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Research Highlights

e This is a multi-language and multi-lab investigation of young infants’ ability to
discriminate lexical tones.

e This study included data from 13 laboratories testing 5-, 10-, and 17-month-old
monolingual (tone, pitch-accent, non-tone) and bilingual (tone/non-tone, non-
tone/non-tone) infants.

e Opverall, infants discriminated a perceptually similar and a distinct non-native tone
contrast, although there was no evidence of a native tone-language advantage in
discrimination.

e These results demonstrate maintenance of tone discrimination throughout

development.
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Abstract

We report the findings of a multi-language and multi-lab investigation of young infants’
ability to discriminate lexical tones as a function of their native language, age, and language
experience, as well as of tone properties. Given the high prevalence of lexical tones across
human languages, understanding lexical tone acquisition is fundamental for comprehensive
theories of language learning. While there are some similarities between the developmental
course of lexical tone perception and that of vowels and consonants, findings for lexical tones
tend to vary greatly across different laboratories. To reconcile these differences and to assess
the developmental trajectory of native and non-native perception of tone contrasts, this study
employed a single experimental paradigm with the same two pairs of Cantonese tone contrasts
(perceptually similar vs. distinct) across 13 laboratories in Asia-Pacific, Europe, and North-
America testing 5-, 10-, and 17-month-old monolingual (tone, pitch-accent, non-tone) and
bilingual (tone/non-tone, non-tone/non-tone) infants. Across the age range and language
backgrounds, infants who were not exposed to Cantonese showed robust discrimination of the
two non-native lexical tone contrasts. Contrary to this overall finding, the statistical model
assessing native discrimination by Cantonese-learning infants failed to yield significant effects.
These findings indicate that lexical tone sensitivity is maintained from 5 to 17 months in infants
acquiring tone and non-tone languages, challenging the generalisability of the existing
theoretical accounts of perceptual narrowing in the first months of life.
Keywords: Lexical tone; Speech discrimination; Perceptual reorganization; Bilingualism;

Infancy
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During their first postnatal year, infants face the challenging task of learning the
phonological categories of their native language(s), an ability that is integral to early
language development. To date, evidence for the development of native phoneme categories
is based mainly on monolingual infants acquiring Germanic or Romance languages. Most of
these languages primarily use consonants and vowels to differentiate lexical meaning. Such
consonant-vowel-only languages are in the minority; over half of the world’s languages are
tone or pitch-accent languages that use, in addition to consonants and vowels, pitch variations
within words to differentiate word meaning (Maddieson, 2008; Yip, 2002). These languages
are widely spoken around the world and are native to the majority of language learners
(Fromkin, 1978). In spite of this, these languages have not been widely studied in the
language acquisition literature.

The inclusion of tonal (lexical tone and pitch-accent) languages in language
acquisition research promises to enrich our understanding of early language development in
several ways. First, an investigation of tone acquisition affords an opportunity to understand
an aspect of language learning that applies to the majority of children around the world who
learn a tone language as their native language. Second, it allows us to test whether prevailing
models of infant speech perception generalise to tone languages. Third, tone is linguistically
interesting as it is carried by a dimension of speech — vocal pitch — that varies in
communicatively significant ways in all languages, yet it is only lexicalised in tone
languages. The differentiation of pitch into its various functions is a challenge for every
learner but is arguably a particularly interesting challenge for tone language learners who
must isolate lexical tone from other sources of pitch variation such as intonation (see Kager,
2018). Finally, there is emerging evidence that tone language learners differ from non-tone
language learners not only in their perception of lexical pitch but also in their sensitivity to

vowels and consonants (Gomez, Mok, Ordin, Mehler, & Nespor, 2018; Wiener & Turnbull,
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2016; Poltrock, Chen, Kwok, Cheung, & Nazzi, 2018; Wewalaarachchi, Wong & Singh,
2017; Chen, Lee, Luo, Lai, Cheung, & Nazzi, 2021). Therefore, studying tone perception in
tone and non-tone language learners has the potential to reveal different facts about how
more-commonly studied properties of language — such as vowels and consonants — may be
constrained by each learner’s language background. These arguments have inspired a recent
surge in research on lexical tone acquisition in infancy and early childhood (e.g., see Singh &
Fu, 2016 for an overview). In particular, there has been recent interest in investigating how
infants discriminate lexical tones. This research has yielded valuable but somewhat
contradictory findings. The aim of this study is to provide the first comprehensive cross-
linguistic investigation of infants’ early ability to discriminate lexical tones and to
systematically measure how this ability is impacted by age, language background, language
experience, and the psychoacoustic properties of specific lexical tone contrasts.

Infants come to the world equipped with the ability to discriminate many phonetic
contrasts across the world’s languages. Although newborns have certain acoustic/phonetic
sensitivities (Burnham, 1986; Eimas, Siqueland, Jusczyk, & Vigorito, 1971; Polka & Werker,
1994; Werker & Tees, 1984a), these are not language-specific, so infants are born prepared to
learn any language (Kuhl, 2004). During their first year, infants undergo a period of
perceptual reorganisation or perceptual narrowing, which is characterised by maintenance or
an increase in sensitivity to native speech contrasts and a corresponding decrease in
sensitivity to many non-native speech contrasts. This is proposed to occur around the age of
four to six months for vowel categories and around nine to 11 months for consonants (Best,
1994; Bosch & Sebastian-Gallés, 2003; Kuhl, Williams, Lacerda, Stevens, & Lindblom,
1992; Kuhl et al., 2006; Polka & Bohn, 2011; Polka & Werker, 1994; Stager & Werker,
1997; Werker & Tees, 1984a). These age ranges are not critical periods after which native

speech perception abilities are irreversibly consolidated (Werker, 2018; Werker & Hensch,
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2015). Rather, this reorganisation may involve a change in processing biases but not loss of
sensorineural responsivity, as adults can still discriminate non-native speech contrasts when
short inter-stimulus durations are used or after training (Aoyama, Flege, Guion, Akahane-
Yamada, & Yamada, 2004; Gotz, Yeung, Krasotkina, Schwarzer, & Hohle, 2018; Mazuka,
Hasegawa, & Tsuji, 2014; Werker & Logan, 1985; Werker & Tees, 1984b). Even in infancy,
sensitivity to some native but phonetically non-salient consonant contrasts continues to
develop during the first year (Narayan, Werker, & Beddor, 2010; Tsao, Liu, & Kuhl, 2006),
and renewed sensitivity to a non-native contrast can be observed after exposure to the non-
native language in which the contrast is used (Kuhl, Tsao, & Liu, 2003).
The Phonology of Tone Languages

The phonemic inventories of tone languages include consonants, vowels, and lexical
tones. Acoustic analyses of lexical tones show a number of distinguishing acoustic properties
(duration, amplitude, vocal range, and voice quality). However, they are primarily defined by
modulations in pitch (fundamental frequency, FO) height and contour (Liu & Samuel, 2004).
As tones span an entire syllable in most tone languages, they are often classified as
suprasegmental cues, despite their function as phonological segments that distinguish
between words. Similar to tone languages, pitch-accent languages (e.g., Japanese,
Norwegian, and Swedish) also employ systematic changes in pitch at the lexical level, but in
a more restricted manner than in lexical tone languages (see Hyman, 2009 for a discussion).
Specifically, in these languages, pitch changes refer to the relative pitch between adjacent
syllables, and they are only imposed on a subset of syllables rather than on every syllable of
the word, and pitch changes are not obligatorily assigned to all words or all syllables of the
language.

