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Previous studies have suggested that the perception of vowels and consonants changes
from language-universal to language-specific between 6 and 12 months of age. This report
suggests that language-specific perception emerges even earlier for lexical tones. Experi-
ment 1 tested English-learners’ perception of Cantonese tones, replicating declines in tone
discrimination from 4 to 9 months of age. Experiment 2 tested infants learning non-native
versus native tone systems (Mandarin-learners versus Cantonese-learners). All Chinese-
learners discriminated the tones, but showed language-specific differences in tone prefer-
ences at both ages. Indeed, English-, Mandarin-, and Cantonese-learning 4-month-olds all
exhibited distinct preferences. With other work, this shows that language-specific speech
perception emerges over a more complex and extended schedule than previously thought:
first for lexical stress and tone (<5 months), then vowels (6–8 months), consonants (8.5–
12 months), and finally phoneme duration (18 months). Acoustic salience likely plays an
important role in determining the timing of phonetic development.

� 2012 Elsevier Inc. All rights reserved.
Introduction

It is widely acknowledged that infants begin perceiving
phonetic contrasts in language-specific ways from 6 to
12 months of age. A commonly reported pattern is one of
maintenance and decline, where young infants initially per-
ceiving many native and non-native phonetic contrasts, but
maintain sensitivity only to native contrasts as the percep-
tion of non-native contrasts declines (Anderson, Morgan, &
White, 2003; Best, McRoberts, LaFleur, & Silver-Isenstadt,
1995; Bosch & Sebastián-Gallés, 2003; Cheour et al., 1998;
Pegg & Werker, 1997; Polka & Werker, 1994; Rivera-
Gaxiola, Silva-Pereyra, & Kuhl, 2005; Werker & Lalonde,
. All rights reserved.

oire Psychologie de la
cartes, Paris Sorbonne
ax: +33 (0)1 42 86 33

es.fr (H.H. Yeung),
bc.ca (J.F. Werker).
Sciences, University of
C, Canada V6T 1Z3.
1988; Werker & Tees, 1984a; Werker & Tees, 1984b). Of
course, many other developmental patterns have now been
reported. For example, if a particular consonant contrast is
difficult to assimilate into the native language, like Zulu
clicks into English, then infants as well as adults continue
perceiving it well (Best & McRoberts, 2003; Best,
McRoberts, & Sithole, 1988). Some types of vowel contrasts
also remain acoustically salient throughout development
(Polka & Bohn, 1996), due to language-universal biases in
perception (Polka & Bohn, 2011). Other consonant contrasts
are difficult to perceive in infancy, requiring language-
specific input to learn (Narayan, Werker, & Beddor, 2010).
Still more work shows that native language input does
not just maintain perceptual sensitivity for some native
phonetic contrasts, but also enhances it (Kuhl et al., 2006;
Polka, Colantonio, & Sundara, 2001; Sundara, Polka, &
Genesee, 2006; Tsao, Liu, & Kuhl, 2006).

This work has built a rich understanding of how
phonetic development unfolds, but remains limited in that
it draws almost exclusively from the empirical study of
phonetic segments (i.e., vowels and consonants). Less is
known about how infants learn to perceive native prosodic
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contrasts—phonetic distinctions related to pitch (i.e., funda-
mental frequency [f0]), duration, and/or amplitude—likely
because the use of these cues is relatively limited in
Indo-European languages. One perspective is that prosodic
contrasts develop on a similar schedule as most vowel
and consonant contrasts. Language-specific perceptual pat-
terns for many prosodic contrasts seem to emerge between
6 and 12 months of age, including lexical stress (Höhle,
Bijeljac-Babic, Herold, Weissenborn, & Nazzi, 2009; Jusczyk,
Cutler, & Redanz, 1993; Skoruppa, Cristia, Peperkamp, &
Seidl, 2011; Skoruppa et al., 2009) as well as pitch accent
(Sato, Sogabe, & Mazuka, 2009; see also Nazzi, Floccia, &
Bertoncini, 1998). Nevertheless, a direct comparison with
phonetic segments is difficult, as vowels and consonants
occur within individual syllables, while lexical stress and
pitch accent are defined across multiple syllables. A com-
parison between segments and those prosodic cues defined
along similar timescales (i.e., within syllables) would
provide a more closely matched comparison.

One such prosodic cue is phoneme duration (i.e., con-
trasts between short versus long vowels or single versus
geminate consonants). Duration is used in many languages
to distinguish words (e.g., Japanese, Arabic, Dutch, Berber),
and developmental studies of its perception have shown
very different developmental trajectories compared to
those of vowels and consonants. For example, infants learn-
ing Japanese are only able to discriminate duration con-
trasts by 9–10 months of age, and have much more
difficulty doing so at earlier ages (Sato, Kato, & Mazuka,
2012; Sato, Sogabe, & Mazuka, 2010). Moreover, cues to vo-
wel duration are not used in language-specific ways until at
least 18 months of age (Dietrich, Swingley, & Werker, 2007;
Minagawa-Kawai, Mori, Naoi, & Kojima, 2007; Mugitani
et al., 2009), which suggests instead a markedly protracted
developmental trajectory for prosodic cues relative to
vowels and consonants.

Another such prosodic cue is lexical tone. Tones are pri-
marily defined by f0 variations within single syllables, and
are found in most of the languages native to the Americas,
Sub-Saharan Africa, as well as East and Southeast Asia
(Yip, 2002). For example, Mandarin uses four tones, each
of which identifies a different word when spoken on the
same syllable. In Mandarin, ‘‘ma” can mean mother (i.e., a
high level tone), hemp (i.e., a rising tone), horse (i.e., a low
dipping tone), or to scold (i.e., a falling tone), and thus tone
constitutes an important factor in lexical retrieval for adults
(Cutler & Chen, 1997).

Here we ask how the development of lexical tone per-
ception unfolds in infancy. First we review tone perception
in adults and in infants, which raises two important issues:
how do infants converge on their native (versus non-native)
tone system, and how does the developmental trajectory of
tone perception compare to that of other phonetic units?
Then we describe two experiments investigating these
questions. Finally, we conclude by discussing the implica-
tions of this work for phonetic development more broadly.

