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Abstract

The young universal listener is an established concept in psycholinguistics. However, it is
unclear what abilities universal perception entails and at what age it exists. This paper aims to
motivate re-thinking about what it means to be a universal listener. Early and recent studies on
infant speech acquisition are reviewed, considered in the light of cross-language variation and
adults’ performance, and finally linked to the current understanding of foetal hearing and
learning. It turns out that language-universal perception is best described as an auditory-based
perception rather than an ability to perceptually categorize the sounds of any possible language.
Interestingly, at birth infants might no longer listen in a language-universal mode since they
begin to learn from the ambient speech signal at least several weeks before birth. Future studies
need to answer the remaining questions concerning the point in perinatal development at which
speech perception begins to take on language-specific traits and for which sounds.
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1 Introduction

Humans have the remarkable ability to acquire language and learn to speak, and they do both of
these seemingly effortlessly and rather fast. It takes a child about five years to produce the
sounds of her language in an adult-like fashion (McLeod & Crowe, 2018), but she attains the
perceptual and comprehension abilities specific to her native language much earlier than this.
Before her seventh month, when she typically starts to babble (Molemans, van den Berg, Van
Severen, & Gillis, 2012), an infant has already acquired substantial knowledge about the speech
sounds that make up her native language. The view holds that native language categories are
formed between four and six months of age for vowels, and slightly later, i.e. between the tenth
and 12th months, for consonants (Kuhl, Williams, Lacerda, Stevens, & Lindblom, 1992; Tsuji &
Cristia, 2014; Werker & Tees, 1984). Evidence for the development of language-specific speech
sound categories comes from studies that tested infants’ processing of native and non-native
speech sound contrasts and often found that younger infants can perceptually discriminate both
native and non-native contrasts, while older infants, similarly to adults, discriminate the native
contrasts robustly and show reduced or no perceptual sensitivity to the non-native ones.

[t is relatively clear what to expect of an infant once she has become an adult-like
listener who is perceiving and comprehending speech in ways specific of her native language.
Yet, what one can expect of an infant at the very outset of her route towards being such a
language-specific listener turns out to be much less obvious. This article aims to review what we
know - and identify what is still to be found out — about that initial stage of speech acquisition.

Over the past 50 years, developmental speech researchers (represented by the works
cited in this review and many others that fall outside the scope of the present study) have
greatly advanced the field with their discoveries. Infants who are just starting to acquire their
speech sound categories have been shown to discriminate many segmental speech sound
contrasts, including those that are not functional in their mother tongue (Best, 1994; Jusczyk,
1995; Maurer & Werker, 2013; Werker & Tees, 1992). These maximal perceptual abilities, which
occur at birth or shortly afterwards, seem to be what makes an infant a universal listener with
universal perceptual abilities. Both terms most probably originated from Aslin and Pisoni's
(1980) universal theory, and have been in use ever since (Kuhl, 2004; Kuhl, Conboy, Padden,
Nelson, & Pruitt, 2005; Lim, Fiez, & Holt, 2019; Nakisa & Plunkett, 1998; Werker, 1995, to name
a few).

Theoretical frameworks of language acquisition address in detail how speech and
language abilities develop from the initial, universal stage onwards but are often less specific
about the very first stage itself. The initial capabilities, however, determine whether, when, and
how any further processes will unfold; understanding them is thus vital for our knowledge of
both first and second language acquisition.

A closer look at the speech acquisition literature reveals that authors may differ in how
they view, or (implicitly) define, the concept of universality in speech perception, sometimes
referred to as language-generality. Additionally, the literature does not pinpoint the age at which
any such universal abilities are attested. What is more, the results of some studies indicate that
even the youngest infants might exhibit non-universal perceptual patterns, that is, patterns that
are specific to the ambient language. It therefore seems worthwhile to re-think and re-examine
the speech perception abilities that humans have at the start of their linguistic development. We
aim to do so in three steps.

The first goal of this paper is to review how one may interpret universality in speech
perception. In Section 2, we exemplify the two interpretations of universality that can be found
in the literature: one as language-general categorical perception and the other as a (language-



)general auditory sensitivity. We discuss the definition of categorical perception, cross-linguistic
variability, and infants’ as well as adults’ actual performance in speech perception experiments.
[t turns out that universality, if considered as an ability to organize sounds into some language-
general perceptual categories, is a rather implausible concept (and may not be measurable).
Instead, the perceptual patterns found in the youngest infants seem to be better explained by
language-general - or universal — auditory sensitivities.

The second question we investigate is whether there is empirical support for language-
general perception in newborn infants. To that end, Section 3 reviews studies that focus on the
youngest infant ages, showing that quite limited data is available about the speech sound
discrimination capabilities that an infant has at birth. The section further discusses early and
recent studies whose results suggest that newborns and very young infants may already show
signs of language-specific perception of speech sounds. An overview of the methods and
outcomes of previous studies shows that young infants do not always reveal their true
perceptual abilities in behavioural paradigms, suggesting an advantage of using neural
measures.

Our third goal is to identify the source of the language-specific perception of speech
sounds at birth or shortly afterwards. Section 4 draws a link between the well-described effects
of prenatal exposure on the perception of speech rhythm and melody and the hitherto
underinvestigated but plausible prenatal learning of speech segments. Vowels especially appear
to be ideal candidates for prenatal learning, because of their loudness and perceptual
distinctiveness. The mechanisms and timeline of the early formation of speech categories are
discussed.

Section 5 outlines developmental speech research areas that lie outside the scope of the
present review. Section 6 then proposes several possible directions for future research. Table 1
and Figure 1 summarize the reviewed findings on speech sound discrimination in foetuses and
infants younger than six months of age.

Our conceptual review leads to the conclusion that any universal sensitivities that
language learners have at the outset of learning are most probably auditory based. The general
auditory sensitivities are modulated by the psychophysical properties of the sound, such as the
differing saliency across various stimulus dimensions, as well as by the physical constraints of
the human body and the surrounding conditions, such as the type and range of sounds that a
foetus is able to hear in utero. It is further argued that infants who are several hours, days, or
weeks old might already be too experienced with (some of) the sounds of the ambient speech to
be language-general, i.e. universal listeners. Instead, universal perception seems to describe
more accurately the listening abilities that an individual has before he or she is even born.

2 What is universal perception?

2.1 Two possible interpretations: auditory or categorical language-universality

The first question we address deals with the definition of a universal listener, that is, the abilities
that the term universality refers to. Finding an answer to this seemingly straightforward
question is no trivial matter.

According to the Universal Theory, newborns should possess maximal perceptual abilities
that allow them to discriminate virtually “all the possible phonetic contrasts that may be used
phonologically in any natural language” (Aslin & Pisoni, 1980, p. 79). Under a strict
interpretation of the Universal Theory, then, the infant’s initially maximal perceptual sensitivity
will decline for speech sound contrasts not present in the ambient language and will remain
unaffected for native contrast (note, however, that the Universal Theory is just one of three



possible paths for speech sound development that Aslin and Pisoni, 1980 formulate). In line with
that proposal, numerous studies have indeed demonstrated that young infants (usually several
months old) are able to discriminate phonetic differences to which they have not been exposed
before and that this ability diminishes with age. Initial good discrimination and/or its
developmental decline for non-native phonetic distinctions have been reported both for
consonants (Burns, Yoshida, Hill, & Werker, 2007; Kuhl et al., 2006; Lasky, Syrdal-Lasky, & Klein,
1975; Streeter, 1976; Trehub, 1976; Tsushima et al., 1994; Werker, Gilbert, Humphrey, & Tees,
1981; Werker & Tees, 1984; Werker & Lalonde, 1988) and for vowels (Bosch & Sebastian-Gallés,
2003; Polka & Werker, 1994; Trehub, 1976).

Since all languages use vocalic and consonantal categories, most developmental
psycholinguistic studies available, and those included in the present review, have focused on
how infants acquire vowels and consonants. Segmental phonology in some languages can also
entail tone or length contrasts, realized through changes in the fundamental frequency and
duration of individual speech sound segments, respectively. The acquisition of tone and length
might unfold slightly differently compared to the other vocalic and consonantal contrasts, but as
it is currently still understudied, the present review does not discuss the universality of the
perception of tone and length; see Section 5 for more detail.

Let us now consider what it means to be a good perceiver of phonetic differences (which
must be sufficiently audible to be discriminable, and thus can potentially constitute a
phonological contrast in some language). One might understand the universal listener as a good
auditory perceiver who discriminates well across clearly audible speech sound differences and
discriminates less well across poorly audible differences. This interpretation appears to prevail
in the current understanding of universality in speech perception (see Junge, Boll-Avetisyan, &
Benders, 2019). In that view, then, universality is interpretable as an auditory-driven, non-
phonological discrimination of speech sounds.