As is the case with consonants and vowels, the composition of tone and to a lesser

extent pitch-accent inventories vary widely across tone languages. In this study, Cantonese
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tones were used as stimuli (Figure 1 presents the Cantonese tone inventory), and infants
acquiring tone languages (e.g., Cantonese, Mandarin Chinese), pitch-accent languages
(Norwegian, Swedish), and non-tonal languages (Basque, Dutch, English, French, German,
and Spanish) participated in this study. Lexical tones are conventionally described using
Chao numerals (Chao, 1968), which refer to a method of coding the pitch onset, offset and
inflection points of a tone according to a scale that ranges from 1 (lowest pitch) to 5 (highest
pitch).
Perceptual Reorganisation for Tones

While research on infant discrimination of native and non-native consonant and
vowel categories has mainly provided evidence for facilitation or maintenance for native
contrasts and attenuation for non-native contrasts (see Aslin & Pisoni, 1980 for a theoretical
account of these developmental pathways), evidence from studies of infants’ lexical tone
discrimination has been mixed. Three distinct developmental patterns have been found both
for native and non-native lexical tone discrimination: facilitation or maintenance over age,
attenuation over age, and non-monotonic discrimination profiles over age, i.e., resurgence.
Moreover, different patterns have been found for monolingual and bilingual infants and for
tone contrasts that differ in psychoacoustic salience (see Singh & Fu, 2016 for a review).
Figure 2 provides a summary of studies of the developmental patterns of tone discrimination
in infants in terms of evidence for facilitation, maintenance, attenuation, and resurgence for
monolingual and for bilingual infants, along with the Chao values of the tone contrasts used
in each study and classification of the psychoacoustic salience of the contrasts as ‘distinct’
for high salience and ‘subtle’ for low salience. Below, we present a corresponding review of
infant tone discrimination studies in three sections: (i) results for infants being raised in a

monolingual tone or non-tone language environment, (ii) results for infants being raised in a
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bilingual language environment, and (iii) the effects of psychoacoustic salience on the
developmental patterns of tone discrimination.
Tone Discrimination in Monolingual Infants

Maintenance or facilitation in tone language infants. Maintenance of tone
discrimination over the first year has been found in native tone learners: there is stability in
Mandarin/Cantonese infants’ discrimination of Thai tones between 6 and 9 months (Mattock
& Burnham, 2006), in Mandarin infants’ discrimination of a Mandarin tone contrast between
6-8 and 10-12 months (Tsao, 2017), and in Mandarin and Cantonese-exposed infants’
discrimination of Cantonese tones between 4 and 9 months (Yeung, Chen, & Werker, 2013).
Additionally, Yeung et al. (2013) reported evidence for differences in Cantonese tone
perception by Cantonese and Mandarin infants even at 4 months suggesting some early
influence of infants’ native language experience on their tone discrimination abilities. Thus
far, studies demonstrating stability have used Thai or Cantonese tones.

Using Mandarin tones, facilitation has been found in three studies on Mandarin-
monolingual infants’ discrimination of native Mandarin tones: Singh et al. (2018) in
combination with Singh, Poh, and Fu (2016) found improvement between 6 and 12 months.
Facilitation in native Mandarin tone discrimination with age was also reported by Tsao
(2017) between 7 and 11 months.

Facilitation in non-tone language infants. Facilitation of tone discrimination over
age has also been reported in non-tone language learning infants, predominantly using
Mandarin tones. Chen and colleagues found an improvement over age in Dutch-learning
infants’ tone discrimination: infants did not discriminate a subtle Mandarin contrast at 4
months, but they did do so at 6 and 12 months of age (Chen & Kager, 2016; Chen, Stevens &
Kager, 2017). Similarly, testing English language infants on Mandarin tones, Singh et al.

(2018) found that infants progressed from discriminating neither distinct nor subtle Mandarin
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tone contrasts at 6 months to discriminating both types of tone contrasts at 12 months. Tsao
(2017) also demonstrated an improvement in the perception of Mandarin tones between 6-8
and 10-12 months in English-learning infants.

Attenuation in non-tone language infants. No studies have reported evidence of
attenuation to tone in tone language learning infants. In contrast, evidence for attenuation of
tone discrimination in non-native tone perception has been found in five studies using Thai,
Mandarin, and Cantonese tones. Mattock and Burnham (2006) compared discrimination of a
Thai tone contrast by non-tone (English) and tone (Mandarin or Cantonese) learning infants
at 6 and 9 months. They reported maintenance for both contrasts by the tone language infants
and attenuation by the non-tone language infants. Similar results of maintenance in tone
(Mandarin) infants and attenuation in non-tone (French) infants were found for Thai tones
(Mattock, Molnar, Polka, & Burnham, 2008; Cabrera et al., 2015). Similar attenuation was
found for a Mandarin tone contrast in French-learning infants between 4 and 11 months (Shi,
Santos, Gao, & Li, 2017). Using Cantonese tone stimuli, Yeung et al. (2013) found similar
attenuation between 4- and 9-month-old non-tone English monolingual infants.

Maintenance or resurgence in tone and non-tone language infants. One
investigation of non-tone language learners showed maintenance for a Mandarin contrast by
French monolingual infants across 4, 8, and 11 months (Shi et al., 2017), and another showed
maintenance of a Mandarin contrast by Dutch infants from 5 to 17 months (Liu & Kager,
2014). In addition, maintenance has been found for tone language infants listening to a non-
native tone language: Cabrera et al. (2015) found maintenance of discrimination of a non-
native Thai tone contrast in 6- and 10-month-old Mandarin infants, and Ramachers, Brouwer,
and Fikkert (2018) found maintenance of discrimination by Dutch 6- to 12-month-old infants

tested on a contrast from Limburgian, which is a restricted tone (i.e., pitch-accent) language.
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Several studies raise the possibility that developmental modulation of tone
discrimination in infants’ first year of life may be transient, and that further perceptual shifts
may be observed in their second year. As described above, Liu and Kager (2014) found that
Dutch-learning infants maintain discrimination of a Mandarin tone contrast between 5 and 18
months of age. However, when tested on a more subtle contrast resulting from compressing
the acoustic distance between the tone pair, a U-shaped pattern emerged with discrimination
at 5-6 months, then a decline in discrimination between 8 and 12 months, and then a
resurgence of discrimination at 14-15 months with a further increase at 17-18 months. A
similar pattern has recently been found for German infants’ discrimination of a Cantonese
tone contrast (the same contrast as used by Yeung et al., 2013). In this study, there was an
attenuation in discrimination between 6 and 9 months but then a resurgence of discrimination
at 18 months (Gotz et al., 2018; see also Hay, Cannistraci, & Zhao, 2019; Hay, Graf-Estes,
Wang, & Saffran, 2015; and Singh, Tam, Chan, & Golinkoff, 2014 for evidence of Mandarin
tone discrimination in word-learning tasks by English-learning infants at 14, 18, and 19
months respectively and Liu & Kager, 2018 for evidence of similar tone sensitivity in 14-
month-old Dutch infants).

Tone Discrimination in Bilingual Infants

In addition to monolingual learners, recent research has found an impact of bilingual
experience on tone perception. Liu and Kager (2017) tested bilingual infants who were
acquiring Dutch and another non-tone language from 5 to 18 months of age using a Mandarin
tone contrast. Similar to their findings with monolingual infants (see above, Liu & Kager,
2014), when tested on an artificially compressed contrast, bilingual infants also demonstrated
a U-shape developmental pattern, but the resurgence in discrimination was observed earlier
for bilingual (11-12 months) than for monolingual infants (17-18 months, Liu & Kager,

2014). The authors suggested that bilinguals’ complex linguistic environment may facilitate

12
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greater acoustic sensitivity, even for lexical tones, although these are not lexically contrastive
in the bilinguals’ native languages (see also Liu & Kager, 2016).

Two studies have investigated tone discrimination in bilingual samples learning one
tone language and one non-tone language. Singh and colleagues (2018) investigated the
development of tone perception in tone/non-tone (Mandarin-English) bilinguals and found
that they did not discriminate either subtle or distinct tone contrasts at 6, 9, or 12 months.
This difficulty may be due to the conflicting lexical role pitch plays in English (pitch is used
to draw non-lexical intonational distinctions) and in Mandarin (pitch is used to draw non-
lexical and lexical distinctions). It is important to note that their task did not include any
language-identifying cues, which invites the possibility that tone/non-tone bilingual infants
may require contextual support to differentiate pitch variation in a language-appropriate
manner. Support for this possibility comes from a study with English-Mandarin bilinguals
that tested sensitivity to tone in a word segmentation task that carried language-identifying
cues, in which infants demonstrated language-selective pitch differentiation by 11 months
(Singh & Foong, 2012). One other study assessed tone discrimination in tone/non-tone
bilinguals using Limburgian tones and found maintenance of discrimination between 6 and
12 months (Ramachers et al., 2018). However, the sample size in this hard-to-recruit
population was small and as such may not have had sufficient power to detect age-dependent
changes.