Lexical tone and its perception in adults

Secondary acoustic cues to tone may include vowel
duration (e.g., Blicher, Diehl, & Cohen, 1990; Gandour &
Harshman, 1978), or voice quality such as creaky voice (e.
g., Gottfried & Suiter, 1997), but it is widely agreed that
the two primary acoustic cues to tone are the variations
in f0 level (e.g., high, middle, low), and/or f0 contour (e.g.,
steady, rising, falling) that occur within single syllables
(Gandour, 1981; Gandour & Harshman, 1978; Khouw &
Ciocca, 2007; Vance, 1976). Speakers of tone languages
must negotiate the linguistic function of tones at segmental
timescales with both foot- and phrase-level prosodic cues
that have both grammatical (e.g., Price, Ostendorf,
Shattuck-Hufnagel, & Fong, 1991; Snedeker & Trueswell,
2002), and pragmatic functions in adults (e.g., Bock &
Mazella, 1983; Dahan, Tanenhaus, & Chambers, 2002;
Gussenhoven, 2004; Welby, 2003). Indeed, phonetic studies
show that acoustic instantiations of tone strongly interact
with the wider acoustic context, particularly carry-over
from the preceding syllable and place within an utterance
(see Xu (1999) for review). However, adult listeners are still
adept at extracting identifiable f0 patterns in the face of this
variability, particularly from the latter portion of the vowel,
where canonical tone patterns are particularly robust
(Khouw & Ciocca, 2007; Xu, 1997).

Learning to perceive non-native tone contrasts can be
difficult for adult speakers of non-tone languages (Wang,
Spence, Jongman, & Sereno, 1999), just as adults have trou-
ble learning non-native vowel and consonant contrasts
(Flege, Bohn, & Jang, 1997; Iverson & Evans, 2007; Lively,
1993; Pallier, Bosch, & Sebastián-Gallés, 1997). Initial re-
ports further suggested that speakers of a tone language
are better at learning, identifying, and remembering all tone
contrasts–even if the tones come from an unfamiliar
language–than speakers of any non-tone language (Lee,
Vakoch, & Wurm, 1996; Wayland & Guion, 2004). Later
studies argued that a strict dichotomy between speakers
of tone and non-tone languages is too simplistic, since
non-native tone perception interacts in nuanced ways with
the use of f0 in any language. For example, certain tone con-
trasts that are acoustically similar to phrase-level f0 distinc-
tions can be quite easy for speakers of even non-tonal
languages to distinguish (Francis, Ciocca, Ma, & Fenn,
2008; Hallé, Chang, & Best, 2004; So & Best, 2010; Wang,
Behne, Jongman, & Sereno, 2004).

There nevertheless remain important differences be-
tween the perception of f0 cues that signify post-lexical infor-
mation such as grammatical distinctions, and the lexical
information such as word identity (Braun & Johnson, 2011).
Speakers of lexical tone languages show greater degrees of
categorical perception for f0 cues compared to non-tone
language speakers, and this happens in both speech and
non-speech contexts (Francis, Ciocca, Wong, Leung, & Chu,
2006; Hallé et al., 2004; Peng et al., 2010; Xu, Gandour, &
Francis, 2006).Moreover, several ERP studies have suggested
that the brain signatures of tone processing are speeded and
are asymmetric (towards the left-hemisphere) for tone lan-
guage speakers compared to non-tone language speakers,
supporting the idea that exposure to a lexical system that
uses tone will change the way that the perceptual system
encodes f0 cues (Chandrasekaran, Gandour, & Krishnan,
2007; Chandrasekaran, Krishnan, & Gandour, 2007; Kaan,
Barkley, Bao, & Wayland, 2008; Kaan, Wayland, Bao, &
Barkley, 2007; Luo et al., 2006; Xi, Zhang, Shu, Zhang, & Li,
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2010). This suggests, even though speakers of all languages
must pay some attention to f0, that important differences
at the level of f0 perception can be found between speakers
of tone and non-tone languages.

Lexical tone and its perception in infants

For infants it seems especially challenging to identify
linguistically important f0 variation when these same cues
also mark affective and communicative functions in in-
fant-directed speech (Fernald, 1989; Papoušek, Bornstein,
Nuzzo, Papoušek, & Symmes, 1990; Spence & Moore,
2003; Stern, Spieker, & MacKain, 1982). Only a few papers
have begun to ask how infants begin to successfully
unscramble and identify f0 cues in word segmentation
and word learning tasks (Bortfeld & Morgan, 2010; Quam
& Swingley, 2010; Quam & Swingley, 2012; Singh & Foong,
2012; Singh, Morgan, & Best, 2002; Singh, Morgan, & White,
2004; Singh, White, & Morgan, 2008), and even fewer
reports (reviewed below) have examined the phonetic
perception of tone in infancy.

Tsao (2008) showed that the perception of Mandarin
tone contrasts in 10- to 12-month-olds was easiest for more
acoustically distinct tones, and harder for those that were
acoustically more similar, echoing previous studies with
adults (e.g., So & Best, 2010). Only three other published
studies have further compared across different ages or
across language groups (Harrison, 2000; Mattock &
Burnham, 2006; Mattock, Molnar, Polka, & Burnham,
2008). These are discussed below in light of two central
questions about the development of tone perception. First,
how do infants begin learning native versus non-native
tone systems? Second, is the trajectory of perceptual devel-
opment similar for tones, vowels, and consonants?

Native versus non-native tone systems
A seminal study byMattock and Burnham (2006) showed

the typical patternofmaintenance anddecline in speechper-
ception: English-learning infants discriminated a Thai tone
contrast at 6 but not at 9 months of age, while Chinese-
learning infants (i.e., a mixed group of Cantonese and
Mandarin learners) discriminated the tone contrast at both
ages. These authors concluded that Chinese learners main-
tain perceptual sensitivity for tones from 6 to 9 months of
age, even if those tones do not come from the native system.
In contrast, English learners show a decline in attention to
tones within this same period of development.

Recall, however, that adult researchers have recently ar-
gued that a simple dichotomy between speakers of tone ver-
sus non-tone languages is too simplistic. So and Best (2010)
suggested that Cantonese speakers’ perception of Mandarin
tones is at least partly influenced by patterns of assimilation
into native tone categories (see also Best, 1995). Francis et al.
(2008) suggested that tone perception is determined by lan-
guage-specific acoustic weightings, invoking Gandour and
colleagues’ (Gandour, 1983; Gandour & Harshman, 1978)
identification of distinct perceptual dimensions for tone.
Languages like Yorùbá make tonal distinctions based on the
perceived height of the tone(i.e., level), while speakers of
Mandarin mainly use the direction(s) of pitch change (i.e.,
direction). Speakers of other languages, like Thai or Canton-
ese, use a combination of both cues to distinguish tones
(see alsoVance, 1976). Francis et al. (2008) usedmultidimen-
sional scaling techniques to show that English speakers
weighted f0 level more heavily than f0 direction when mak-
ing identifications of Cantonese tones, but that Mandarin
speakers use the inverse weighting. Interestingly, both
groups added weight to the other, unattended dimension
after several training sessions.