A different understanding of universality might be formulated in terms of language-general
categorization of speech stimuli. Some studies, especially earlier ones, proposed that the
youngest infant is able to discriminate any possible phonological (i.e. categorical) contrast,
irrespective of her or his native language (Aslin, Pisoni, Hennessy, & Perey, 1981; Eimas &
Corbit, 1973; Werker, 1995). In this latter view, the young infant does not discriminate speech
sound distinctions only on the basis of their auditory distance but is particularly sensitive to
those distinctions that constitute a phonological contrast in any of the world’s languages. Such
language-general perceptual categorization is then supposedly driven by cross-linguistically
favoured and natural category boundaries (Kuhl, 2004).

These two interpretations of the universal listener agree in the assumption that at some
early age in the infant’s life, he or she perceives speech sounds in the same way as any other
similarly young infant in the world, irrespective of their native languages. However, they diverge
on what underlies such language universality - whether it is auditory-based or category-based.
Below we review studies that tested speech sound discrimination in infants from various
language backgrounds (2.2) and discuss why it is important to distinguish the two
interpretations and show that the category-based view is somewhat counterintuitive (2.3).
Consideration of the stimuli (2.4) and tasks (2.5) further reveals that infants’ (and adults’)
perceptual categorization of speech sounds may not be straightforwardly measurable with the
methods employed to date. The issues raised in the respective subsections lead to the conclusion
that the auditory-based view of universality, but not the category-based view, is compatible with
the previously reported findings.



2.2 Evidence for early auditory- versus category-based perception

Studies focusing on infants’ discrimination of vowels often employed stimuli that were
separated by a large acoustic distance. Testing the ability to discriminate across [a], [i], and [u],
previous research found that infants distinguish those vowels from birth (Kuhl, 1979; Kuhl &
Miller, 1982; Kujala et al., 2004; Marean, Werner, & Kuhl, 1992; Sebastian-Gallés & Bosch, 2009;
Trehub, 1973) if not earlier (Lecanuet et al., 1987; Shahidullah & Hepper, 1994). These findings,
however, do not allow us to deduce whether the infants’ ability to discriminate between [a], [i],
and [u] is auditory- or category-based as the differences amongst those vowels are both
auditorily large (such that even non-human animals discriminate them; Baru, 1975; Burdick &
Miller, 1975; Dewson, 1964), and categorically relevant in all of the world’s languages (all
languages contrast at least two vowels with qualities approximating those of [a] versus [i] or [u];
Maddieson, 1986).

Studies that tested infants on their discrimination of acoustically smaller non-native
contrasts can reveal a little more about the true nature of the early perceptual abilities. A large
body of previous work has shown that young infants can discriminate relatively small acoustic
differences between stimuli even if those do not represent a phonemic contrast in their native
language. Two-month-old English-learning infants discriminate the French oral vs. nasal vowel
difference /a/-/3/ cued by a shift in the vowels’ F1 and F2 (Trehub, 1976). Four-month-old
Spanish-learning infants discriminate the non-native Catalan /e/-/g/ distinction that is
primarily cued by the vowels' first formant (Bosch & Sebastian-Gallés, 2003). At six to eight
months (and also at ten-12 months), English-learning infants discriminate the German /u/-/y/
contrast, and, vice versa, German-learning infants discriminate the English /e/-/z/ contrast
(Polka & Bohn, 1996). Very young infants also discriminate non-native consonants. The Czech
contrast /3/-/r/, realized mainly through the intensity of the fricative formant (stridency), is
discriminated by two-month-old English-learning infants (Trehub, 1976). At the same age,
Kikuyu-learning infants discriminate the non-native English-like /b/-/p/ contrast (Streeter,
1976). At six months, English-learning infants discriminate two Hindi contrasts: the retroflex vs.
dental /ta/-/ta/ and the voiceless aspirated vs. voiced breathy /th/-/db/ (Werker et al., 1981).
Four-to-six-month-old English-learning infants can discriminate the non-native Filipino coronal
vs. dorsal /n/-/n/ consonantal contrast, as well as the Tamil nasal /n/-/n/ and lateral /1/-/1/
dental vs. retroflex contrasts, which are realized primarily through F2-F3 distance (Sundara et
al.,, 2018).

Infants can thus discriminate relatively subtle auditory differences in speech sounds
even if these do not constitute a contrast in their native language. However, this fact is, again,
compatible with both the auditory and the category-based view of young infants’ perception.
Below, we investigate whether we can find evidence that favours one and disproves the other.

There is one early study that reported the initial ability to perceive some non-native
speech sound contrasts categorically, that is, to discriminate auditory differences more robustly
if they represent a between-category, i.e. phonologically relevant or phonemic change than if
they represent a within-category, i.e. auditory only difference in a non-native language. Werker
and Lalonde (1988) tested American English-learning infants on their discrimination of
differences in the place of articulation in plosives that either crossed a (Hindi or English)
category boundary or fell within a single (Hindi) category. The authors found that six-to-eight-
month-olds discriminated a change between [b] and [d], corresponding to a native English /b/-
/d/ categorical contrast, as well as a change between [d] and [d], corresponding to a non-native
Hindi /d/-/d/ (dental-retroflex) categorical contrast, but were less sensitive to a comparable
acoustic change within the Hindi /d/-category. Older, 11-13-month-old infants (and American



English adults) did not have great sensitivity to the non-native categorical contrast. The six-to-
eight-month-olds’ better discrimination of the non-native between-category difference than the
non-native within-category one was taken to reflect early-stage universal categorical effects.
Note that in the 1988 study (Werker & Lalonde, 1988), infants were tested on three successive
days, always receiving the native contrast on the first day, the non-native between-category on
the second day, and the non-native within-category on the last day. Very speculatively, the fixed
order (which the authors discuss and give reasons for) might have confounded the category-
status factor and might also have affected younger and older infants differently. This potential
confound should be borne in mind when searching for unequivocal evidence of either the
auditory or the categorical nature of infants’ initial speech perception abilities.

2.3 The importance of defining the early perceptual ability accurately

The two-fold interpretation of infants’ early language-general abilities that we brought up here
has, to the best of our knowledge, not been explicitly addressed in the literature to date. For that
reason, the design of most previous studies does not allow the auditory-driven early perception
to be disentangled from its category-driven counterpart. The knowledge of the development of
speech perception, and theories thereof, have made great advances in recent decades and
perhaps now is the time for a careful examination of the perceptual mechanisms that an infant
has at its disposal in the very initial stage.

Uncovering the nature of infants’ earliest perception seems particularly intriguing
because the two interpretations we have summarized above lead to different predictions as to
what and how the developing infant is going to learn. If she starts with a language-general
auditory perception, the infant will have to learn to categorize the ambient speech sound world
from scratch. In contrast, if she starts with a language-general categorical perception, the
infant’s (perhaps slightly less demanding) task will be to maintain (and possibly reinforce) the
categorical contrasts that occur in her environment and discard those that do not. The various
learning scenarios that the infant needs to go through could be related back to some of the
existing theories of the development of speech perception (for instance, Aslin and Pisoni’s 1980
perceptual learning and attunement theory, respectively) and provide ground for new,
hypothesis-driven experiments.

Although the evidence to date does not unequivocally speak for either auditory-based or
category-based early perception, in the remainder of this section we argue that the concept of
the language-general categorical listener is in itself somewhat counterintuitive.

By definition, categorical effects in speech perception are found when stimuli belonging
to the same phonemic category are less likely to be discriminated than stimuli - separated by
the same amount of psychoacoustic distance - belonging to two different categories (Pisoni,
1973; Repp, 1984). Such perceptual categorization of speech does not require the categories to
be labelled but arises from a listener’s general cognitive ability to discern categorical
(probability) structures in the input (Holt & Lotto, 2010). Some developmental literature argues
that the young universal listener can discriminate any possible phonologically relevant contrast,
i.e. a speech sound difference that spans a category boundary in at least some language of the
world, and does not discriminate (so well) an equal-sized difference between speech sounds that
do not represent a phonologically relevant contrast in any language (Kuhl, 2004; Werker, 1995;
see also Gervain & Werker, 2008, p. 1158).