Psychoacoustic Salience of Tone Contrasts

The above developmental patterns for tone discrimination are qualified by the
acoustic properties of the tone contrasts. As can be seen in Figure 2, previous studies vary
widely in the tone languages chosen for stimuli, and within these languages, studies vary in
their selection of particular tone contrasts. One factor that has been manipulated in many

studies is psychoacoustic salience of tone pairs. There is little agreement regarding the
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specific properties that would qualify a tone contrast as distinct or subtle and thus
perceptually difficult or easy. For instance, it has been proposed that non-native tones that
resemble commonly occurring prosodic patterns in infants’ native language (e.g., the rising
tone is similar to the rising intonation in questions) can facilitate discrimination (Hay et al.,
2019). Other studies have categorised tones according to their acoustic trajectory suggesting
that contour tones (height and pitch trajectory cues) are easier to discriminate than level tones
(height only) (Mattock & Burnham, 2006). Still, other studies have used adults’
discrimination of individual tone pairs as a basis for determining the psychoacoustic salience
of tone contrasts (Singh et al., 2018). All of these are considered below.

Distinct (salient) tone contrasts. Studies that have tested discrimination of distinct
tone contrasts have reported maintenance and facilitation patterns in non-tone language-
learning infants with only one exception. Two studies have shown facilitation across the first
year of life in English and French infants (Shi et al., 2017; Tsao, 2017), and one study
reported maintenance for Dutch monolingual infants (Liu & Kager, 2014) and another for
bilingual infants (Liu & Kager, 2017). In the case of native discrimination in tone-learning
infants, Shi et al. (2017) reported maintenance in Mandarin infants from 4 to 14 months and
two studies reported facilitation across age in the same language group (Singh et al., 2018;
Tsao, 2017). However, Mattock and Burnham (2006) reported attenuation of discrimination
of a distinct Thai contrast by non-tone (English) learning infants from 6 to 9 months.

Subtle contrasts. Regarding discrimination of subtle contrasts, evidence can be found
in support of each of the four developmental patterns: maintenance, facilitation, attenuation,
and resurgence. First, in the case of non-native discrimination, three studies have reported
continuous facilitation across age in Dutch- and English-learning infants (Chen & Kager,
2015; Chen et al., 2017; Singh et al., 2018), and three studies reported resurgence for

monolingual infants learning Dutch, German, as well as non-tone bilinguals (Liu & Kager,
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2014; 2017; Gotz et al., 2018). In contrast, five studies have reported attenuation of
discrimination for subtle non-native contrasts for English- (Mattock & Burnham, 2006;
Yeung et al., 2013) and French-learning infants (Cabrera et al., 2015; Mattock et al., 2008;
Shi et al., 2018). In the case of native discrimination, for tone-learning infants, Singh et al.
(2018) reported facilitation for the subtle rising vs. dipping contrast, and Tsao (2017)
reported maintenance using the same contrast. Maintenance was also reported by Shi et al.
(2018) and Tsao (2017) for Mandarin infants tested on the rising-falling contrast.

To summarise, studies have found different patterns of discrimination for distinct
versus subtle contrasts (e.g., Liu & Kager, 2014; Singh et al., 2018; Tsao, 2017). There is
generally greater convergence of results from studies using psychoacoustically distinct tone
contrasts — these contrasts generally result in maintenance or facilitation patterns. In contrast,
studies using subtle contrasts have yielded more variable patterns of discrimination. These
subtle contrasts may be more vulnerable to the effects of native language background, age,
and other individual factors. This provides an impetus for investigating both perceptually
distinct and subtle tone contrasts in this study.

Summary and the Current Study

In sum, patterns of tone discrimination in infant speech perception are far less
categorical than has been established for vowels and consonants. There is little consensus as
to whether tones are subject to perceptual narrowing, which is widely considered to be a
hallmark of infant language development. As can be seen in Figure 2, age-related changes in
tone discrimination vary both within tone- and non-tone language learners, between
facilitation, attenuation, maintenance, and resurgent development, and discrimination abilities
are further modified by the psychoacoustic salience of the tone stimuli used in each study.
The effects of infants’ age are less predictably tethered to their tone discrimination abilities

than one might expect based on previous findings with consonant and vowel discrimination.
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Therefore, there is a great deal of uncertainty about whether previous accounts of perceptual
reorganisation accommodate lexical tones as well as they do for consonants and vowels. This
provides a strong impetus for further research across populations and languages to determine
what factors constrain tone perception in infancy.

We initiated a large international research collaboration to investigate the role of
experience in lexical tone perception. Our project was inspired by recent collaborative
initiatives across multiple labs (e.g., Frank et al., 2017; Klein et al., 2014), and followed the
example of recent multi-site infancy studies initiated by the Many Babies Consortium (e.g.,
Many Babies Consortium, 2020; Byers-Heinlein et al., 2021; Frank et al., 2017). This study
brings together evidence on early tone perception from infant laboratories located in the Asia-
Pacific region, rich in tone languages, as well as Western Europe and the United States where
non-tone language monolingual and multilingual populations of infants can be accessed.
Specifically, we studied infant tone discrimination across different age groups and language
backgrounds, including infants acquiring non-tone, tone, and intermediate tone languages
(i.e., pitch-accent languages). Therefore, in this study, infants’ ability to discriminate lexical
tones was compared across three language types (tone, pitch-accent, and non-tone), nine
languages (Basque, Cantonese, Dutch, English, French, German, Mandarin, Norwegian,
Spanish and Swedish), two language-background groups (monolingual, bilingual), three age
groups (5 months, 10 months and 17 months), and two tone contrast types (perceptually
similar, perceptually distinct).

In the current work, Cantonese was selected as the stimulus language. Cantonese is
characterised by a complex lexical tone system with a dense lexical space comprising six
tones (Figure 1). Specifically, the 25 (rising), 21 (falling), and 33 (mid-level) tones were
selected for this study to assess discrimination of two types of tone contrasts: a perceptually

similar contrast (25 vs. 21) and a perceptually distinct contrast (25 vs. 33). Our categorisation
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of the similarity of the tone pairings was derived based on existing evidence from infant (Hay
et al., 2019) and adult tone discrimination (Wang, Spence, Jongman, & Sereno, 1999). The
rising vs. falling contrast was classified as perceptually similar given that these two tones
overlap in their onset FO level (So & Best, 2010). The rising vs. mid-level contrast was
classified as perceptually distinct given that it comprises two tones that do not overlap in their
onset level or trajectory. We also included infants from three age groups, which correspond
to the ages when previous studies have identified the four developmental patterns described
in our literature review. Therefore, our comprehensive design extends the study of lexical
tone perception during and beyond the first year of life. The specific predictions for this study
are described below.

Main Predictions

Age. Our first aim was to define the developmental trajectory for lexical tone
discrimination in infants from 5 to 17 months of age. Based on previous research, we have
constructed separate predictions for native and non-native discrimination patterns.

Native tone perception: Cantonese infants’ discrimination of Cantonese tones.
Following the perceptual reorganisation account concerning native speech perception,
Cantonese infants were proposed to show successful discrimination of the two tone contrasts
across ages. An improvement over age was also predicted (Singh et al., 2016; 2018; Tsao,
2017). Additionally, following previous studies on Mandarin infants’ discrimination of native
tone contrasts (Singh et al., 2018; Tsao, 2008; 2017), it was possible that more successful
discrimination of the perceptually distinct compared to the perceptually similar contrast
would be observed for the two younger age groups.