Consider again the results of Mattock and Burnham
(2006), who failed to find any differences between sub-
groups of Cantonese- and Mandarin-learners in their infant
sample. Two reasonsmay underlie this null result: first, their
studywas not designed to examine differences between Chi-
nese sub-groups, and thus there may have been a lack of
power when dividing the sample between Cantonese- and
Mandarin-learners. A second possibility is that both groups
of Chinese-learning infants may still discriminate many
non-native tones by 9 months of age, but show preferences
influenced by the native language, which could have been
hard to detect using their methodology (i.e., a conditioned
head-turn procedure). The first goal of the present study
was to address these issues, using a more sensitive testing
procedure to ask how the development of Cantonese tone
perception unfolds among infants hearing tones de novo
(English-learners), hearing non-native tones (Mandarin-
learners), and hearing native tones (Cantonese-learners).

The trajectory of perceptual development
Previous work on infant tone perception has also raised

the question of when language-specific influences emerge
with respect to vowels and consonants. For example,
language-specific perceptual patterns for vowels are re-
ported as early as 6 months of age (Cheour et al., 1998; Kuhl,
Williams, Lacerda, Stevens, & Lindblom, 1992; Polka &
Werker, 1994), and continue to develop until at least 8–
12 months of age (Bosch & Sebastián-Gallés, 2003; Polka &
Bohn, 1996), while language-specific consonant perception
is first seen by 8.5 months of age (Anderson et al., 2003),
and continues emerging from 10–12 months of age (see Saf-
fran, Werker, and Werner (2006) for review). This raises the
question of whether tone perception is better aligned with
vowels orwith consonants in their developmental trajectory.

This was the topic of a recent report testing French- and
English-learning infants at 4, 6, and 9 months of age on the
same Thai tones used by Mattock and Burnham (2006)
(Mattock et al., 2008). Crucially, both 4- and 6-month-old
French- and English-learning infants were equivalently
successful in discriminating tones, but 9-month-olds from
either language group were not. This suggests that lan-
guage-specific perception of tone does not emerge until at
least 6 months of age, which is more similar to the develop-
ment of consonant perception than to vowel perception.
This is somewhat perplexing, given that tones are instanti-
ated on the vocalic parts of syllables. Yet, as Mattock et al.
(2008) point out, this finding is not surprising given other
considerations. First, tones are classified differently from
vowels in linguistic analysis (Yip, 1995; Yip, 2002),
independently motivating developmental differences be-
tween vowels and tones. Second, the perception of other
prosodic units (i.e., lexical stress) also seems to change in
this age range: 6-month-olds show no behavioural prefer-



2 As is commonly the case in cross-linguistic studies, this consonant is
slightly different than the native English post-alveolar affricate /ʧ ͡hi/ (i.e.,
‘‘chee”). However, adult English speakers easily assimilate the Cantonese
consonant to that category, as has already happened diachronically in some
Cantonese registers/dialects. Moreover, infants were tested at an age likely
before this consonant category becomes strongly language-specific.
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ences for language-dominant stress patterns, but 9- or 10-
month-olds do (Höhle et al., 2009; Jusczyk et al., 1993;
Turk, Jusczyk, & Gerken, 1995; although see Friederici,
Friedrich, & Christophe, 2007 for reports of language-
specific stress perception by 4 months of age when
measuring electrophysiological responses).

There are nevertheless some reasons to suspect that lan-
guage-specific tone perception first emerges earlier than
previously thought, as no study has yet compared learners
of non-tone and tone languages when vowel perception is
still considered language-independent (i.e., at 4 months of
age). Harrison (2000), for example, reported a small study
(n = 12) that suggests there may indeed already be
cross-linguistic differences. Here, 6- to 8-month-old
Yorùbá- and English-learning infants’ perception of f0 level
was assessed, as this is the primary acoustic cue distin-
guishing tones from Yorùbá. By this age, Yorùbá-learning
infants were already performing slightly better at f0
discrimination compared to English-learning infants.
Moreover, previous work on tone perception has measured
discrimination, while studies on the perception of other
prosodic units, like lexical stress, often report infants’
preferences in addition to (or instead of) discrimination
(Echols, Crowhurst, & Childers, 1997; Höhle et al., 2009;
Jusczyk et al., 1993; Pons & Bosch, 2010; Turk et al.,
1995). Although a preference for one language pattern over
another is sufficient to imply discrimination, discrimination
by itself does not necessarily imply a preference.
Correspondingly, several reports show language-specific
differences emerging in infancy that manifest as prefer-
ences (Höhle et al., 2009) or asymmetric discrimination pat-
terns (Friederici et al., 2007; Kuhl et al., 1992), even as
infants of all language backgrounds remain at least partially
capable of discriminating these contrasts.

Here we asked whether language-specific patterns of
tone perception emerge earlier than previously reported,
using a testing procedure assessing both preference and
discrimination in 4- and 9-month-olds learning either
non-tone or tone languages. Mattock et al.’s (2008) previous
procedure was adapted, where infants were given ‘alternat-
ing’ trials containing two unique tone types, as well as ‘non-
alternating’ trials containing only one tone type. Differences
in looking between these trials types implies discrimination
of the stimuli (Best & Jones, 1998), and Mattock et al.’s
(2008) implementation of this procedure suggested that in-
fants would prefer looking at the alternating trial type
when discriminating the tone contrast. Here we modified
the procedure by giving each infant alternating trials con-
taining the same syllables with either Tone X or Tone Y,
non-alternating trials containing one tone (Tone X), and
non-alternating trials containing the other tone (Tone Y).
With this procedure we could simultaneously measure both
discrimination (by observing any differences in looking
across the three trial types), and preference (by measuring
the pattern of preferences for alternating, non-alternating
Tone X, and non-alternating Tone Y trials).

Overview of the two experiments

Here we tested infants learning English, Mandarin, and
Cantonese. The latter two are officially considered dialects
of Chinese, but it remains important to note that they are
often considered different languages altogether (like Span-
ish and Portuguese) due to substantial differences at mor-
phosyntactic, lexical, as well as phonological levels
(including their tonal systems) that render them mutually
unintelligible.