Assuming that a young infant without previous exposure to speech perceives any speech
sound contrast from any possible language categorically, one would hardly be able to
demonstrate any universal categorical perception effects. This is because a given speech sound



difference that constitutes a within-category distinction in one language may (and often does)
represent a between-category distinction in another language: for instance, the VOT distinction
of -85 ms versus +5 ms represents a within-category difference in English but a between-
category difference in languages such as Dutch, Spanish, and Hungarian (see Lisker and
Abramson, 1964), or the spectral (F1) distinction between an [e]-like and an [€]-like sound
represents a within-category variation in Spanish but a between-category difference in
Portuguese (Chladkov3, Escudero, & Boersma, 2011; Escudero, Boersma, Rauber, & Bion, 2009).
Thus, an infant whose perception is guided by all of the world’s languages’ categories must
nearly always perceive and discriminate a given stimulus pair as a between-category difference
(from whichever language) and will thus have only rare opportunities to show reduced
discrimination of within-category changes. Along those lines, revealing reduced discrimination
of a within-category difference (such as the -85 ms vs. -5 ms VOT in English) could possibly even
be understood as evidence against the universal categorical listener.

2.4 Psychoacoustic saliency confounds in tests of categorical perception

One might counter that infants repeatedly show reduced discrimination of plosive voicing
differences between long-lag and extra-long-lag VOT compared to differences between short-lag
and long-lag VOT, and that this effect seems driven by some universal boundaries. However, a
caveat to that objection is that in many previous studies, the within-category contrasts that were
tested were less distinct than the between-category contrasts on psychoacoustical scales, which
may have caused the relatively weak discrimination for within-category changes.

To illustrate the psychoacoustic saliency confound, let us now turn to the seminal study
by Eimas, Siqueland, Jusczyk, and Vigorito (1971, described in detail in Section 3.2), in which
English-exposed one- and four-month-old infants discriminated a +20 vs. +40 ms VOT difference
better than they discriminated +40 vs. +60 ms or -20 vs. 0 ms. We propose here that not only
category membership but also psychoacoustic distance could explain the better discrimination of
+20 vs. +40 ms VOT vis-a-vis the poorer discrimination of +40 vs. +60 ms VOT. Since differences
in the temporal dimension are most probably processed in relative rather than in absolute terms
(Abel, 1972; Smits, Sereno, & Jongman, 2006), it becomes self-evident that the infants
discriminated the psychoacoustically greater difference (a 20-ms noise vs. a 40-ms noise
representing a ratio of 1:2) better than they discriminated the psychoacoustically smaller
difference (a 40-ms noise vs. a 60-ms noise, representing a ratio of 1:1.5; for a similar
psychoacoustic distance confound but this time coinciding with a non-native boundary see
Burns et al., 2007).

The perceptual saliency of individual acoustic dimensions could then explain why the
infants discriminated +20 vs. +40 ms better than -20 vs. 0 ms. In Eimas et al.’s stimuli the former
difference was realized as the duration of a noise source signal (containing a second and third
formant) following a plosive burst, while the latter was realized as the duration of a voicing band
during plosive closure (comparable to humming). The difference between silence and a soft 20-
ms-long hum might be much less audible than the difference between a short and a twice-as-
long aspiration noise, which could explain why the -20 vs. 0 ms VOT distinction was less well
discriminated than the +20 vs. +40 ms VOT distinction. An explanation in terms of acoustic
salience has been recently formulated also by Narayan (2019), who argues that infants
discriminate aspiration-based contrasts better than prevoicing contrasts because the former
ones are cued by more robust acoustic cues. It would be an interesting direction for future
research to test whether the youngest infants’ perceptual patterns reported in the literature are



indeed attributable to relative VOT differences and to psychoacoustic saliency of prevoicing
versus aspiration, rather than to the category membership of the stimuli.

Naturally, the perceptual saliency of stimulus differences matters: infants do not always
discriminate speech sound differences, even those representing a phonemic distinction in their
own native language, suggesting that some contrasts, both native and non-native, are difficult to
perceive without extensive exposure. American English-learning infants initially discriminate
native /1/-/1/ relatively poorly (at six to eight months) and only improve with age (at ten to 12
months; Kuhl et al,, 2006). Comparably, the English /f/-/6/ contrast may be difficult to
distinguish perceptually even at 12 months of age (Eilers, Wilson, & Moore, 1977), although
some studies report good discrimination in two- and six-month-old infants (Holmberg, Morgan,
& Kuhl, 1977; Levitt, Jusczyk, Murray, & Carden, 1988). Finnish newborns have a strong neural
discrimination response (mismatch response) to the [i]-[y] distinction realized through the
vowel’s second formant as a 2400-Hz vs. 1700-Hz difference and a small, unreliable response to
the [i]-[#] distinction of 2400 Hz vs. 2100 Hz (Cheour-Luhtanen et al., 1995). Three-week-to-six-
month-old Swedish infants have difficulty discriminating the vowel pair [a]-[a], although they
can discriminate another vowel pair, [a]-[2], both resembling native-like phoneme contrasts
(Lacerda, 1992).

In this subsection we aimed to show that infants’ failure to discriminate a specific speech
sound difference may not automatically be attributable to reduced within-category sensitivity,
but might be due to the generally lower saliency of the stimulus difference in question. We
subsequently reviewed some evidence showing that infants’ early speech perception is not
unlimited in that for some speech sound differences the infant needs exposure to be able to
discriminate them. Another limitation of some developmental studies is the assumption that
adult-like perceptual categorization of speech sounds should elicit greater between-category
than within-category discrimination. Below we show that such an assumption might not hold
across testing paradigms.

2.5 Within-category sensitivity across the life span

Some work on speech perception in human adults, infants, and virtual listeners suggests that
testing categorical speech perception in the traditional sense tells us little about whether or not
a listener employs her knowledge of the native language phoneme categories and phoneme
boundaries. In adults, within-category variation is not ignored during the speech comprehension
process but instead makes a substantial contribution to, for instance, word recognition patterns
(McMurray, Tanenhaus, & Aslin, 2002). Recent modelling work indicates that particularly in
discrimination tasks, adult users of a language may be primarily sensitive to phonetic detail, i.e.
within-category variation, such that the degree of categorical effects in their discrimination
outcomes is dependent on how much of the recovered phonetic variation they attribute to
meaningful information and how much they attribute to random noise (Kronrod, Coppess, &
Feldman, 2016).

Sensitivity to within-category phonetic variation has also been evidenced in infants
(McMurray & Aslin, 2005) and it has been argued that it strengthens gradually throughout their
development. Reanalysing the findings of infant studies on the perception of plosive voicing,
Galle and McMurray (2014) pointed out that infants do discriminate within-category variation
and that this ability increases with age (alongside the strengthening of between-category
sensitivity). The authors propose a parallel channels model according to which listeners process
speech through a category-encoding and a sensory-sensitivity channel, whose contributions are
differentially reflected across various testing paradigms. Galle and McMurray argue that infants’



exposure to speech sound variants over time leads to perceptual enhancement of both channels,
thus boosting discrimination abilities for between-category as well as within-category
differences.

In some experimental paradigms, infants directly exhibit high levels of sensitivity to
indexical within-category variation. Mulak, Bonn, Chladkov4, Aslin, and Escudero (2017) found
that Dutch and Australian English-learning 12-month-olds discriminated within-category
(speaker identity) and between-category (phonemic) changes in vowels to a comparable extent.
It is highly unlikely that such enhanced within-category discrimination in 12-month-old infants
was due to the fact that they had not yet acquired the vowel categories of their native language.
Instead, it appears that in that particular experiment, the infants’ speech processing faculty
aimed comparably at deciphering non-categorical variation, as well as at uncovering the
linguistic content. Such a phonetic listening strategy might have been preferred with isolated
vowel stimuli that hardly carry any lexical content in real-life situations (Mulak et al.,, 2017).
Although using slightly more naturalistic stimuli such as CV or CVC (as most other studies do)
may be more likely to prompt linguistic processing in infants, comparing discrimination scores
for within- and between-category changes in nonsensical monosyllables might not
unequivocally show the extent to which an infant has acquired (and has activated) her native
language phonological categories.

To sum up, the typically employed tests of categorical perception that compare the
discrimination of within-category and between-category stimulus differences do not seem to be
the optimal way of assessing the categorical nature of infants’ perception. Instead, we may be
able to gain a better understanding of an infant’s perceptual abilities with experimental
protocols that assess perceptual sensitivity to various stimulus pairs from a particular
(phonologically relevant) phonetic continuum and compare it across infants’ ages and, crucially,
across different languages (in the same way in which the universality or reproducibility of other
phenomena in infant development is being investigated in the ManyBabies consortium; Frank et
al.,, 2017).