Non-native tone perception. As summarised in this literature review and Figure 2,
three performance patterns could be predicted for the development of non-native tone

perception across the three age groups included in this study. The first is a decline in
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sensitivity to tone contrasts as a function of age (Cabrera et al., 2015; Mattock & Burnham,
2006; Mattock et al., 2008), which would replicate previous findings for most vowel and
consonant contrasts (Werker & Tees, 2005). The second is maintenance or improvement in
tone sensitivity, which would support the view that regardless of infants’ native phonological
inventory, their tone sensitivity is maintained or even improved reflecting maturation of
acoustic sensitivity to pitch information in the speech signal (Singh et al. 2018; Tsao, 2017)
and/or general cognitive growth (Chen & Kager, 2016). The third possible outcome is that a
non-linear U-shaped pattern would be observed, which would support the proposal that
infants’ initial sensitivity to lexical tones decreases as a function of attunement to their native
language, but later re-emerges as a product of developing general auditory processing
abilities and/or the acquisition of native supra-segmental competence (i.e., native intonation
patterns that can resemble the acoustic contours of lexical tones (Go6tz et al., 2018; Hay et al.,
2019; Liu & Kager, 2014).

Language type. Our second aim was to compare tone discrimination as a function of
infants’ language type. Language types were defined based on the extent to which infants’
native language employs pitch information to mark phonetic distinctions: tone languages,
pitch-accent languages and non-tone languages. In the case of non-native tone contrasts, a
decline in sensitivity was expected over age, in line with the perceptual reorganisation
account, regardless of infants’ native language, and the acoustic salience of specific tone
contrasts (e.g., Mattock & Burnham, 2006; Mattock et al., 2008; Yeung et al., 2013).
However, given more recent cross-linguistic evidence (Figure 2), we expected that language
background and properties of tone pairs would mediate infants’ performance in our task.
First, we predicted that infants’ tone sensitivity would be shaped by the role of pitch as a
source of lexical contrast in infants’ native languages. In this case, a decline in sensitivity

during the first year of life was expected in monolingual infants from non-tonal language
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backgrounds (Dutch, English, French, German), but maintained or improved sensitivity was
expected in infants from tone language backgrounds (Mandarin; Shi et al., 2017). We also
predicted that sensitivity would be maintained, but to a lesser extent, in infants from pitch-
accent languages (Norwegian, Swedish). To our knowledge, no previous studies have
assessed non-native tone perception in pitch-accent-language infants, so our prediction was
based on evidence from adult research (Burnham et al., 2015).

Language background. Bilingualism has been proposed to impact the perceptual
attunement trajectory for native and non-native categories, leading to the view that bilingual
exposure leads to protracted periods of neural commitment to native phonetic contrasts and
protracted periods in the ability to discriminate non-native phonetic contrasts (Ferjan
Ramirez, Ramirez, Clarke, Taulu, & Kuhl, 2017; Petitto et al., 2012), but findings regarding
the effects of bilingualism on tone perception have been mixed (Liu & Kager, 2017; Singh et
al., 2018). To evaluate the effects of bilingualism on infants’ performance, the monolingual
and bilingual groups in this study were compared collapsing across infants acquiring tonal
and non-tonal languages. Our exploratory analyses (see below) aimed to further qualify this
effect by assessing the influence of tone-language experience on bilingual infants’
performance in this task.

Tone contrast. Finally, the effects of tone salience on discrimination abilities across
language and age groups were assessed. In light of the lack of convergence in previous
findings regarding the effects of perceptual salience on infants’ ability to discriminate non-
native tone contrasts, we abstained from specific predictions for each language background
and age group in this study. We expected that robust conclusions about stimulus effects
would be drawn from this large and diverse sample. Our overall objective was to trace the
developmental trajectory of each group’s ability to discriminate the similar and distinct tone

contrast in order to delineate the patterns in which this factor interacts with infants’
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individual linguistic background, age-related maturation of acoustic sensitivity, and growing
language-specific competence.
Exploratory Analyses

In addition to the main predictions listed above, our design allowed us to conduct an
exploratory analysis to further assess the effects of bilingual infants’ individual language
experience on tone discrimination. This analysis accounted for infants’ individual degree of
exposure to their two languages and one or none of infants’ native languages being a tone
language!. Bilingual infants acquiring a tone language might exhibit limited tone sensitivity
given that our task did not provide cues to language context as in past instantiations of the
task (Singh et al., 2018).

Method

Project Time Frame and General Participating Protocols

Individual labs confirmed their participation in October 2018. A power analysis
(reported in Supplementary Information, SI1) indicated that a minimum sample of 177
infants was required for our planned analyses. Data collection commenced in February 2020
and was completed in April 20222, Detailed information about the standardisation of
participant recruitment and data collection procedures is available in SI2. The registration
protocol for this study can be accessed at osf.io/t6sp2.

Participants

"' Our registered predictions also included bilingual infants acquiring two tone languages
(Cantonese-Mandarin bilinguals). However, despite our efforts to recruit this population
across our testing locations, families with these infants did not volunteer for our study.
Therefore, we have removed these predictions, and instead we now discuss the inclusion of
this language background group as an important direction for future research.

2 The study duration exceeded the planned period of 18 months due to the COVID-19
pandemic. Individual labs interrupted data collection for varying periods of time depending
on the quarantine and movement restriction measures in each country and due to interruptions
in participant recruitment.
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The final sample comprised a total of 462 infants (237 male, 225 female), a third
tested in each of the three age groups (5, 10 and 17 months). See Table 1 for details. Maternal
education level was used as a proxy for families’ socio-economic status. Maternal education
levels ranged from ‘completed school’ and ‘a doctoral degree’ across labs, with a median of
‘university degree’. A Kruskal-Wallis test showed that there were significant differences in
maternal education across labs, H = 62.953, df = 12, p <.001. As seen in SI3, the median
education level in all laboratories was either ‘university degree’ or ‘master degree’, the
minimum education level ranged from ‘completed school’ to ‘completed college or technical
degree’, and the maximum level ranged from ‘completed university’ to ‘a doctoral degree’.

All infants were reported to be typically-developing, born full-term, in good physical
health, had no history of severe ear infections or hearing deficits, and were not at familial risk
for developmental cognitive or language disorders. No information about infants’ race and
ethnicity was collected for this study. Infants who did not meet these criteria were excluded
prior to recruitment when possible. In addition, data for 242 infants were collected but
excluded from the final analyses due to failure to comply with all the inclusion criteria (listed
in detail in SI4). All caregivers provided written consent prior to participating in the study
(see SI2 for detailed ethics information).

Monolingual infants. Infants (N = 364) were included in one of the monolingual
groups in this study if they received at least 90% of weekly exposure to their native language.
Monolingual infants were exposed to Cantonese, Dutch, English, French, German, Mandarin,
Norwegian, and Swedish. Of these infants, 92 were reported to receive exposure to an
additional language for less than 10% of a child’s weekly awake time (M = 92.33%, SD =
2.65), and it was ensured that this was not a tone or a pitch-accent language.

Bilingual infants. Infants (N = 98) were included in one of the bilingual groups in

this study if they received a maximum of 75% and a minimum of 25% to each of their

21



TONE DISCRIMINATION IN INFANCY

languages (Pearson, Fernandez, Lewedeg, & Oller, 1997). Bilingual infants were exposed to
the following language pairs: Basque-Spanish, Mandarin-English (infants could be dominant
in either of the languages in each pair). Infants’ exposure to their dominant language ranged
from 48% to 78% (M = 62.37%, SD = 7.96), and to their non-dominant language ranged from
22% to 50% (M = 37.01%, SD = 7.76). In addition, 24 infants were reported to receive no
more than 10% of exposure to a third language (M = 3.37%, SD = 2.32). Detailed information
about bilingual infants’ language exposure patterns is reported in SIS.

Language background and demographic information.

Language background questionnaire. Information about infants’ language exposure
was collected using the LEAT: Language Exposure Assessment Tool (DeAnda, Bosch,
Poulin-Dubois, Zesiger, & Friend, 2016). The LEAT was chosen for this study as it is a
parental questionnaire that has been successfully validated across two bilingual populations
from different language backgrounds (English-French and English-Spanish), and it is
accompanied by a published user manual, which allowed for standardisation of
administration and scoring across the labs in this study. The LEAT collects information about
the infant’s primary interlocutors (who interact with the infant on a weekly basis), the
languages that they use, the number of hours that they spend using these languages around
the infant every day, and the changes in these patterns of exposure across the infant’s
lifetime.