Tones are described here by an impressionistic nota-
tional system (Chao, 1968), where ‘1’ designates the lowest
level of a speaker’s f0 range, and ‘5’ the highest. In this sys-
tem, the first number denotes a starting f0 level and subse-
quent numbers denote inflection points in the f0 contour, or
the ending f0 level. For example, Mandarin tones would be
notated as a ‘high level’ tone 55, a ‘rising’ tone 25, a ‘falling’
tone 51, and a ‘low dipping’ tone 214. Cantonese, on the
other hand, has six contrastive tones (Bauer & Benedict,
1997). Three of these are level tones, where f0 dips only
slightly from beginning to end: a ‘high level’ tone 55, a
‘mid level’ tone 33, and a ‘low level’ tone 22. The other three
Cantonese tones are contours: a ‘high rising’ tone 25, a ‘low
rising’ tone 23, and a ‘low falling’ tone 21. Although citation
forms of Cantonese and Mandarin tones differ dramatically
in precise f0 range, length, and endpoints, there is also quite
a bit of overlap between these two systems. Fig. 1 illustrates
the four Mandarin tones and six Cantonese tones.

In Experiment 1 we tested 4- and 9-month-old English-
learning infants’ perception of a Cantonese tone contrast. In
Experiment 2, we ran an identical procedure on two groups
of Chinese-learning infants: Mandarin-learners, for whom
the tone contrast is non- native, and Cantonese-learners,
for whom the contrast is native. Among the set of possible
Cantonese contrasts, we chose the perception of the high ris-
ing tone (‘Tone 25’) versus the mid level tone (‘Tone 33’) for
several reasons. First, this contrastwould be themost similar
to the Thai contrast used byMattock and colleagues. Second,
we could compare perceptual preferences in the Mandarin
groups between one tone type easily assimilated to the na-
tive language (i.e., Tone25 is very similar to theMandarin ris-
ing tone) and one tone type that is not (i.e., Tone 33 is
dissimilar to any Mandarin tone). Third, we could examine,
within each group, infants’ relative preference for contour
(i.e., Tone 25) versus level (i.e., Tone 33) tones.

Experiment 1

Method

Stimuli
Cantonese tones were instantiated on a CV syllable, pro-

nounced ‘‘chee” (/ʨhi/), written as qi following commonly
used Cantonese and Mandarin romanizations.2 These
speech tokens were recorded in a sound-attenuated booth
from an adult female native speaker of Cantonese, who pro-
duced sentences in an adult-directed register that included
the target syllable with either Tone 25 (此 ‘this; thus’; 始



Fig. 1. F0 contours for tones in Mandarin (right, produced by a male speaker on the syllable [da]) and in Cantonese (left, produced by a male speaker on the
syllable [ji]). Note that, because these Cantonese and Mandarin tones come from different speakers, absolute f0 levels cannot be compared across languages,
only relative levels are comparable. Images come from a previously published article (Francis, Ciocca, Ma, & Fenn, 2008), reproduced here with the authors’
permission.
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‘start’) or Tone 33 (次 ‘next’; 刺 ‘thorn’). Four tokens of each
tone type were isolated, and all tokens were normalized for
amplitude. Acoustic measures showed that the vowels of
Tone 25 and Tone 33 stimuli overlapped in both duration
(Tone 25: M = 439 ms, R = 422–466 ms; Tone 33:
M = 462 ms, R = 454–469 ms), as well as in formant values
and formant trajectories (Table 1). Fig. 2 further plots the
pitch tracks measured from each token.

Procedure

The experiment took place in a sound-attenuated and
dimly lit room. The infant sat on the parent’s lap approxi-
Table 1
Acoustic characteristics of the vowels used in the tone stimuli.

Position in vowel Statistic F0 (Hz) 1st Fo

Tone 25
Initial Mean 199 349

Range 194–204 337–3
Middle Mean 211 344

Range 210–213 331–3
Final Mean 253 382

Range 244–264 346–4

Tone 33
Initial Mean 209 334

Range 207–213 311–3
Middle Mean 202 342

Range 198–205 324–3
Final Mean 198 352

Range 194–204 348–3

Note.Measurements taken at initial position were from 15% into the vowel, at m
85% into the vowel. These positions were selected to ensure that measuremen
consonant, and that measurements at final position did not reflect variations in
mately 36 in. away from a 27-in. TV screen, which was
placed in an opening in the middle of a black curtain. Audi-
tory attention was measured by recording looking time to-
wards a static visual stimulus (a black and red
checkerboard) as infants were simultaneously presented
with auditory tokens. The parent, who was listening to mu-
sic over headphones throughout the study, was instructed
not to speak and not to point at the screen. A video camera
was hidden under the TV screen, and an experimenter could
observe the infant’s eye gaze direction from a small monitor
in another room, where stimuli presentation using Habit
2002 (Cohen, Atkinson, & Chaput, 2000) was controlled.
Sound was presented to infants at a level of about 65 dB.
rmant (Hz) 2nd Formant (Hz) 3rd Formant (Hz)

2487 3039
64 2455–2501 3012–3081

2512 2982
60 2502–2530 2958–3002

2545 2928
17 2516–2568 2883–2979

2497 3091
69 2468–2542 3029–3173

2582 3091
56 2555–2609 3065–3155

2574 3038
55 2561–2625 2952–3100

iddle position were from 50% into the vowel, and at final position were from
ts at initial position did not reflect formant transitions from the preceding
voice quality (i.e., creakiness) that commonly occur at the end of a vowel.
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Fig. 2. F0 contours for all tokens used in the present experiments. Solid
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absolute f0 values are higher overall than in Fig. 1 because these stimuli
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The experimenter was blind to the sound presented, and re-
corded infant looking times by pressing a button. In all tri-
als, auditory and visual presentation continued until an
infant looked away for 2 s, at which point the visual stimu-
lus disappeared and a silent animation appeared to attract
the attention of the infant. Once the infant looked again,
the next trial began. Each trial had a maximum looking time
of 30 s.

Infants accumulated 30 s of looking time to one tone
type in a familiarization phase. Two separate strings were
created for this (i.e., infants heard either Tone 25 or Tone
33), and each contained a pseudo-random order of all four
tokens. In a subsequent test phase of eight trials, discrimina-
tion was assumed if infants looked longer at ‘alternating’
trials (i.e., Alt trials), which contained two stimuli types,
compared to either type of ‘non-alternating’ trials (i.e.,
Non-Alt trials), which contained only one type. Both Alt
Table 2
A sample of trials heard in one experimental order.

Trial type List useda Toke

Familiarization (Tone 25) Familiarization List Tone
Tone 25 Non-Alt List A Tone
Alt Alt List A Tone
Tone 33 Non-Alt List A Tone
Alt Alt List B Tone
Tone 25 Non-Alt List B Tone
Alt Alt List A Tone
Tone 33 Non-Alt List B Tone
Alt Alt List B Tone

Note. Subscripts indicate tokens #1–#4. Whether infants heard a familiarizatio
Non-Alt trial, and whether the first (and third) Non-Alt trial was Tone 25 or To

a Different lists indicate different pseudo-random orders of tokens. In Alt List
with Tone 25, and were then random. In Alt List B, the first four tokens were s
and Non-Alt trials each contained four tokens. Two Alt trials
began with Tone 25, and the other two trials began with the
Tone 33. Pseudo-random orders of Non-Alt trials were also
created (i.e., two pseudo-random orders for Tone 25, and
two orders for Tone 33). A 1 s inter-stimulus interval sepa-
rated individual tokens in all trials.