3 The age of the universal listener

3.1 Lack of newborn data

The previous section raised a crucial question about the nature of an infant’s initial perceptual
abilities - whether they are auditory-based or defined by categorical perception. In the absence
of unequivocal evidence for either interpretation, we presented an argument for why the former
seems more plausible. Besides understanding the nature of infants’ early perception abilities,
another - and perhaps even more rudimentary - question in the debate is whether infants are
universal (i.e. language-general) listeners at any age.

Let us suppose that there is indeed a stage at which infants perform more or less
similarly across all languages. At this stage infants would be universal listeners, albeit not
necessarily because of language-general categorical perception. Let us consider what evidence
there is for such a developmental stage. The ages reported for the order of acquisition of vowels
and consonants (see e.g. Kuhl, 2004; Werker & Tees, 1992) suggest that if language-general
perception exists, it would operate sometime before the fourth month for vocalic sounds and
perhaps a little longer for consonantal ones. In line with that reasoning, the (earlier) literature
suggested that infants possess universal perceptual abilities at birth or linked universal
perception to the initial four- or six-month period of the infant’s life (Best, 1994; Best,
McRoberts, & Sithole, 1988; Dehaene-Lambertz & Dehaene, 1994; Gervain & Mehler, 2010;
Jusczyk, 1995; Kuhl, 1979; Maurer & Werker, 2013; Polka, 1991; Werker & Tees, 1992).



However, a review of the actual infant ages that were predominantly tested in earlier
studies shows that the perceptual abilities of newborns and infants of a few months old had not
been sufficiently documented. In fact, only a handful of behavioural studies tested the cross-
linguistic perception of non-native segmental contrasts in infants aged four months or younger
(Eimas et al., 1971; Bosch & Sebastian-Gallés, 2003; Moon, Lagercrantz, & Kuhl, 2013; Polka &
Werker, 1994; Streeter, 1976; Trehub, 1976; for studies on young infants' perception of native
sounds see Table 1). In spite of the rather limited amount of data, the recurring assumption has
been that an infant is a universal listener at and shortly after birth.

Considering that an infant’s speech sound perception gradually becomes attuned to her
native language within the first few months of life (Kuhl et al., 1992; Yeung & Werker, 2009), and
that even a several-minute exposure to tokens of a novel speech sound contrast can alter an
eight-month-old’s, as well as a two-month-old’s, discrimination abilities (Maye, Werker, &
Gerken, 2002; Wanrooij, Boersma, & Van Zuijen, 2014), an infant who has already been getting
language input for a couple of months is far too old to exhibit the perceptual abilities she had at
birth, when she might supposedly have been a universal listener.

The recent literature does test younger infants, including newborns, more often, using
neurophysiological measurements. This line of work is reviewed in Section 4. Rather curiously,
some of the pioneering literature that focused on very young infants (specifically a comparison
of Eimas et al,, 1971 and Streeter, 1976) but did not pursue the question of language-generality
versus language-specificity, indicates that at one or two months, infants may already no longer
be universal, language-general listeners.

3.2 Eimas et al,, 1971: no evidence for language-general categorization

Going through the literature on infants’ early universal perception, we noticed that the classic
work of Eimas et al. (1971) has repeatedly been somewhat misleadingly cited as evidence for
infants’ initial language-general categorical perception. For instance, in the opening lines of their
article, Dehaene-Lambertz and Dehaene (1994) attribute to Eimas (1971) the finding that
“[y]oung infants can discriminate phonemes even if they are not used in their native language,
[...]” (p- 292). More recently, Liu and Kager (2016) write that “Infants are born with the ability to
discriminate a wide range of native and non-native contrasts regardless of their language
background (Eimas, Siqueland, Jusczyk, & Vigorito, 1971).” (p. 336; for a similar attribution see
e.g. Gervain & Mehler, 2010; Mazuka, Hasegawa, & Tsuji, 2013; Palmer, Fais, Golinkoff, &
Werker, 2012.) In contrast to the above studies, our reading of Eimas et al. (1971) is as follows:
what their findings did show is that young infants exhibit categorical perception but what they
did not demonstrate - or even assess - is the universality, i.e. language-generality, of that
phenomenon.

At this point it seems worthwhile to revisit Eimas et al.’s (1971) experiment, which laid
the ground for infant speech perception research, and summarize its design and findings, as
reported in the original article. Eimas et al. (1971) tested English-exposed infants aged one and
four months in a high-amplitude sucking paradigm on their ability to discriminate between
phonologically voiced and voiceless plosives, which are realized in English with a short positive
voice onset time (VOT) and with a long positive VOT, respectively. With synthetic CV stimuli, the
authors assessed whether the American English-learning infants discriminated between short-
VOT and long-VOT stimulj, i.e. between +20 msec and +40 msec, representing English /b/ and
/p/, respectively, better than they discriminated between stimuli from the same adult phonemic
category, e.g. between -20 msec and 0 msec and between +40 and +60 msec (which we can
approximate to a Spanish-like and a Korean-like phonemic distinction, respectively). As a
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control, the authors also included a no-change condition, testing discrimination of identical
stimuli. An increase in the infants’ sucking rate following habituation was taken as an index of
their ability to discriminate.

For both the one- and the four-month-olds, Eimas et al. detected a significant increment
in the sucking rate for the between-category change and did not find any significant changes in
the sucking rate for the within-category change or for the control condition. The authors noted
that for the within-category change, the four-month-olds had a non-significant decrement in
their sucking rate and the one-month-olds had a non-significant increment, but did not draw any
conclusions from those non-significant tendencies. Directly comparing the magnitude of the
recovery of the sucking rate between conditions, Eimas et al. found that the between-category
change yielded a larger recovery than either of the other two conditions.

The authors concluded that infants perceive a phonetic difference between two
consonants before being able to produce them and that they discriminate the contrast according
to the American English adult-like phonemic boundaries, indicating that they process the VOT
dimension in a categorical manner. Two years after the groundbreaking 1971 study, Eimas and
Corbit (1973) speculated that the “categorical nature of the perception of the VOT continuum
appears to be universal” (p. 101), supporting their claim by the categorical effects found in
adults’ perception of the VOT continuum across languages (Lisker & Abramson, 1964), and by
their own earlier findings with English-raised one- and four-month-old infants.

On the basis of Eimas et al.’s (1971) data, little can be said about the infants’ ability to
discriminate non-native, i.e. within-category, differences since that condition gave a null effect.
What the data does show is that the infants’ ability to perceive VOT differences corresponding to
non-native contrasts is either smaller than their ability to do so for the native contrasts or may
not even exist at all. Hence, Eimas et al. (1971) should not be taken as evidence for young
infants’ universal, i.e. language-general, perceptual abilities. Instead, the work of Eimas et al.
(1971) should be considered together with the findings of other studies. For instance, Streeter
(1976) tested discrimination of VOT differences in two-month-old infants learning Kikuyu,
which contrasts pre-voiced, i.e. negative-VOT, and plain unaspirated coronal and dorsal plosives.
Streeter found that, unlike Eimas et al.’s (1971) English-learning infants, the Kikuyu infants
robustly discriminated a -30-ms negative VOT from a 0-ms VOT in bilabial stops (while still also
discriminating the English-like short-lag vs. long-lag 10 ms vs. 40 ms distinction). Lasky et al.
(1975) tested discrimination of voicing differences in four-to-six-and-half-month-old infants
acquiring Spanish, which is similar to Kikuyu in that it contrasts pre-voiced and plain
unaspirated stops. The infants could discriminate relatively large differences in short-lag vs.
long-lag VOT, namely +20 vs. +60 ms (similarly to the infants in Eimas et al.’s and Streeter’s
studies), as well as comparable differences in long vs. short prevoicing, namely -60 vs. -20 ms
(somewhat similar to what Streeter found for -30 vs. 0 ms VOT), but failed on a -20 vs. +20
difference (which was most probably the least salient one, although according to the authors it
represented the adult phoneme contrast).

To sum up, for some phonetic dimensions, such as the short-lag vs. long-lag VOT of
plosives, one may find partially language-general good discrimination of some stimuli, perhaps
as a result of the generally high psychoacoustic saliency of post-burst aspiration noise that
differentiates short- and long-lag positive VOT (and is also perceived by animals, which do not
acquire human language; Kuhl & Miller, 1978; Kuhl & Padden, 1982). For other, potentially less
salient phonetic dimensions such as prevoicing, it may be as early as at two months of age that
humans show language-specific perception as a result of exposure to categorical variation in
pre-burst humming when growing up in a prevoicing-language environment.
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3.3 What is measurable in the youngest infants

In order to measure speech sound discrimination abilities accurately, particularly in the
youngest infants, special care must be taken to select a testing paradigm appropriate for their
young age. If suboptimal methods are chosen, young infants may appear not to be able to
discriminate speech stimuli, which may lead to a conclusion of initial poor perceptual sensitivity
and/or its independence of the infants’ native language.

