Even toddlers performing word recognition and word learning 
tasks are unable to use some acoustically salient non-native distinctions 
that they can still discriminate (Dietrich, Swingley, & Werker, 2007; Liu 
& Kager, 2018). This suggests that their discrimination may be based on 
acoustic salience and not linguistic in nature. Similarly, adults show 
deficits in the lexical use of phonetic distinctions learned after early 
infancy, even for those non-native contrasts that are acoustically salient. 
For example, fluent Spanish-Catalan adult bilinguals who acquired 
Catalan in early childhood (but importantly, after first learning Spanish) 
show reaction time deficits on lexical decision tasks when compared to 
Catalan monolinguals or sequential Catalan first then Spanish bilinguals, 
despite daily Catalan use (Pallier et al., 1997; Pallier et al., 2001). 
Similarly, both bilingual Spanish-Swedish adults whose families moved 
to Sweden when the children were between the ages of 3–8 years, as well 
as adults who were adopted as children into Sweden from a Spanish 
speaking country at these same ages (3–8 years) perform more poorly 
than native Swedish-only adults in lexical decision tasks involving 
Swedish-only vowel length distinctions (Norrman & Bylund, 2016). 

What these findings suggest is that while there is potential for life- 
long plasticity, including phonological learning, it likely does not rely 
on precisely the same neural circuits or connections sculpted by early 
experience. Any complex behaviour, such as language, arises from the 
interaction of multiple neuronal circuits. Irrevocable changes at one 
level in the pathway may be compensated at the level of behaviour. We 
have addressed this by focusing on one mechanism – distributional 
learning of consonant categories – and demonstrate that, by one year of 
life, phonetic perception becomes less malleable in the face of altered 
language statistics. 
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