In the test phase Alt and Non-Alt test trials were
presented in rotating order (i.e., N-A-N-A-N-A-N-A or
A-N-A-N-A-N-A-N). Each infant heard two Non-Alt trials
containing Tone 25 (i.e., ‘Tone 25 trials’), and two Non-Alt
trials containing Tone 33 (i.e., ‘Tone 33 trials’), and each
kind of trial was heard at least once in each half of the test
phase. This allowed us to calculate looking for Tone 25 trials
and or Tone 33 trials separately. Across all infants, the tone
type heard during familiarization as well as the order of Alt,
Tone 25, and Tone 33 trials were maximally counterbal-
anced. Table 2 illustrates one experimental order for illus-
trative purposes. Trained observers who were blind to the
auditory stimuli coded infant looking behaviour offline.

Participants

Two groups of English-learning infants participated. The
first group consisted of 24 English-learning 4-month-old in-
fants (12 boys, range: 3 mo 20 d – 4 mo 15 d). Eight addi-
tional infants were not included in the analysis for the
following reasons: occasionally hearing a tone language in
their home environment (n = 1); excessive fussiness
(n = 4); experimenter/equipment error (n = 2). The second
group consisted of 24 English-learning 9-month-old infants
(12 boys, range: 8 mo 15 d–9 mo 17 d). Seven additional in-
fants were not included in the analysis for the following
reasons: excessive fussiness (n = 4); experimenter/equip-
ment error (n = 3). All infants were exposed to English at
least 90% of the time (by parental report) without hearing
any language containing tone contrasts.

Results

Looking times were analysed in an omnibus ANOVAwith
a within-subjects factor of test trial TYPE with three levels
(Tone 25, Tone 33, Alt), and between-subjects factors of
GENDER (male, female), FAMILIARIZATION (Tone 25, Tone
33), and AGE (4 months, 9 months). A significant interaction
ns heard in trial

251 Tone 252 Tone 253 Tone 254

251 Tone 252 Tone 253 Tone 254

251 Tone 252 Tone 331 Tone 332

331 Tone 332 Tone 333 Tone 334

251 Tone 252 Tone 331 Tone 332

251 Tone 252 Tone 253 Tone 254

253 Tone 254 Tone 333 Tone 334

331 Tone 332 Tone 333 Tone 334

253 Tone 254 Tone 333 Tone 334

n phase with Tone 25 or Tone 33, whether the first test trial was an Alt or
ne 33 were maximally counterbalanced across infants.
A, tokens of Tone 25 and Tone 33 alternated for the first 4 tokens beginning
imilarly alternated, but began with Tone 33.



Fig. 3. Results from Experiment 1 divided by age group. Looking to test trials was equivalent in the 9-month age group, but different in the 4-month age
group, indicating tone discrimination in the younger age. Error bars = std. errors, double asterisks = p < .01, and single asterisks = p < .05.
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of TYPE � AGE was detected, F(2,80) = 3.49, p = .035,
g2 = .080, indicating that looking among test trials differed
between the younger and older age group. No other interac-
tions or main effects reached significance, indicating that
neither gender nor the type of tone used for familiarization
affected discrimination performance (alpha = .05). One-way
repeated-measures ANOVAs with a within-subjects factor
of TYPE were conducted at each age. Results showed a sig-
nificant main effect of TYPE among 4-month-olds, F(2,46)
= 3.47, p = .040, g2 = .13, but not among 9-month-olds, F
(2,46) = 1.16, p = .32. As illustrated in Fig. 3, this showed
that 4-month-olds discriminated tones, but that English-
learning 9-month-olds did not discriminate tones, looking
equivalently at all trial types.

As we were interested in examining 4-month-olds’ pref-
erences among the different test trial types, looking times
to Tone 25 trials, M = 6.30, SD = 5.31, Tone 33 trials,
M = 7.63, SD = 5.92, and Alt trials, M = 8.28, SD = 5.45 were
analysed in a pairwise fashion using Fisher–Hayter’s correc-
tion for multiple comparisons (Seaman, Levin, & Serlin,
1991), as was done in all such comparisons reported pres-
ently. Results showed that looking to Tone 25 trials was
marginally less than to Tone 33 trials, although this differ-
ence did not reach statistical significance, Mdifference = 1.34,
95% CI [�.22,2.89], p < .10. When comparing Alt trials to
each type Non-Alt trial, looking was longer to Alt than to
Tone 25 trials, Mdifference = 1.98, 95% CI [.28,3.54], p < .05,
but was equivalent between Alt and Tone 33 trials,
Mdifference = .65, 95% CI [�.91,2.20], p > .10.
3 An exception to this generalization is that when lists of items are read
aloud in English, each item tends to have a rising f0 contour. Even then,
however, the list is terminated by a falling contour, and would still make
Tone 25 trials relatively more anomalous. We thank a reviewer for calling
our attention to this observation.
Discussion

Experiment 1 replicatedMattock et al. (2008) by showing
that English-learning 4-month-olds successfully discrimi-
nated a high-rising versus mid-level tone contrast, while
9-month-olds showed no discrimination. However, our
modified procedure also revealed a more nuanced pattern
of looking within the 4-month-old group. Looking at the Alt
trials was not longer than both types of Non-Alt trials. The
observed pattern of longer looking at the Alt trials compared
to Tone25 trialswasexpected, but4-month-oldsdidnot look
longer at the Alt trials compared to the Tone 33 trials.

There are two general explanations for this result. One
possibility, which is consistent with claims made previously
in the literature, is that listening preferences for tones at
4 months of age are independent of language experience,
driven only by acoustic factors. On this account, infants
looked longer at Alt trials because they preferred listening
to two tone types within a trial than to just one tone type,
but at the same time also had greater interest in Tone 33 tri-
als due to other kinds of acoustic factors. For example, per-
haps unchanging f0 contours are easier to process, which
increased overall looking to Tone 33 trial types, yielding
the observed pattern.