For instance, developmental studies employ testing paradigms that either may or may
not be contingent on infants’ looking behaviour. In a paradigm that is contingent on infant
looking, the presentation of the auditory stimulus during a trial stops when the infant stops
being engaged with the task and looks away from an attention-catching visual display. In a non-
contingent paradigm, the duration of the auditory stimulation is not dependent on the infant’s
looking behaviour or attention. Using a visual fixation paradigm that was not contingent on
infants’ looking behaviour, some studies failed to find discrimination effects in young infants.
Narayan, Werker, and Beddor (2010) did not find discrimination of the native /n/-/y/ in
Filipino-learning six-to-eight-month-olds. Contrary to that, the experiments carried out by
Sundara et al. (2018), which used more age-appropriate tasks contingent on the infant’s looking
behaviour, demonstrate that very young infants can discriminate such (or even more subtle)
speech sound differences, even if they do not occur in the infants’ native language.

These conflicting findings indicate that some behavioural methods may not accurately
reveal young infants’ speech processing capabilities, as they are dependent on the general
cognitive and motor abilities of a particular developmental period. In order to pinpoint the age
at which infants listen in a language-universal way and avoid any age-dependent infant biases or
motor abilities, it might be safest to use behaviour-independent measures, amongst which are
the cortical event-related response or the distribution of brain blood oxygenation levels. In the
remainder of this section, we review studies that tested infants’ discrimination of speech sounds
at the level of neural processing.

Studies that tap into infants’ neural processing of speech mostly detect perceptual
discrimination of virtually any type of contrast in the youngest group of infants that they test.
Dehaene-Lambertz and Dehaene (1994) showed that the brains of two-to-three-month-old
American English infants promptly detect a change between [ba] and [ga]. Pefia, Werker, and
Dehaene-Lambertz (2012) demonstrated that both a change from [b] to [d] and a change from
[d] to [d], roughly corresponding to native Spanish /p/-/t/ and non-native Hindi /d/-/d/
consonantal place contrasts, elicited a strong mismatch response in nine-month-old Spanish
infants (while it was only the native contrast that elicited a reliable response in 12-month-olds).
The event-related potentials to native and non-native VOT contrasts reported in Rivera-Gaxiola,
Silva-Pereyra, and Kuhl (2005) indicate that at seven as well as at 11 months, American English
infants show neural discrimination of both a change from [t] to [th] and a change from [d] to [t],
roughly corresponding to a native English and a non-native (e.g. Spanish-like) /d/-/t/ voicing
contrast, respectively.

An ingeniously designed electrophysiological experiment by Cheour et al. (1998)
compared auditory and linguistic vowel perception between six- and 12-month-old infants. At
six months, Finnish-learning infants showed discrimination, in terms of the neural mismatch
response, of the native Finnish /e/ versus /@/, as well as of the non-native Estonian /e/ versus
/¥/, in which the latter pair entails a larger acoustic dissimilarity than the former. The
acoustically-based discrimination came to be modulated by the native phonology in the infants’
12th month, when the mismatch response strengthened for the acoustically small but
linguistically relevant /e/-/@/ contrast, and weakened for the acoustically large but non-native
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/e/-/¥/ contrast. Cheour et al.’s (1998) findings demonstrate that an initial acoustically-
moderated sensitivity becomes modulated by the native phonology by 12 months of age, when
infants display enhanced perceptual discrimination of native phonemic differences, as well as
attenuated discrimination of the non-native ones.

On a related note, early auditory-based discrimination was reported in a recent
neurophysiological study by McCarthy, Skoruppa, & Iverson (2019). McCarthy et al. traced the
development of British English infants’ neural sensitivity to acoustic changes in vowels across
multiple native phoneme contrasts, assessing the acoustic change complex (ACC) response
recorded with an EEG. The authors showed that the infants’ neural discrimination of vowels
mimicked the magnitude of the first-formant distances between the stimuli relatively well at a
younger age (four months) but by several months later (ten to 11 months) it became less
auditory-based and less predictable by the first formant.

The experiments reviewed above show that when neurocognitive or age-appropriate
behavioural methods are employed, the youngest infants tested in each study display some
perceptual sensitivity to even small speech sound differences, both in vowels and consonants.
The young infants’ ability to perceptually discriminate stimulus differences seems to occur
irrespective of whether these coincide with a native or a non-native phonemic contrast. One
could thus conclude from those studies that young infants’ discrimination of speech sounds is
not specific to their parents’ language and may be attributable entirely to general auditory
capacities. However, there is emerging evidence which suggests otherwise: the next section
highlights several recent experiments with newborn infants whose results suggest that for some
types of speech sounds humans might already have begun forming phonological categories (at
some undefined level of abstractness) before birth. Consequently, at birth they already perceive
those speech sound contrasts in ways specific to their native language environment, i.e.
language-specifically. Such recent evidence for early language-specific listening at birth confirms
and extends our observation of potential language-specific effects in some of the early studies
with very young infants (namely, the comparison of Eimas et al., 1971 and Streeter, 1976 in
Section 3.2).

4 Language-specific perception at birth
4.1 Prenatal learning: prosody and segments
Starting in the 1980s, behavioural research has shown that newborn infants recognize and
prefer listening to their mother’s voice and to their native language over other, unfamiliar
languages, and recognize rhymes that they heard during the last weeks of pregnancy (Byers-
Heinlein, Burns, & Werker, 2010; DeCasper & Fifer, 1980; DeCasper & Spence, 1986; Mehler et
al,, 1988; Moon, Cooper, & Fifer, 1993). More recent neurophysiological research confirms the
language specialization in the neonate brain. Not only do newborn infants have developed
cortical areas that specialize in processing speech in general, as opposed to non-speech (May,
Gervain, Carreiras, & Werker, 2017), but they also display language-specific neural attunement,
differentially processing their native language as opposed to non-native-language (or otherwise
unfamiliar) speech (Sato et al., 2012). Studies with foetuses confirm that the developing
individual acquires such linguistic specialization in the prenatal period through exposure to
ambient speech signals: at least one month before term foetuses show a preference for their
mother’s voice and for their native language (Kisilevsky et al., 2009).

In sum, on the basis of studies on the early processing of speech prosody (rhythmic and
melodic features of spoken utterances), one could conclude that at birth humans show signs of
language-specific listening, as far as entire utterances carrying the global (i.e. suprasegmental)
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aspects of native language speech are concerned. Much less is still known about language-
specificity when it comes to the basic building blocks of speech, i.e. individual speech sound
segments. There have been behavioural and neurophysiological studies that investigated
segmental speech processing in newborns (Aldridge, Stillman, & Bower, 2001; Cheour-Luhtanen
etal,, 1995; Kujala et al., 2004) but only a handful of them speak directly to language-specificity
in the infants’ perception (Moon et al,, 2013).

Aldridge et al. (2001) noted the lack of newborn speech perception data and tested
infants’ vowel perception within two days after birth. Using the preferential sucking paradigm,
the authors found that a mixed group of Spanish- and English-exposed newborns perceptually
divided up the vowel space into areas somewhat resembling adult-like vowel categories.
Moreover, the category-like perceptual discontinuities appeared strongest for [i], followed by
[u], then [y], and smallest for [w]. Those discontinuities seemed to be language-conditioned:
strongest for [i]-stimuli that occur as vowel phonemes in both of the ambient languages (namely,
English and Spanish spoken in Texas) and weakest for [w]-stimuli that do not occur in either
English or Spanish. However, the hypothetical language-specificity cannot be unequivocally
resolved as a result of a lack of comparison to infants from a language background that does use
e.g. [w]-like sounds phonemically. Aldridge et al.’s study indicated category-like discontinuities
in vowel perception immediately after birth, leaving the question of universality vs. language-
specificity unanswered.