Experimental Setup and Apparatus

The specific characteristics of the laboratory space, furniture, hardware, and software
used for data collection varied across laboratories. Detailed descriptions of each lab’s setup
can be found at osf.io/t6sp2. All labs conducted the testing sessions in a sound-attenuated or a
quiet room inside an infant laboratory. The testing space was equipped with a computer

monitor or a TV screen, centrally-positioned loudspeakers hidden behind or underneath the
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screen, and a CCTV camera or a webcam located on top of or under the screen focused on the
infant’s face. The camera was connected to a monitor inside a different room (control room)
where the experimenter observed the infant’s behavior during the task and coded the infant’s
responses. The experimental paradigm was run using Habit X software (1000, 2, or Windows
versions; Oakes, Sperka, DeBolt, & Cantrell, 2019) installed on a Mac or a Windows
computer.
Stimuli

Audio stimuli. A female native Cantonese speaker from Hong Kong was recorded
producing instances of the pseudoword /lIn/ with Cantonese tones 25 (rising tone), 21 (falling
tone), and 33 (mid-level tone). The pseudoword was chosen to ensure that it was an
acceptable lexical form for infants of all language backgrounds involved in the study, and
that it was either not a real word or was a word that would be unlikely to be known to young
infants in all these languages (/li:n 25/ = “necklace/to grasp” in Cantonese, /li:n 35/= surname
in Mandarin, /li:n/ = female first name in English, Norwegian and Swedish). The tones were
chosen for two reasons. First, neither tone 33 nor 21 have corresponding tones in the
Mandarin tone inventory ensuring that these tones would be non-native for Mandarin infants
learning a tone language. Second, tone 33 was categorised at near-perfect levels by tone and
non-tone language speaking adults (Francis, Ciocca, Ma, & Fenn, 2008). Categorisation of
tone 21 was lower for non-native speakers and uniformly low across Mandarin and English
speakers. In addition, we sought to include both a dynamic and static comparison tone on
account of past studies suggesting that infants’ sensitivity to tone contour may be influential
in non-native and native tone sensitivity (Burnham, Singh, Mattock, Woo, & Kalashnikova,

2018).
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The speaker was instructed to produce the stimuli in a lively child-directed manner.
Four tokens of each tone contour were selected as the final stimuli. Details about the acoustic
characteristics of the stimuli are presented in Table 2.

The four tokens for each tone-bearing syllable were concatenated into 20-second
strings (each including 14 tokens of the stimuli) with ISIs ranging from 800 to 1000 msec.
The stimuli string used for habituation, re-familiarisation, and habituated test trials contained
the word with tone 25. The stimuli strings used for the novel test trials contained the word
with tone 25 alternating with the word with tone 21 for the perceptually similar trials (e.g.,
/Mn25/, /ltn21/, /ltn25/, /ltn21/, ...) and alternating with tone 33 for the perceptually
distinct trials (e.g., /ltn25/, /ltn33/, /l:n25/, /ltn33/, ...). An additional string with the
repetitions of the non-word /pa:k/ was used for the pre- and post-test trials. A musical string
was used to accompany the attention-getter. The volume of all the auditory stimuli was set to
65dB. Labs were instructed to set the speaker volume to the level that they customarily use in
their studies, and to keep the same level for infants from all age groups in this study.

Visual stimuli. A single static image of a colorful bullseye on a white background
was used during the habituation, re-familiarisation, and test trials. An image of the same
bullseye retracting and expanding on the screen was used for the attention-getter between
trials, and a video of a moving waterwheel toy presented on a black background was used for
the pre- and post-test trials. All auditory and visual stimuli used in the experiment can be
accessed at osf.i0/t6sp2.

Experimental Paradigm

An adaptation of the infant-controlled alternating stimulus paradigm was used (Tyler,
Best, Goldstein, & Antoniou, 2014), which allows a within-subjects measure of
discrimination of two sound contrasts and previously applied to studies of infant tone

perception (Singh et al., 2018). This is particularly relevant for bilingual samples where the
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degree of bilingualism is difficult to equalise across samples, which motivated our choice of a
within-subjects design. This paradigm involves four phases: habituation, test block 1, re-
familiarisation, and test block 2. Each test block consisted of two test trials, one habituated
trial in which infants were presented with repetitions of the habituated stimulus, and one
novel trial in which infants were presented with the habituated stimulus alternating with a
novel stimulus. The alternating stimuli were different in each test block (e.g., the perceptually
similar contrast in Block 1, and the perceptually distinct contrast in Block 2, counterbalanced
across infants). The re-familiarisation phase, which consisted of three trials of the habituation
stimulus, was presented between the two test blocks. This phase served the purpose of
reinstating the habituated stimulus as the baseline before presenting infants with a new test
stimulus. In order to avoid losing the infants’ attention during re-familiarisation, and to
maintain the overall brief duration of the task, no habituation criterion was imposed in this
phase.

The task started by presenting the infant with the attention-getter stimulus. Infants
also saw the same attention-getter before the start of every trial. After the infant fixated the
center of the screen, they saw the pre-test trial. Next, the habituation phase began. This phase
continued until infants reached the habituation criterion of a mean 50% decrease in looking
time in three consecutive trials compared to the baseline calculated as the average looking
time in the first three habituation trials. If infants failed to reach this criterion, the habituation
phase continued up to a maximum of 24 trials, and these infants’ data were excluded from the
final analyses.

After habituation, infants proceeded to complete the first test block, three re-
familiarisation trials, and the second text block. Each test block consisted of one habituated
trial and one novel trial, and the re-familiarisation trials consisted of the same stimuli used in

the habituation phase. One test block included the similar contrast test trial (25-21), and the
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other block the distinct contrast test trial (25-33). The order of presentation of the two test
blocks (similar first vs. distinct first) was counterbalanced across participants within each age
and language group in each lab. The trial order was also counterbalanced across blocks
within participants (i.e., novel trial presented first in Block 1 and habituated trial presented
first in Block 2 and vice versa). At the end of the task, infants were presented with the post-
test trial.

The duration of all trials (habituation, re-familiarisation, test, pre- and post-test) was
infant-controlled with a maximum length of 20 seconds, a minimum length of 1 second,
with the end of the trial triggered by a look away time of > 1 second.

During the task, infants sat in a dimly lit infant laboratory room on their caregiver’s
lap facing the experimental display. Caregivers listened to masking sounds over headphones
(a concatenation of music and the experimental stimuli; Nelson et al., 1995) and were

instructed to avoid speaking to the infant and/or pointing to the screen.

Results

Linear Mixed Effects (LME) models were used for all analyses included in this study.
Analyses were conducted using the Ime4 package (Bates, 2005) in R (R Core Team, 2013)
and the ImerTest package (Kuznetsova, Brockhoff, & Christensen, 2015) was used to
compute p-values. The Independent Variables defined for all models were: Age in weeks
(centered before entering the models), Language Background (monolingual infants, bilingual
infants), Language Type (tone language, pitch-accent language, non-tone language), Contrast
Type (distinct, similar), and Trial (habituated, novel). The dependent variable in all LME
models was infants’ looking time across different trials. Random intercepts were specified for
participant and laboratory. Our analyses did not aim to compare infant performance across

individual laboratories, but a figure of infants’ performance by laboratory and age group is
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presented in SI6. Two sets of analyses were conducted: Confirmatory Analyses and
Exploratory Analyses. Detailed rationale for the analyses and for each LME model’s
specification is provided in SI7.

All the confirmatory and exploratory analyses reported below focused on infants’
performance in the test phase. In order to get a deeper understanding of infants’ performance
patterns in this task, within and across individuals, we also conducted exploratory analyses of
infants’ performance in each phase of the task (habituation, re-familiarisation, and test).
Results and visualisations of these analyses are reported in SIS.