A second possibility is that 4-month-olds’ preferences
reflect developing sensitivity to English prosody. For exam-
ple, Tone 25 trials may have been regarded as particularly
anomalous, where a series of syllables with marked f0
changes of any kind rarely occurs in English.3 Tone 33 trials
might have been regarded as less anomalous, as f0 changes in
English usually vary over much larger prosodic units than the
syllable, and a series of relatively constant f0 sequences is
perhaps less marked (Pierrehumbert, 1980). On this account,
the looking patterns observed in Experiment 1 are similarly
explained by two tendencies. Infants preferred Alt trials to
Non-Alt trials, but their experience with English also lead
them to prefer Tone 33 trials because the relatively flat pros-
ody was more familiar compared to the f0 contours in Tone
25 trials.

To distinguish between these explanations, a cross-
linguistic comparison is needed. In Experiment 2, we tested
several groups of infants in the same procedure at both 4
and 9 months of age who were learning either Mandarin
or Cantonese.
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Experiment 2

The procedure and design from Experiment 1 was re-
peated with separate groups of 4- and 9-month-olds learn-
ing both Mandarin and Cantonese. In our non-native
Mandarin group, infants heard a tone contrast that included
one tone that could be assimilated to the native inventory
(i.e., Tone 25), but another tone that was a relatively poorer
match (i.e., Tone 33, which is lower than the only other le-
vel tone [55] in Mandarin).
4 Gender was left out as a factor because it was impossible to balance
across conditions in our hard-to-recruit sample of Chinese infants. More-
over, there are no previously reported gender effects in any previous study
on tone perception, nor were there any effects from Experiment 1.
Method

Stimuli
The same stimuli from Experiment 1 were used. Single

syllables in either Cantonese or Mandarin are often polyse-
mous given the limited phonological inventories in these
languages, and so ‘‘qi” is a fairly common syllable—either
in isolation or in lexical compounds—when examining Can-
tonese (i.e., Tone 25: 此 ‘this; thus’ or 始 ‘start’; Tone 33: 次
‘next’ or 刺 ‘thorn’) and Mandarin (i.e., the rising tone: 其
[possessive particle] or 奇 ‘strange’) (Da, 2004). It is thus
very likely that infants in both language groups had
encountered this syllable with at least one of these tones
before, but it is unlikely that infants in any experimental
group treated our stimuli as lexical entries (Tardif, Fletcher,
Zhang, & Liang, 2008). This assumption is reinforced by the
fact that our stimuli were not presented in any kind of ref-
erential context (Fennell & Waxman, 2010; Stager & Wer-
ker, 1997).

Participants

Two groups of Mandarin-learning infants participated.
The first group consisted of 16 Mandarin-learning 4-
month-old infants (8 boys, range: 3 mo 15 d–4 mo 15 d).
One additional infant was tested but not included due to
experimenter/equipment error (n = 1). The second group
consisted of 24 Mandarin-learning 9-month-old infants
(12 boys, range: 8 mo 17 d–9 mo 26 d). Eight additional in-
fants were tested but not included in the analysis for the
following reasons: excessive fussiness (n = 6); experi-
menter/equipment error (n = 2).

Two groups of Cantonese-learning infants also partici-
pated. The first group consisted of 16 Cantonese-learning
4-month-old infants (9 boys, range: 3 mo 17 d–4 mo
19 d). Three additional infants were tested but not included
in the analysis for the following reason: excessive fussiness
(n = 2); experimenter/equipment error (n = 1). The second
group consisted of 24 Cantonese-learning 9-month-old in-
fants (13 boys, range: 8 mo 16 d–9 mo 26 d). Eight addi-
tional infants were tested but not included in the analysis
for the following reasons: excessive fussiness (n = 6); exper-
imenter/equipment error (n = 2).

All infants were raised in metropolitan Vancouver, Brit-
ish Columbia, and were likely exposed to some English in
their daily lives. Nevertheless, most infants lived in com-
munities where either Mandarin or Cantonese are widely
spoken, and none were spending significant amounts of
time outside of the home with English-speaking
caregivers. A few families reported that their infants heard
other regional dialects of Chinese from friends or family
members (n = 5 in our total sample of 80 infants), but with
these few exceptions, infants were reported by parents to
be hearing either exclusively Mandarin or exclusively
Cantonese at least 90% of the time, hearing mostly English
in the remaining 10%.
Results

Two main questions motivated the current experiment.
How results bear on each of these questions is described
separately below.
Native and non-native tone systems
One goal of the study was to ask whether Cantonese-

and Mandarin-learning infants’ begin perceiving tones as
either native or non-native from early in development, and
if not, then when language-specific perception emerges.
To examine this question, looking time from Experiment 2
was analyzed in a mixed-effects omnibus ANOVA with a
within-subjects factor of test trial TYPE (Tone 25, Tone 33,
or Alt), and between-subjects factors4 of FAMILIARIZATION
(Tone 25, Tone 33), AGE (4 months, 9 months), and LAN-
GUAGE (Cantonese, Mandarin). There was a main effect of
TYPE, F(2,144) = 9.12, p < .01, g2 = .11, indicating that Chinese
infants could discriminate the tones as a group. In addition,
there was a significant 3-way interaction between the factors
of TYPE, FAMILIARIZATION, and LANGUAGE, F(2,144) = 3.97,
p = .021, g2 = .052, but no other significant interactions or
main effects (alpha = .05).

Results differed from Experiment 1 in that there was no
effect of AGE, showing that Chinese-learning infants show
similar patterns across both age groups. However, the 3-
way interaction indicated that looking to test trials differed
as a function of whether infants were familiarized with
Tone 25 or Tone 33, and whether the infants were learning
Cantonese or Mandarin. To explore how these factors af-
fected tone perception, both the effects of familiarization
and of language exposure were explored separately below,
collapsing across age.

Effect of familiarization (Fig. 4). Follow-up analyses were
conducted within each familiarization sub-group. In the
Tone 25 familiarization group (n = 40), there was both an
interaction of TYPE � LANGUAGE, F(2,76) = 4.70, p = .012,
g2 = .11, and main effect of TYPE, F(2,76) = 7.76, p = .001,
g2 = .17 (alpha = .05). Thus, Chinese-learning infants suc-
cessfully discriminated the tones when familiarized with
Tone 25, and further showed differences between Canton-
ese and Mandarin sub-groups (described below).

In contrast, infants in the Tone 33 familiarization group
(n = 40) showed no significant effects: neither a significant
main effect of TYPE, F(2,76) = 1.45, p = .24, nor an interac-
tion of TYPE � LANGUAGE, F(2,76) = .268, p = .77 (al-
pha = .05). Infants familiarized with Tone 33 thus showed



Fig. 4. Results from Chinese infants at both ages in Experiment 2, illustrating the effect of familiarization. Looking to test trials differed for these infants
overall, but this effect was carried by those in the group familiarized with Tone 25. Pairwise comparisons were conducted in the same manner as other
comparisons in the text (although not reported there). Error bars = std. errors, double asterisks = p < .01, and single asterisks = p < .05.
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no evidence of tone discrimination, indicating that any tone
discrimination in the Experiment 2 was carried entirely by
those infants familiarized with Tone 25.