A leap towards uncovering the language-specificity in the speech sound perception of
newborns was taken by Moon et al. (2013). They exposed American English and Swedish
newborns to tokens of American English /i/ and Swedish /y/ vowels and found that infants
from either language sucked on a dummy more when hearing variants of the non-native vowel.
The authors explained these findings in terms of newborns’ greater perceptual sensitivity to
acoustic variation within the non-native vowel category and lesser sensitivity to variation within
a native category. To what extent that result alone reflects language-specific categorical
perception at birth (which the authors claimed) is unclear as the infants’ higher sucking reaction
to the non-native variant could also have been an effect of a preference for novelty. An objection
could be raised concerning the “non-nativeness” of the /i/-stimuli to the Swedish infants, or of
the /y/-stimuli to the American English infants. As for the latter, Kuhl et al. (1992) noted that the
/y/-stimuli were judged as non-native by American English adults (in or before 1992). However,
given the documented /u/-fronting across many varieties of English, including American
dialects (see Clopper, Pisoni, & de Jong, 2005), it is somewhat questionable whether the
American English participants in the 2013 study would still perceive (all) the [y] sounds as non-
native. Moon et al.’s (2013) findings nevertheless indicate that at birth infants may perceive
vowels in language-specific ways, an effect that is most probably due to prenatal experience with
the segmental level of native-language speech. It now remains to be shown whether infants not
only recognize which speech sounds they heard (or did not hear) in the womb but whether they
start to create some form of mental representations or categorical warping for the speech
sounds that they encounter.

The electrophysiological experiment by Partanen et al. (2013) aimed to directly address
controlled prenatal learning of the segmental information in speech. Stimulating foetuses from
the 29th week of gestational age with the trisyllabic word tatata, occasionally containing a
change in the second syllable in terms of vowel quality or of pitch, modulated the individuals’
ability to pre-attentively detect some of these changes after birth. Specifically, when compared
to a control group, the prenatally trained newborns had a more pronounced neural mismatch
response to second-syllable changes in pitch, to which they had been exposed in training, as well
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as to duration, to which they had not been exposed. The improved processing of pitch changes
demonstrates that prenatal learning took place. To explain the improved processing of the
unexposed changes in duration the authors proposed generalization of learning (Partanen et al.,
2013). Potentially, the newborns could have generalized from familiar pitch contrasts to novel
durational contrasts, although it is not yet clear how. Alternatively, the improved processing of
duration could also be explained by the foetuses having memorized just the frequent tatata
stimulus - at birth, they were then able to discriminate any salient deviation from this
memorized stimulus. The foetal learning findings of Partanen et al. (2013) extend those of
Cheour et al. (2002), who showed with newborns that nocturnal exposure to sequences of
isolated vowel stimuli with frequent [i] sounds and infrequent [y] and [i] leads to an increased
neural mismatch response to both types of deviant vowels at post-test (as well as to non-trained
deviations in pitch). Whether the learning effects in those two studies were driven by a
generalization mechanism across various types of speech stimuli (as Partanen et al. conclude) or
by a possibly simpler mechanism of mental encoding of the (single) frequent tatata stimulus, or
the frequent [i]-vowel in Cheour et al., cannot be resolved. Importantly, however, Partanen et
al’s (2013) results demonstrate that some form of prenatal learning pertaining to individual
speech sound segments took place and modulated the infants’ speech processing after birth.

It would be premature to conclude that newborn infants show native-language
specialization in speech sound perception on the basis of a single study that indicated language-
specific listening as early as at birth (Moon et al., 2013). However, if we also take into account
the studies presenting evidence for prenatal and neonatal learning of segmental information
(Partanen et al., 2013; Cheour et al., 2002), the scenario in which human near-term foetuses
learn the speech sounds of their native language from naturalistic exposure no longer seems
improbable. Below we briefly consider what learning mechanism and what kind of input the
human individual may have available prenatally that permit speech-sound learning.

4.2 Prenatal speech-sound learning: mechanism and input
As for the exact learning mechanism that might be at work in the earliest stages of life, one could
presume that the youngest learner employs bottom-up learning from the ambient stimulus
distributions. The availability of such a statistical learning mechanism has been reported in
infants as young as two months. Wanrooij et al. (2014) exposed Dutch-raised two-month-olds to
bimodal and unimodal probability distributions between [a]- and [g€]-like stimuli representing,
respectively, a two-way non-native English contrast /e/-/¢/, and a single non-native category
halfway between those two English phonemes. They found that after only 12 minutes of
exposure, a change between the English /2/ and /¢/ elicited a larger mismatch response in the
bimodally exposed infants than in the unimodally exposed (awake or active-sleeping) ones.
Similar effects of distributional exposure have been reported for the [d]-[t] consonantal
dimension for slightly older infants, namely, eight-month-old American English listeners in Maye
etal. (2002). Note that the eight-month-old infants, or perhaps even the two-month-olds, might
already have had some native language speech sound categories (more or less) in place and that
these categories might in some way have modulated the distributional leaning process.
Additionally, the effects of laboratory exposure on the infants’ discrimination of the trained
speech sounds were most probably short-term and ceased to exist as a result of further learning
from natural language input which the infants experienced immediately after the lab session
ended.

All in all, since some learning in Maye et al. and Wanrooij et al. occurred only after a brief,
purely bottom-up exposure (and in the latter study in infants who were asleep), it is plausible it
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was primarily a bottom-up distributional learning mechanism that was at play in the two-
month-old and eight-month-old infants. Moreover, in scenarios where both top-down and
bottom-up information is available but unaligned, listeners learn more robustly from the low-
level stimulus statistics (Emberson, Liu, & Zevin, 2013). Arguably, bottom-up learning from
natural language auditory input could also be the mechanism which is active from the very
earliest - prenatal - stages of exposure to speech sounds. Whether and to what extent the
learning would apply for a particular speech sound category (or contrast) would depend on
whether the relevant acoustic information reaches the foetus (and how much of it). That is, the
intrauterine learnability of individual speech categories would be conditioned by their auditory
discernibility.

As the speech signal, uttered ex utero, passes through a pregnant woman’s abdomen and
amniotic fluid to the foetal inner ear, it undergoes modulations, especially in the spectral
domain. In general, frequencies between 100 Hz and 1000 Hz can reach the foetus virtually
unmodified, while higher frequencies become progressively attenuated (Granier-Deferre,
Ribeiro, Jacquet, & Bassereau, 2011; Lecanuet & Schaal, 1996). Being heard veridically in utero,
speech sound contrasts realized in the low-frequency range are more likely to be heard and
learnt prenatally than contrasts realized in the high-frequency range. Vowels, unlike most
consonants, often contain primary distinguishing information at low frequencies (the first
formant that cues the identity of many vowel categories ranges between 250 Hz and 1000 Hz in
women’s speech; e.g. Adank, Van Hout, & Smits, 2004), which, together with their greater
loudness in general, makes them ideal candidates for prenatal learning (Granier-Deferre et al.,
2011; Tsuji & Cristia, 2014).

Studies do indeed show that foetuses at a gestational age of 35 weeks and older can
discriminate a vocalic [a]-[i] distinction (embedded in a mono- or disyllabic CVCV frame) but do
not discriminate the consonantal [da]-[ta] distinction (Lecanuet et al., 1987; Shahidullah &
Hepper, 1994; Weikum, Oberlander, Hensch, & Werker, 2012). At birth, vowel differences
continue to be processed robustly, also when directly compared to consonantal differences:
Benavides-Varela, Hochmann, Macagno, Nespor, and Mehler (2012) show that newborns have a
cortical novelty response to a change between vowels in [lala] vs. [lili] but do not have such a
response to a change in the consonantal makeup of [lala] vs. [tata] (although pre-term infants
born at 29-32 weeks were able to discriminate the consonantal [ba]-[ga] distinction in a
different study; Mahmoudzadeh et al., 2013). There is, of course, some variation within the class
of vowels and within the class of consonants as to which frequency range cues a particular
category: some vowels might be cued by frequencies above 2500 Hz (e.g. /i/-/y/ in French;
Schwartz & Escudier, 1989) and some consonants by frequencies as low as 1000 Hz (e.g. /p/-
/p'/ or /1/-/1/ in Irish or Russian; Chiosain & Padgett, 2012; Recasens, 2012). The proposal that
vowels are more likely than consonants to be acquired prenatally should be understood as a
generalization and may not apply to every single speech sound category.

Apart from spectral properties, in some languages speech sound categories are also cued
by pitch changes (lexical tone) or by durational information (phonemic length). For instance,
languages such as Finnish, Japanese, Czech, or Hungarian contrast vowels by duration, with a
short and a long segment of the same spectral quality representing two different phonemes.
Unlike spectral information, temporal information is transmitted to the foetus in an unchanged
form (Querleu, Renard, Versyp, Paris-Delrue, & Crepin, 1988), which leads to a testable
hypothesis that length contrasts would be more probably or robustly acquired prenatally than
(higher-frequency) spectral contrasts (see Burnham, 1986 who, similarly, proposed a potential
developmental precedence of duration-cued contrasts), provided that their frequency of
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occurrence allows distributional learning (which may not be the case for e.g. Japanese; Bion,
Miyazawa, Kikuchi, & Mazuka, 2013). In that respect, Thiede et al.'s (2019) experiment with
Finnish newborns suggests that typically developing newborns have more mature neural
discrimination responses to a change in vowel duration [tata] vs. [tata:] and to a pitch change (at
around 170 Hz) than to a change in vowel quality [tata] vs. [tato]. In our view, this result could
be attributed either to the greater saliency of the durational and pitch differences in general or
to an earlier, prenatal, onset of learning for the durational and pitch contrasts over the spectral
contrast, or to both.