Confirmatory Analyses
Model 1: Effects of Age, Tone Contrast Type, and Language Background on Infants’
Non-Native Tone Discrimination

LME Model 1 assessed the effects of Age (5 to 17 months), Tone Contrast Type
(similar, distinct) and Language Background (monolingual, bilingual) on infants’ tone
discrimination (Figure 3). As this analysis focused on non-native tone discrimination, the
subset of infants who were not acquiring Cantonese (N = 416) was included. The results are
presented in Table 3 (see SI9 for model fit). A main effect of Trial indicated that infants
looked significantly longer in response to novel compared to habituated trials. There was also
a main effect of Language Background; bilingual infants’ looking times were significantly
shorter compared to monolingual infants. Finally, a marginal effect of Tone Contrast Type
suggested that infants’ looking times were longer in the distinct versus similar tone contrast
test block. All other main effects and interactions were not statistically significant.

Model 2: Effects of Age, Tone Contrast Type, and Language Type on Infants’ Non-
Native Tone Discrimination
LME Model 2 assessed the effects of Age (5 to 17 months), Tone Contrast Type

(similar, distinct) and Language Type (tone, non-tone, pitch-accent) on infants’ tone
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discrimination (Figure 4). This analysis also only included the subset of infants who were not
acquiring Cantonese (N = 416). The results are presented in Table 4 (see SI9 for model fit). A
main effect of Trial indicated that infants looked significantly longer in response to novel
compared to habituated trials. There was also a marginal effect of Tone Contrast Type
suggesting that infants’ looking times were longer in the distinct versus similar tone contrast
test block. All other main effects and interactions were not statistically significant.
Model 3: Effects of Tone Language Exposure (Native vs. Non-native Cantonese Tones),
Age, Tone Contrast Type, and Language Background on Tone Language-learning
Infants’ Tone Discrimination

LME Model 3 assessed the effects of infants’ exposure to Cantonese tones (native,
non-native), Age (5 to 17 months), Tone Contrast Type (similar, distinct), and Language
Background (monolingual, bilingual) on infants’ tone discrimination (Figure 5). Since
Cantonese tones were used as stimuli in this study, the native tone group included
monolingual Cantonese infants, and the non-native tone group included monolingual and
bilingual infants acquiring Mandarin (N = 157). Results are presented in Table 5 (see SI9 for
model fit). This model did not yield any significant main effects or interactions.

Exploratory Analyses: Effects of Tone Exposure on Bilingual Infants’ Non-
Native Tone Discrimination

One exploratory analysis was pre-registered to assess the effects of bilingual infants’
individual language experience on tone discrimination. This analysis was limited to the
bilingual infants (N = 98), and included the additional factor Tone Exposure. Tone Exposure
reflected infants’ language dominance and whether they were acquiring a tone/non-tone or
non-tone/non-tone language pair. This continuous variable was computed as the percentage
of exposure to a tone language by a bilingual child (ranging from 0 to 75%, where a non-

tone/non-tone bilingual would have a score of 0, and a tone/non-tone bilingual with 75%
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exposure to the tone language, the maximum possible given our inclusion criteria, would
have a score of 75). This analysis explored how this factor related to bilingual exposure
interacts with Age and Trial factors included in our research design. Results are presented
in Table 6 (see SI9 for model fit). A main effect of Trial indicated that overall, bilingual
infants looked longer in response to novel than habituated trials, but there were no other
significant main effects or interactions (see Figure 6).

Finally, in a set of post-hoc exploratory analyses that were not part of the original pre-
registration, we assessed the possibility that infants’ non-native and native tone
discrimination performance in our task could be affected by the order in which test blocks
were presented during the test phase. These analyses are reported in SI10.

Discussion

The purpose of this study was to investigate infants’ discrimination of Cantonese
tones in relation to a number of factors, specifically, infant age, tone language experience,
bilingual experience, contrast type, and exposure to Cantonese tones (native vs. non-native
discrimination). We set out to test a series of predictions aimed at investigating prior mixed
findings on age-related change in infant tone discrimination. Testing a large, diverse sample
of infants, we first examined effects of age to determine whether infants demonstrate age-
related decline, facilitation, or maintenance in tone discrimination, all trajectories that have
been reported in prior infant tone discrimination research (Figure 2). Our findings indicate
robust sensitivity to two Cantonese tone contrasts in infants acquiring languages different
from Cantonese. Further, this sensitivity does not appear to be modulated by age, at least not
from 5 to 17 months. This points to maintenance of tone sensitivity over the age groups
sampled.

Traditional models of perceptual reorganisation based on consonant and vowel

perception would predict interactions of age and native language experience in relation to the
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contrasts used (Werker, 2018). To test this prediction, we examined whether two different
types of language experience impacted tone sensitivity. The first was whether or not pitch is
used at the lexical level in infants’ native language. The second was whether infants had
native familiarity with the Cantonese tones used (i.e., whether Cantonese was one of their
native language(s)) or whether they were learning a different tone language (i.e., Mandarin).
Despite past evidence demonstrating experience-dependent effects on infant tone
discrimination, our analyses did not reveal variation in tone discrimination based on either of
these two forms of experience.

Our study also examined the effects of bilingualism on the developmental trajectory
of infants’ tone discrimination. Bilingual infants in our sample showed comparable
discrimination patterns to their monolingual peers, suggesting maintenance of their
discrimination ability from 5 to 17 months. This pattern differs from previous studies with
infants acquiring two non-tone languages, which have shown a U-shaped function whereby
infants demonstrate a temporary decline followed by resurgence in non-native tone
discrimination (G6tz et al., 2018; Liu & Kager, 2014; 2017). It is challenging to draw direct
comparisons across studies since our sample combined infants acquiring two non-tone
languages (Basque-Spanish) and one tone and one non-tone language (Mandarin-English).
Our planned exploratory analyses suggest that infants’ performance was not impacted by the
varying degree of exposure to a tone language, but further studies of diverse bilingual
populations could elucidate these contradictory findings. It is also noteworthy that despite our
efforts to include different linguistic profiles in our sample, we were unable to recruit
bilingual infants acquiring two tone languages (i.e., Cantonese-Mandarin), a population that
is critical for a complete understanding of the effects of diverse language experience on

infants’ sensitivity to native and non-native lexical tone categories.
Y
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An unexpected finding was that the subset of infants who were learning a tone
language (either Cantonese or Mandarin) did not show evidence of discriminating the
Cantonese contrasts used. Unlike our main analysis model that included the entire sample,
this model included only a smaller subset of tone language learning infants (N=157).
However, the sample size far exceeded that of prior studies demonstrating successful tone
discrimination in native learners of tone languages. For example, Yeung and colleagues
(2013) demonstrated that both Mandarin- and Cantonese-exposed infants at 4 to 9 months of
age discriminated the same distinct tone contrast used in the present study in a much smaller
sample. One possibility for the difference in findings is that Yeung et al. (2013) focused
exclusively on monolingual learners and on a narrower age range (4 to 9 months). The
presence of a more varied sample here — both in terms of age and language background —
may have attenuated evidence of discrimination. In addition, there were differences in the
paradigm used by Yeung et al. (2013) and this study. In general, studies on perceptual
narrowing have been shown to be susceptible to subtle variation in paradigms (see Singh,
Rajendra, & Mazuka, 2022 for a discussion of this issue). The discrepancy in findings and
absence of discrimination in tone language learners motivates greater replication efforts to
determine the reliability of reported effects.

Finally, there was no effect of contrast type on lexical tone discrimination or an
interaction of contrast type with age. Effects of similar versus distinct contrasts on infant tone
discrimination have been demonstrated in past studies, with distinct contrasts associated with
clear discrimination advantages (e.g., Liu & Kager, 2014; Singh et al., 2018; Tsao, 2017).
The present study suggests that tone properties did not predict discrimination, nor did this
factor interact with age and tone language experience. These results are consistent with a
recent study demonstrating that the neural encoding of lexical tones develops rapidly in the

first two years of life for tone-learning children regardless of the nativeness and
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psychoacoustic properties of the tone (Novitsky et al., 2022). Furthermore, neural responses
to both native and non-native tones in infancy predicted language development in
toddlerhood (Wong et al., 2021). Nonetheless, it is possible that the two Cantonese contrasts
tested here were perceptually salient for infants, and that a contrast effect may become
apparent with contrasts from tone languages other than Cantonese. This possibility is
suggested by a recent comprehensive study of the psychoacoustic properties of tones on adult
tone discrimination (Liu et al., 2022), but this evidence is not yet available for infants.