Effect of hearing Mandarin or Cantonese (Fig. 5). Within
the Tone 25 familiarization group, the TYPE � LANGUAGE
interaction suggested that looking times were influenced
by whether infants were learning Mandarin or Cantonese.
Follow-up analyses were conducted within Mandarin- and
Cantonese-learning sub-groups of those infants hearing
Tone 25 during the familiarization phase.

In the Mandarin-learning group (n = 20), a main effect of
TYPE was observed, F(2,38) = 9.87, p < .001, g2 = .34. Here
we examined Mandarin-learners’ pattern of preferences to
see how they differed from Cantonese-learners. Looking
times to Tone 25 trials, M = 7.86, SD = 3.53, Tone 33 trials,
M = 5.19, SD = 3.22, and Alt trials, M = 8.23, SD = 3.91 were
analysed in a pairwise fashion. Results showed that looking
to Tone 25 trials was significantly longer than to Tone 33 tri-
als, Mdifference = 3.04, 95% CI [1.48,4.60], p < .01. When com-
Fig. 5. Results from Chinese infants at both ages in Experiment 2, who were fam
looking patterns overall. Error bars = std. errors, double asterisks = p < .01, and
paring Alt trials to each type of Non-Alt trial, looking was
equivalent to Alt and Tone 25 trials, Mdifference = .37, 95% CI
[�1.87,1.93], p > .10, but was longer to Alt than to Tone 33
trials, Mdifference = 3.04, 95% CI [1.48,4.60], p < .01.

In the Cantonese-learning group (n = 20), a main effect of
TYPE was also observed, F(2,36) = 3.95, p = .028, g2 = .17.
Looking times to Tone 25 trials, M = 5.45, SD = 2.72, Tone
33 trials, M = 6.43, SD = 3.98, and Alt trials, M = 8.07,
SD = 4.63 were again analysed in a pairwise fashion, which
showed differences from the Mandarin group. Specifically,
Tone 25 trials were not significantly different than Tone
33 trials, Mdifference = .39, 95% CI [�1.08,1.85], p > .10. More-
over, when comparing Alt trials to each type of Non-Alt
trial, longer looking was observed to Alt than to Tone 25 tri-
als, Mdifference = 2.63, 95% CI [.67, 4.59], p < .01. Similar to
Mandarin-learning infants, however, looking was slightly
longer to Alt trials than to Tone 33 trials, but this difference
was only marginally significant, Mdifference = 1.64, 95% CI
[�.33,3.61], p < .10.
iliarized with Tone 25, and divided by language. Each group showed distinct
single asterisks = p < .05.
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Overall, these results show that both Mandarin- and
Cantonese-learning infants (at least when familiarized with
Tone 25) show language-specific patterns of tone prefer-
ence that remain stable from 4 to 9 months of age. More
precisely, Mandarin-learning infants preferred Alt and Tone
25 trials to Tone 33 trials. Unlike Mandarin-learners, Can-
tonese-learners preferred Alt trials to Tone 25 trials, and
did not show significant differences in looking between
Tone 25 and Tone 33 trials.

The trajectory of perceptual development (Fig. 6)
The second goal of the study was to ask whether differ-

ences between language groups in tone perception can be
detected at 4 months of age, when tones are supposed to
be perceived on a ‘‘language-universal” basis (Mattock
et al., 2008). The present results have already indicated that
infants in Experiment 2 have language-specific preferences
without any interaction of age, so to more fully assess this
possibility, we asked how 4-month-old English-learning in-
fants from Experiment 1 would compare to both Mandarin-
and Cantonese-learning 4-month-olds.

An ANOVAwas conductedwith awithin-subjects factor of
test trial TYPE (Tone 25, Tone 33, Alt), and between-subjects
factors of FAMILIARIZATION (Tone 25, Tone 33) and LAN-
GUAGE (English, Cantonese, Mandarin). Results show that
there was a main effect of TYPE, F(2, 100) = 8.66, p < .001,
g2 = .15, showing again that 4-month-olds looked differently
at the test trial types. Results also revealed amarginal interac-
tionofTYPE� LANGUAGE,F(4, 100) = 2.03,p = .096,g2 = .075,
but no other interactions or main effects were significant (al-
pha = .10). This result, in conjunction with Experiment 1 and
the analysis so far in Experiment 2, suggested that there were
differences among 4-month-olds by language group. Four-
month-olds are analyzed separately by language below.

English-learning 4-month-olds. Recall from Experiment 1
that infants looked significantly longer at Alt trials than at
Tone 25 trials.

Mandarin-learning 4-month-olds. A pairwise analysis was
performed on looking to Tone 25 trials, M = 7.75, SD = 4.70,
Tone 33 trials, M = 6.09, SD = 3.80, and Alt trials, M = 8.63,
Fig. 6. Results from 4-month-olds from both Experiments 1 and 2, collapsing
overall. Error bars = std. errors, double asterisks = p < .01, and single asterisks =
SD = 4.73. Results showed that looking to Tone 25 trials
was longer than to Tone 33 trials, but this difference did
not reach significance, Mdifference = 1.65, 95% CI [�.04, 3.35],
p < .10. When comparing Alt trials to each type of Non-Alt
trial, infants looked equivalently at Alt trials compared to
Tone 25 trials, Mdifference = .88, 95% CI [�.81, 2.58], p > .10,
but look significantly longer at Alt trials than at Tone 33 tri-
als, Mdifference = 2.53, 95% CI [.84, 4.23], p < .01. Results thus
showed a very different pattern of looking from English-
learning infants.

Cantonese-learning 4-month-olds. A pairwise analysis
was performed on looking to Tone 25 trials, M = 6.59,
SD = 3.64, Tone 33 trials, M = 6.30, SD = 5.31, and Alt trials,
M = 8.36, SD = 4.27. Results showed that looking to Tone
25 trials was equivalent to Tone 33 trials, Mdifference = .39,
95% CI [�1.08, 1.85], p > .10. When comparing Alt trials to
each type of Non-Alt trial, infants looked significantly long-
er to Alt trials than to Tone 25 trials, Mdifference = 1.77, 95% CI
[.31,3.23], p < .05, and also looked significantly longer to Alt
trials than to Tone 33 trials, M = 6.30, SD = 5.31,
Mdifference = 2.54, 95% CI [.84,4.23], p < .01. Results thus dif-
fered from both English- and Mandarin-learning groups in
showing a clear pattern of discrimination, where looking
at Alt trials was longer than to either type of Non-Alt trial.