[t appears that at least for some speech sounds, the formation of categories could already
begin in the prenatal period as soon as the central auditory system is sufficiently developed (i.e.
from gestational week 28; Graven & Browne, 2008). There are various paths that the prenatal
development of speech perception could take: it could involve the desensitization of the initially
almost-perfect perception of speech sounds that do not occur in the environment at all,
attunement to speech sounds that occur frequently, or a combination of both (in line with the
established theories of speech sound development by Aslin and Pisoni, 1980 and Aslin, Werker,
and Morgan, 2002, as well as with recent proposals for the prenatal learning of speech
suprasegmentals; Abboub, Nazzi, & Gervain, 2016). The speech sound properties that are most
available to prenatal learning are those that propagate well to the foetal ear. In that respect,
vocalic contrasts cued by formant frequencies up to 1000 Hz (which occur in all languages), such
as the Dutch or English /1/-/g/, or vowel contrasts cued by duration or pitch contour (occurring
phonemically in some languages), will most probably begin to be learned prenatally, unlike, for
instance, consonantal contrasts cued by high-frequency frication noise such as the Greek or
English /s/-/0/. At birth, when the infant encounters all the auditory dimensions of speech,
learning will also begin for the ambient sounds that she has not heard prenatally.

In this section we have summarized studies that support a prenatal onset of speech
sound learning through exposure. Many exciting avenues are open for future research into the
initial stages of speech sound acquisition. Neurophysiological experiments with newly-born full-
and pre-term infants from at least two different language backgrounds could help uncover the
earliest stages of speech sound learning. Studies could examine when input-triggered speech
sound acquisition begins, whether it occurs prenatally at all, for which types of sounds, what
mechanisms allow potential prenatal learning, and how the learning mechanisms and input
unfold once the individual’s environment changes after birth.

5 Areas not covered in the present review

Our review of young infants’ discrimination abilities focused primarily on speech sound
distinctions in terms of vowel and consonant quality, which are types of contrasts that occur in
all of the world’s languages and, as such, have also been most widely researched. A very
interesting, but to date underinvestigated area is the acquisition of tone and phonemic length
contrasts, which are less frequent cross-linguistically than vocalic and consonantal quality. A
recent comprehensive review of the development of tone and length contrasts is presented in
Narayan (2020). The limited research in the area of tone and vowel length contrasts indicates
atypical developmental curves, delayed, speeded-up, and sometimes U-shaped perceptual
reorganization, with a dip in discrimination of native tone or length contrasts halfway through
the infant’s development (Mattock, Molnar, Polka, & Burnham, 2008; Minagawa-Kawai, Mori,
Naoi, & Kojima, 2007; Mugitani et al., 2009; Sato, Sogabe, & Mazuka, 2010a; Sato, Sogabe, &
Mazuka, 2010b; Yeung, Chen, & Werker, 2013). Given that they are acoustically realized in the
low-frequency range (namely, by fundamental frequency and duration), tone and length
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contrasts are likely to start being acquired prenatally (see Granier-Deferre et al., 2011; Partanen
etal,, 2013). However, since fundamental frequency and duration are major cues to prosodic
patterns, in certain languages infants might come to notice a conflict between the segmental and
suprasegmental functions, which could cause e.g. vowel length contrasts to develop differently
compared to vowel quality contrasts.

Another area that was left out of the present review is theoretical frameworks that
address first language speech acquisition, such as the Native Language Magnet model (Kuhl,
2004), the framework for Processing Rich Information from Multidimensional Interactive
Representations (Werker & Curtin, 2005), or the Perceptual Assimilation Model (Best, 1994).
The Natural Referent Vowel (NRV) framework (Polka & Bohn, 2011) is one of the theories that
focuses on infants’ initial perceptual abilities, arguing that speech perception in the first stages
of development reflects language-general auditory asymmetries. The NRV seems to place the
pre-linguistic, language-general, stage at about six to nine months, which - if prenatal
experience does modulate infants’ early perception - could already be too late for language-
general asymmetries to be observable, at least for some speech sound contrasts in some
languages. With a well-thought-out stimulus and population design, this supposition is testable.

Computational models of the development of speech perception are not covered in the
present review, although many of their outcomes are quite compatible with the idea of an
auditory-based, possibly prenatal, initial stage of acquisition, as well as with the proposed
distributional learning mechanism (Guenther & Gjaja, 1996; Vallabha, McClelland, Pons, Werker,
& Amano, 2007). Seebach, Intrator, Lieberman, and Cooper (1994) aimed to show that speech
sound feature categories (such as the consonantal place of articulation) do not need to be
innately specified and can be learned prenatally. Seebach et al. trained a neural network with
intrauterine-like realizations of the English /pa/, /ta/, and /ka/, and showed that on the basis of
the auditory input alone, the virtual foetus learned to distinguish three classes of plosives: labial
[p]-like, coronal [t]-like, and dorsal [k]-like. A more in-depth review of modelling work could
help provide further insights into the plausible initial stages, as well as learning mechanisms,
associated with early linguistic development.

6 Suggestions for a future research agenda

As pointed out in Section 2.5, within-category discrimination - the attenuation of which was
typically thought to reflect adult-like representations - does not necessarily have to decrease as
the native language speech faculty matures (Galle & McMurray, 2014). Additionally, infant
testing paradigms may not always unequivocally reflect whether and to what extent an infant
perceptually categorizes speech stimuli according to the sounds’ phonological roles in the
infants’ native language (see Mulak et al.,, 2017).

With respect to the question of when in their development infants become language-specific
listeners, we advise studies to employ paradigms that assess infants’ perceptual discrimination
across a variety of speech sound distinctions in such a way that some of the distinctions
represent a phonological contrast in the infants’ ambient language and others do not. Crucially,
the auditory differences within all types of speech sound pairs should be psychoacoustically
comparable whenever possible (e.g. distances measured on relative instead of absolute scales).
The comparisons of perceptual sensitivities to native and non-native contrasts should be
performed either with behavioural paradigms that are appropriate for all the age groups
involved and/or with neurophysiological methods. Critically, to be able to draw firm conclusions
about language-specificity, one would ideally test infants from at least two different language
backgrounds.

18



A hypothetical experiment could test the observation we made concerning Eimas et al.
(1971) and Streeter (1976) that the perception of voicing contrasts starts to be language-
specific quite early in development, sometime between the second and fourth months of age.
English- and Kikuyu-like infants - perhaps German and Dutch, respectively - could be tested on
their perception of voice-onset-time distinctions in plosives, e.g. on [b]-[p] and [p]-[p?] stimulus
pairs. One could test newborns and, for instance, five-month-olds. In utero, the distinctions [b]-
[p] and [p]-[p"] are probably not very audible, which means that at birth, a German and a Dutch
infant should not differ from one another in how they discriminate them. If infants pick up the
native-language voicing contrasts quickly - perhaps within a few months after birth, then at
about five months of age, the hypothetical German infant should outperform the hypothetical
Dutch infant in her discrimination of [p]-[p®] and, conversely, the Dutch infant should
outperform the German one on [b]-[p]. Such a result would be in line with the indirectly
observed difference between the very young infants exposed to English (in Eimas et al.) and to
Kikuyu (in Streeter). Considering the newborn age proposed here, a suitable method for
assessing perceptual sensitivity could be the electrophysiological index of discrimination, the
neural mismatch response.

To test whether speech sound learning begins before birth, the field should attempt to
focus on the earliest age possible. Currently available techniques such as
electroencephalography and functional near-infrared spectroscopy have, in recent years, come
to be widespread lab equipment in the field and are very well suited to auditory experiments
with newborn infants. An intriguing area that seemed to have boomed temporarily with the
spread of obstetric ultrasonography is foetal perception. Unfortunately, since newborns and,
especially, foetuses are a rather difficult population to access, cross-linguistic studies seem
somewhat hard to envision. To compensate, one could, for foetuses and newborns within a
single language group, compare the development of native, non-native, and comparable non-
speech perception. The comparison of speech and non-speech processing in near-term foetuses
(e.g. some time after the 28th week of gestation) would show whether, in the initial stage,
humans process speech differently from comparable non-speech stimuli, that is, whether there
is anything like universal perceptual categorization for speech (e.g. Kuhl et al.,, 1992, which we
argued to be unlikely). Tracing the development of native against non-native speech perception
up until birth could then reveal whether prenatal auditory exposure to the ambient language
leads to language-specific perceptual warping of the auditory sensitivities.