Against a backdrop of theories about how infants break into native language structure,
the greatest theoretical significance of the current findings was the absence of any evidence
for age-related decline in tone language sensitivity and of any interaction of age and tone
language experience (see SI11 for a depiction of developmental trajectories in looking times
to habituated and novel trials for infants acquiring each language type). Theories of
perceptual narrowing rely crucially on an account of perceptual development where, over
time, infants’ perceptual sensitivities shift in alignment with experience with the stimuli used
(Gervain, 2022). Age-related change in sensitivity to both native and non-native contrasts are
central postulates of this influential theory (but see Best, 1994). In line with past studies that
have cast doubt on whether this interaction applies to lexical tones, the present findings
suggest that the developmental trajectory associated with tone discrimination may vary from
the trajectory commonly charted for vowels and consonants. If anything, the absence of tone
discrimination in native learners of tone languages in the age range tested here does not fit a
central premise of perceptual narrowing theory.

In considering why the developmental trajectory associated with tone discrimination
varies from prior studies focusing on vowels and consonants, we suggest several reasons for
a deviation with respect to lexical tone. First, tone is carried by pitch, which in turn conveys a

broad range of communicative functions (Yuan, 2011). In every language, pitch movements
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are relevant to linguistic communication. For example, pitch is used to signal intonational
contrast, communicative intent, emotion, and stress (see Bolinger, 1978; Ladefoged &
Disner, 2012; Lieberman, 1967). Therefore, learners benefit from attending to pitch
movements even if these are not lexically contrastive. Studies investigating the earliest
phases of word recognition have demonstrated that infants closely attend to pitch changes
across words, equating words that are matched in pitch whether they are learning a tone
language or not (Singh & Foong, 2012). These findings suggest that the universal use of pitch
movements in the service of communication may bias early perceptual systems towards pitch
sensitivity (see Hay et al., 2019). This may not be the case for vowels and consonants and
particularly for those that have been used in past studies of perceptual narrowing. While there
is variation in the proximity between vowel and consonant stimuli used in past studies and
infants’ auditory experiences (Best, 1995), in general, vowels and consonants that provide the
evidence basis for theories of perceptual narrowing are either lexically contrastive or not in
infants’ native languages. For example, the most commonly used contrast to demonstrate
age-related decline is the Hindi dental-retroflex contrast in English learners (Singh et al.,
2022). This particular contrast is likely entirely absent from the linguistic interactions of most
English-learning infants.

Pitch movements, in contrast, are ubiquitous in human language. The types of pitch
movements that drive changes in lexical tone often overlap with intonational categories
(Braun & Johnson, 2011; Wang, Kager, & Wong, 2022; Wang et al., 2021). It is possible that
the disaggregation of pitch into lexical and non-lexical function is inherently more complex
than the differentiation of consonants and vowels as native or non-native (see Kager, 2018 for
a discussion of this issue). Due to increased complexity, learners may retain tone sensitivity
in the service of disaggregating pitch into its constituent functions. Some support for this

notion comes from studies investigating tone sensitivity in word learners that establish that
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even English learners integrate tone information into newly learned words (e.g., Singh et al.,
2014). In particular, tones that are integrated into newly-learned words are those that overlap
with native intonational categories (Hay et al., 2019). Furthermore, the disaggregation of
pitch movements into tonal and intonational categories in word recognition matures relatively
late during the preschool years in tone language learners (Singh & Chee, 2016). These
findings suggest a functional complexity account where phonological units that serve
multiple communicative functions may be navigated along an extended timetable than those
that primarily serve to draw lexical contrast.

A second possibility for why the current study failed to demonstrate developmental
patterns characteristic of perceptual narrowing theory relates to the evidence basis for
perceptual narrowing studies thus far. A recent meta-analysis suggests that although
perceptual narrowing is expressed as a universal phenomenon (Kuhl, 2004; Werker & Tees,
2002), the empirical evidence that has informed the theory is far from universal (Singh et al.,
2022). Relying heavily on discrimination of consonants and vowels, the populations are
heavily skewed towards North America and Western Europe. Additionally, the stimuli used
constitute a very limited set of sounds that appear in a small number of languages of the
world. For native and non-native sounds, there is strong representation of particular Indo-
European languages. Asia, the world’s most populous continent, has received much less
attention in the perceptual narrowing literature. This disproportionate focus on particular
world regions has had two effects relevant to this study. First, it has led to very marginal
treatment of tones, which are most represented in African and Asian countries. Second, the
literature has focused heavily on particular populations raising questions about
generalisability. Recent studies on perceptual narrowing in under-studied populations show
that even for vowels and consonants, the typical pattern of perceptual narrowing is not always

upheld (for Japanese, see Sato et al., 2010; 2012; for Korean, Shin et al., 2018). It is therefore
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possible that this sampling bias that has led to overrepresentation of particular language
communities, phonetic contrasts, and geographical regions has constructed a strong narrative
of perceptual narrowing and that as a theory, it may not be as generalisable as originally
proposed. As a greater diversity of evidence is collected, cumulative data will help to
establish the robustness of the theory and identify boundary conditions for reported effects.
In terms of limitations and constraints on generalisability, our study used a single
paradigm to measure developmental change in tone perception. In addition, we used as
stimuli two pairs of tones from a single language. Studies on infant speech discrimination
have been shown to be highly vulnerable to methodological choices. Seemingly minor
changes (e.g., order of stimulus presentation, inter-stimulus interval, task demands) can
markedly shift the expression of discrimination (e.g., Werker & Logan, 1985). For example,
Yeung et al. (2014) found that English-learning infants’ sensitivity to the distinct pair of
Cantonese tones used in our study was higher when the tones were paired with objects rather
than a checkerboard pattern, and that this effect was modulated by vocabulary size. This
suggests that experimental modifications have significant effects on tone discrimination.
Another methodological choice in our study consisted of using a single habituation stimulus
for all infants instead of counterbalancing between the habituation and test stimuli. Capturing
potential asymmetries in infants’ early tone discrimination was not one of our goals (see Liu
et al., 2018; Politzer-Ahles et al., 2016 for reports of perceptual asymmetries), but it is
possible that including this manipulation may have induced directional effects of the
perceptually similar and distinct tone contrasts on infants’ performance. Finally, tone
inventories are heterogenous and diverse even within East Asian languages (Gandour, 1983).
Past studies have shown that the use of different tones and different tone languages elicit
different sensitivities in infants (e.g., Burnham et al., 2018; Feng, Kager, Lai, & Wong, 2022;

Hay et al., 2019) and adults (Liu et al., 2022). It is possible that the current set of findings
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applies to the specific tone contrasts used and while testing with infants precludes the use of

multiple contrasts, interpretation of findings is constrained by the use of two tone pairs from

a single language.

To summarise, the present study expands and diversifies the narrative around

perceptual reorganisation by studying sensitivity to a property of speech, lexical tone, that is

widely represented across languages of the world. In addition, we have sampled broadly
across a range of societies, languages, and types of learners, providing greater participant
heterogeneity than a typical single-site laboratory study. Adopting this multi-laboratory
approach allows us to examine crucial issues of generalisability and stability of a widely-
documented developmental transition. Our findings suggest that discrimination of lexical
tones may be associated with maintenance between 5 and 17 months, aligning neither with
attenuation or facilitation. These findings are a critical addition to the evidence underlying
fundamental theories of development, which must account for the full diversity of learners

and languages around the world.
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Table 1. Detailed information about the language background, age, and sex of infants

included in each participant group.

Lab location Specific N Age (days) Sex (M,
language(s) F)
Tone (Native Hong Kong Cantonese 46 Range = 131 to 538, | 18, 28
exposure to M =345.83,SD =
Cantonese) 143.20
monolingual
Tone Malaysia, Mandarin 56 Range = 120 to 538, | 30,26
monolingual Taiwan, M =323.04, SD =
Singapore 150.54
Non-tone Australia, France, | English, 209 Range = 101 to 540, 112,97
monolingual Germany, French, M=309.31,SD =
Netherlands, German, Dutch 144.24
USA
Pitch-accent Norway, Sweden | Norwegian, 53 Range = 126 to 547, | 30,23
monolingual Swedish M =277.89,SD =
130.12
Tone/Non-tone | Malaysia, Mandarin and 54 Range = 133 to 540, | 29,25
bilingual Singapore English M =362.55,SD =
147.23
Non-tone/Non- | Spain Spanish and 44 Range = 122 to 538, | 18,26
tone bi]ingua] Basque M =320.70, SD =
157.68
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Table 2. Acoustic correlates of the stimuli used in this study.

Tone Token Mean (Hz) Onset (Hz) Offset (Hz) Dur (msec)
Tone25 1 251.980 219.173 298.247 0.510
2 243.450 211.292 284.359 0.518
3 257.490 213.294 304.732 0.439
4 270.019 235.269 305.267 0.482
Tone 21 1 195.847 217.948 189.805 0.524
2 193.799 226.896 181.154 0.567
3 194.603 222.434 183.365 0.545
4 202.482 233.640 184.169 0.473
Tone33 1 277,402 275.554 276.531 0.633
2 272.972 267.808 270.244 0.516
3 272.173 269.120 291.201 0.529
4 276.377 281.351 247.663 0.452
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Table 3. Detailed output of Linear Mixed Effects Model 1? assessing the effects of Trial

Type, Age, Contrast Type, and Language Background on infants’ non-native tone

discrimination (N = 416).

Estimate | Std. Error | df
(Intercept) -8.94E-02 | 4.79E-02 | 1.11E+01 -1.864 .089
Age 4.12E-03 | 3.27E-02 | 4.05E+02 0.126 .900
Trial (habituated) -8.91E-02 | 2.44E-02 | 1.24E+03 -3.653 <.001
Contrast Type (distinct) 4.03E-02 | 2.08E-02 | 1.25E+03 1.939 .053
Language Background -1.57E-01 | 4.76E-02 | 1.24E+01 -3.294 .006
(bilingual)
Age x Trial (habituated) | -3.25E-02 | 2.08E-02 | 1.24E+03 -1.562 119
Trial (habituated) x -9.37E-04 | 2.08E-02 | 1.24E+03 -0.045 964
Contrast Type (distinct)
Trial (habituated) x 6.66E-04 | 2.44E-02 | 1.24E+03 0.027 978
Language Background
(bilingual)

2 Looking time ~ Age*Trial + Contrast Type*Trial + Language Background *Trial + (1 |

Lab) + (1 | Subject)
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Table 4. Detailed output of Linear Mixed Effects Model 2? assessing the effects of Trial

Type, Age, Contrast Type, and Language Type on infants’ non-native tone discrimination (N

=416).
Estimate Std. Error | df

(Intercept) -5.99E-02 | 6.53E-02 | 1.04E+01 -0.918 379
Age 7.53E-03 | 4.41E-02 | 3.74E+02 0.17 .865
Trial (habituated) -9.52E-02 | 2.60E-02 | 1.24E+03 -3.67 <.001
Contrast Type (distinct) 4.03E-02 | 2.08E-02 | 1.24E+03 1.936 .053
Language Type (non-tone) 1.22E-01 | 7.93E-02 | 9.43E+00 1.542 .156
Language type (pitch- -7.81E-02 | 1.07E-01 | 1.09E+01 -0.732 480
accent)
Age x Trial (habituated) -3.07E-02 | 2.71E-02 | 1.24E+03 -1.134 257
Trial (habituated) x -8.62E-04 | 2.08E-02 | 1.24E+03 -0.041 967
Contrast Type (distinct)
Trial (habituated) x 1.36E-02 | 3.02E-02 | 1.24E+03 0.45 .653
Language Type (non-tone)
Trial (habituated) x -1.56E-02 | 4.37E-02 | 1.24E+03 -0.357 721
Language Type (pitch-
accent)
Age x Language Type -2.36E-02 | 5.03E-02 | 3.91E+02 -0.468 .640
(non-tone)
Age x Language Type 4.43E-03 | 7.68E-02 | 3.59E+02 0.058 954
(pitch-accent)
Age x Trial (habituated) X 2.20E-03 | 3.12E-02 | 1.24E+03 0.07 .944
Language Type (non-tone)
Age:Trial (habituated) x 1.67E-02 | 4.67E-02 | 1.24E+03 0.357 721

Language Type (pitch-
accent)

2 Looking time ~ Age*Trial + Contrast Type*Trial + Language Type*Trial + Age*Language
Type*Trial + (1 | Lab) + (1 | Subject)
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Table 5. Detailed output of Linear Mixed Effects Model 3? assessing the effects of Trial
Type, Age, Contrast Type, and Tone Language Exposure (Native vs. Non-native) on infants’

native and non-native tone discrimination (N = 157).

Estimate | Std. Error | df t p
(Intercept) -0.0796 0.0796 0.9022 -1 514
Age 0.0510 0.0597 | 149.6300 0.855 394
Tone Language [native] -0.0577 0.0820 0.7285 -0.704 .642
Trial [habituated] -0.0563 0.0430 | 464.0055 -1.308 192
Language Background -0.1967 0.0730 1.4116 -2.693 164
[bilingual]
Contrast Type [distinct] 0.0031 0.0343 | 466.4911 0.091 928
Age x Tone Language 0.0283 0.0597 | 149.6300 0.475 .636
[native]
Age x Trial [habituated] -0.0322 0.0392 | 464.0055 -0.821 412
Tone Language 0.0472 0.0429 | 464.0055 1.1 272
[native]: Trial [habituated]
Trial [habituated] x -0.0220 0.0408 | 464.0055 -0.54 .589
Language Background
[bilingual]
Trial [habituated] x -0.0145 0.0343 | 464.0055 -0.422 673
Contrast Type [distinct]
Age x Tone Language 0.0185 0.0392 | 464.0055 0.472 .637
[native] x Trial
[habituated]

2 Looking time ~ Age*Tone Language Exposure*Trial + Language Background*Trial +
Contrast Type*Trial + (1 | Lab) + (1 | Subject)
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Table 6. Detailed output of the exploratory Linear Mixed Effects Model 1? assessing the
effects of Trial Type, Age, and Tone Exposure on infants’ native and non-native tone

discrimination (N = 98).

Estimate | Std. df t p
Error

(Intercept) 0.006 0.101 1.328 0.062 959
Age 0.021 0.070 58.175 0.299 766
Tone Exposure -0.049 0.097 2.100 -0.508 660
Trial [habituated] -0.105 0.044 289.999 -2.377 018
Age x Tone Exposure 0.062 0.070 67.412 0.889 377
Age x Trial [habituated] -0.067 0.044 289.999 -1.529 127
Tone Exposure x Trial

[habituated] -0.027 0.044 289.999 -0.606 545
Age x Tone Exposure x Trial

[habituated] -0.028 0.044 289.999 -0.636 525

® Looking time ~ Age*Tone Exposure*Trial + (1 | Lab) + (1 | Subject)
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Figure 1. Pitch contour and duration of the six Cantonese tones (right), including Chao

numerals in the legends.
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Figure 2. Summary of the literature investigating early native and non-native tone

discrimination skills in monolingual and bilingual infants.
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Figure 3. Looking time to habituated vs. novel test trials of the similar and distinct Cantonese
tone contrasts by monolingual and bilingual infants (the data are collapsed across age groups,

N =416) (error bars represent 95% Confidence Intervals).
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Figure 4. Looking time to habituated vs. novel test trials of the similar and distinct Cantonese
tone contrasts by infants acquiring non-tone, pitch-accent, and tone languages (the data are

collapsed across age groups, N = 416) (error bars represent 95% Confidence Intervals).
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Figure 5. Looking time to habituated vs. novel test trials of the similar and distinct Cantonese

tone contrasts by infants acquiring Cantonese vs. a tone language other than Cantonese (N =

155) (error bars represent 95% Confidence Intervals).
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Figure 6. Looking time to habituated and novel trials as a function of bilingual infants’
exposure to a tone language (0 to 75%) (the data are collapsed across age groups, N = 98)

(shading represents 95% Confidence Intervals).
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