The last point, and a most promising one, on the agenda for future research that we
would like to bring up is the combination of mathematical and computational models with
laboratory human studies. Especially because of the very sensitive population, it is vital that
experimenters make specific and informed predictions about the foetal and neonate population.
Those can be created by a priori building a multilayer model that, on the input level, simulates
the physical properties of the auditory signal that reaches the foetal ear, and also, at the ‘ear and
brain’ level approximates as closely as possible the foetal peripheral and central auditory system
(as was done in Seebach et al., 1994). Feeding the model with stimuli that mimic the natural
language environment of the developing individual can help create informed hypotheses on how
the perceptual organization of speech sounds unfolds in its earliest stages.

7 Conclusion

The aim of this paper was to revisit the universal listener, a concept that is often referred to in
the developmental literature but is much less often unambiguously defined. A review of the
findings to date suggests that what characterizes the initial stages of an infant’s language
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development is not universal categorical perception of speech sound contrasts attested in the
languages of the world but instead a fine perceptual sensitivity to speech sounds’ auditory
properties. Arguably, the extent to which the young universal listener discriminates a particular
phonetic difference might be entirely dependent on the psychophysical distance between the
stimuli to be discriminated and on the perceptual saliency of the auditory dimension itself.
Attempting to pinpoint the age at which an individual would exhibit such an accurate, auditory-
based discrimination led to the revelation that even at birth, for some speech sounds at least,
infants might already listen in a language-specific way. A discussion of the prenatal speech
sound hearing and learning abilities reveals that it could well be in the prenatal period that a
human starts learning about the segmental speech categories that make up her language.

The overall conclusion is that the stage at which humans display entirely language-
general, i.e. universal, speech sound perception is most probably not at birth but earlier, at some
point between the functional completeness of the temporal cortex in the 28th week of gestation
and birth. It remains to be tested at which gestational age speech sound category formation
begins, which speech sound contrasts it affects, and whether it entails sensitization,
desensitization, or both. The field for speech perception experiments with newborns and
foetuses is wide open and, thanks to the techniques now available, the studies to come are
bound to bring us closer to understanding when and how a human starts learning from the
surrounding speech signal and thereby sets out to be a native speaker of her language.
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Study Method | Native language Age Stimuli Outc
ome
Aldridge et al. (2001, HAS Mixed 0 [i]-[i/¥]
Exp. 3) Spanish/English [yl-li/y]
[u]-[u/w]
[w]-[u/w]
Benavides-Varela et al. fNIRS Italian 0 [lala]-[lili]
(2012) [lala]-[tata]
Bosch & Sebastian- HPP Spanish 4 [dedi]-[dedi]
Gallés (2003) (cntg.) 8
Catalan 4 [dedi]-[dedi] L1
8 L1
Bilingual Spanish 4 [dedi]-[dedi] L1
& Catalan 8 L1
12 L1
Cheour-Luhtanen et al. EEG Finnish 0 [i]-[¥] L1
(1995) [il-1i]
Dehaene-Lambertz EEG French 4 [ba]-[ga] L1
(2000)
Dehaene-Lambertz & EEG Am. English 2-3 [ba]-[ga] L1
Dehaene (1994)
Eimas etal. (1971) HAS Am. English 1-4 [ba]-[pha] -20vs.0
+40 vs. +60
+20 vs. +40 L1
Eimas etal. (1974) HAS Am. English 2-3 [dee]-[gee] L1
[bee]-[dae] L1
Eilers (1977) HAS Am. English 1-4.5 [sa]-[za] L1
[as]-[a:z] L1
[azs]-[a:z]
[at]-[a:d] L1
[azt]-[a:d]
[at]-[a:t]
Lacerda (1992) HAS Swedish 0-6 [ba]-[ba] L1
[ba]-[bo] L1
Lasky et al. (1975) ECG Spanish 4-6.5 [ ba]-[pra] -60 vs.-20
-20vs. +20 (L1)
+20 vs. +60
Lecanuet et al. (1987) CTG French 35-38 wGA | [babi]-[biba] L1
Levitt et al. (1988) HAS English 2 [fa]-[6a] L1
[va]-[0a] L1
[af]-[a6] L1
Kuhl & Miller (1982) HAS Am. English 1-4 [a]-[i] L1
Kujala et al. (2004) MEG Finnish 0 [az]-[iz] L1
Mahmoudzadeh et al. fNIRS French 0 (pre- [ba]-[ga] L1
(2013) term)
Moon et al. (2013) HAS Am. English & 0 changes within native L1
Swedish in: [i], [y] | within non-native
Narayan et al. (2010) CF Filipino 6-8 [na]-[na] L1
(non- 10-12 L1
cntg.) English 4-5 [ma]-[na] L1
[na]-[na]
6-8 [ma]-[na] L1
[na]-[na]
10-12 [ma]-[na] L1
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[na]-[na]

Polka & Werker (1994, CF English 4 [dit]-[dat] L1
Exp. 1) [dyt]-[dut]
[dyt]-[dut]
6 [dit]-[dat] L1
[dyt]-[dut]
[dyt]-[dut]
Sebastian-Gallés & HPP Monolingual 4 [dodi]-[dudi] L1
Bosch (2009) (cntg.) Spanish or Catalan [dedi]-[dudi] L1
8 [dodi]-[dudi] L1
[dedi]-[dudi] L1
Bilingual Spanish 4 [dodi]-[dudi] L1
& Catalan [dedi]-[dudi] L1
8 [dodi]-[dudi] L1
[dedi]-[dudi] L1
12 [dodi]-[dudi] L1
Shahidullah & Hepper USG English 27 wGA [ba]-[bi] L1
(1994) 35 wGA L1
Streeter (1976) HAS Kikuyu 2 [ba]-[pha] -30vs. 0 (L1)
+10 vs.+40
+50 vs. +80
Sundara et al. (2018) CF English 4 [na]-[na]
(cntg) 6 [nal-[nal
[na]-[na]
(la]-[la]
French 6 [na]-[na]
(la]-[la]
Swoboda, Morse, & Am. English 2 [i]-[1] L1
Leavitt (1976) within [i], within [1]
Trehub (1973) HAS Can. English 1-4 [a]-[i] L1
[i]-[u] L1
[pa]-[pi] L1
[ta]-[ti] L1
Trehub (1976) HAS Can. English 2-4 [pa]-[pa]
Can. Eng./French [3a]-[ra]
Weikum et al. (2012) ECG Can. English 36 wGA [da]-[tha] L1
[a]-[i] L1

Table 1: A summary of studies that assessed (native or non-native) vowel or consonant

discrimination in foetuses or infants younger than six months. The list of studies is meant as a
representative, though not exhaustive, overview of speech sound discrimination in very young
populations. Outcome column: shading denotes evidence for discrimination; “L.1” marks a native

(-like) contrast. Age in months unless stated as wGA (weeks of gestation age). Methods: CF =

central fixation, cntg. = contingent on infant looking, CTG = cardiotocography, ECG =
electrocardiography, EEG = electroencephalography, fNIRS = functional near-infrared

spectroscopy, HAS = high-amplitude sucking, HPP = headturn preference procedure, MEG =

magnetoencephalography, USG = ultrasonography. Language in italics if not specifically named

in the cited study.
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Young infants’ perceptual discrimination of speech sounds

)
S
2 nocturnal oddball training distribution. training
é cheouretal. 2002) Y[l | ‘Wanrooijetal. 2014y  [E]-[22]
X
g prenatal oddball training [tatfata]
= Partanen et al. (2013) [tatéta]
)
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§_ Moon et al. (2013) L/[Y]
[
(= Kikuyu environment Spanish environment
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= Levitt et al. Sundara et al.
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Age

Figure 1: A timeline sketching selected speech sound discrimination abilities before six months
of age. The lower part shows discrimination independent of native-language or training
exposure, the upper part shows discrimination dependent on prior exposure. Vowel distinctions

in purple, consonantal ones in black. Grey shading shows intrauterine perception

or training.

The width of the rectangles spans the infant ages at which discrimination of the depicted
contrasts has been attested by the respective studies. The figure shows that from very early on,

humans are able to distinguish not only large but also relatively small differences
in consonants. Note that the timeline does not contain all discriminable contrasts
show failures to discriminate.

in vowels and
and does not
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