Discussion

Our results replicated previous work on tone perception
in Chinese-learning infants, showing stable discrimination
abilities from early in the first-year of life (i.e., 6 months
in Mattock & Burnham, 2006; 4 months in the present
study) until 9 months of age. However, our results also dif-
fered in three important ways from previous work.

The first major finding (Fig. 4) reveals that Chinese-
learning infants perceived tones asymmetrically, looking
differently between the test trial types when familiarized
with Tone 25, but not when familiarized with Tone 33. Per-
ceptual asymmetries are commonly reported in vowel per-
ception, where infants (and adults) often have difficulty
perceiving Vowel A in the context of Vowel B relative to
across familiarization group. Each group showed distinct looking patterns
p < .05.
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when Vowel B is perceived in the context of Vowel A
(Cowan & Morse, 1986; Kuhl, 1991; Kuhl et al., 1992; Polka
& Bohn, 1996; Polka & Bohn, 2003; Polka & Bohn, 2011;
Polka & Werker, 1994; Repp, Healy, & Crowder, 1979).
One account of these asymmetries appeals to perceptual
magnets. If Vowel B is more prototypical or frequent, then
contexts which have many tokens of Vowel B ‘‘capture” less
prototypical instances of Vowel A, making them less
discriminable (Kuhl, 1991; Kuhl et al., 1992). In our tone
example, Tone 25 is more likely the prototypical or salient
tone, since Tone 33 is non-native for half of our sample (i.
e., Mandarin-learners). Moreover, young infants pay special
attention to f0 contours in infant-directed speech (Cooper,
1997; Fernald, 1985; Fernald & Kuhl, 1987; Papoušek,
Papoušek, & Symmes, 1991), and the proportion of
Mandarin rising tones increases in samples of infant-
directed speech relative to adult-directed speech (Papoušek
& Hwang, 1991). However, since our results show that
Chinese-learning infants were better at tone discrimination
when familiarized with Tone 25, we observed an effect in
the opposite direction of a perceptual magnet.

An alternative account suggests that vowel contrasts are
more discriminable when Vowel A is more ‘‘extreme” (i.e.,
found further towards the ‘‘periphery” of acoustic/articula-
tory space) than Vowel B (Polka & Bohn, 1996; Polka & Bohn,
2003; Polka & Bohn, 2011).While it is unknownwhy percep-
tual asymmetries run this way, one possibility is that ex-
treme vowels have spectral properties that make them
particularly salient, and infants thus take these vowels to
be ‘‘referent vowels”when building a perceptual representa-
tion of acoustic space (Polka & Bohn, 2011). A related possi-
bility is that peripheral vowels may help to anchor
perceiver’s normalization of articulatory/acoustic space,
thus improving the discrimination of vowels in this context
(Polka & Bohn, 2003; see also Neary, 1978). Indeed, the study
of tone perception in adults has also emphasized the impor-
tance of f0 normalization (Huang & Holt, 2009; Leather,
1983; Moore & Jongman, 1997), particularly for level tones,
which can be perceived as either high or low depending on
the preceding f0 context (Francis et al., 2006; Wong & Diehl,
2003). For Chinese-learning infants in the present experi-
ment, the familiarization providedby Tone 33 (a series of rel-
atively invariable f0 tracks) may have made it more difficult
for infants to achieve normalization, since level tones pro-
vide comparatively less information about f0 range in the lo-
cal acoustic context than contour tones.

Futureworkwill likely establish that there aremanymore
factors contributing to asymmetries in tone perception than
simple f0 normalization. For example, Tsao (2008) reported
that 10- to 12-month-old Mandarin learners noticed when
a dipping tone (Mandarin tone 214)was embedded in a train
of high-level tones (Mandarin tone 55), but not vice versa,
which is not the prediction made by an f0 normalization
hypothesis. Additionally, Francis and Ciocca (2003) reported
an asymmetry in tone perception such that high-low pairs of
level tones were easier to discriminate than acoustically
equivalent low–high pairs for Cantonese speakers, but not
for English speakers. This suggests that some aspects of per-
ception contributing to asymmetrical patterns are language-
specific, perhaps changing with experience. Indeed, one as-
pect of these results supports this idea that the asymmetry
in our results develops over age. As illustrated in Appendix
A, Chinese-learning 4-month-olds did show a small familiar-
ization effect (i.e., larger mean differences between test trial
types in the group familiarized with Tone 25 compared to
Tone 33), but the corresponding familiarization effect in 9-
month-oldswas far larger. Statistical analysis of these differ-
ences was not significant, but future research using experi-
ments specifically designed to test this possibility may
show that asymmetries in tone perception can result from
increasing exposure to a tone language. Indeed, this would
be a result echoing previous reports that have examinedboth
the perception of vowels (Polka & Bohn, 2011; Pons,
Albareda-Castellot, & Sebastián-Gallés, 2012), and vowel
duration (Mugitani et al., 2009).

The secondmajor finding (Fig. 5) reveals consistent differ-
ences between the perception of native andnon-native tones
inMandarin- versus Cantonese-learning infants. The specific
patterns reported here can be interpreted in two ways. The
first way requires consideration of which tone type(s) can
be assimilated as a ‘‘native” tone (see So & Best, 2010). For
the Mandarin-learners, Tone 25 is very similar to the native
rising tone, and adult Mandarin speakers rarely misidentify
Tone 25 when perceiving Cantonese tones (Francis et al.,
2008). Thus, Mandarin-learning infants may have preferred
Tone 25 to Tone 33 because of the relative familiarity of the
former, while Cantonese infants may not shown any clear
preferences for either, as theywere bothnative. Another pos-
sibility is thatMandarin-learning infants differ fromCanton-
ese infants in their overall preferences for contour versus
level tones more generally. For example, Francis et al.
(2008) suggested adult Mandarin speakers more heavily
weight f0 direction when identifying tones (i.e., whether,
and in which direction f0 is changing) compared to f0 height
(i.e., the part of the f0 rangewhere a particular tone is instan-
tiated). Adult Cantonese speakers, on the other hand, must
weight both kinds of information, since their tone inventory
requires both dimensions to identify native categories. Thus,
Mandarin-learning infants may similarly prefer Tone 25 to
Tone 33 because infants are trying to identify f0 direction,
while Cantonese-learning infants would find it equivalently
effortful to identify both tones.

Future work may be able to tease apart these two
hypotheses by testing the perception of Cantonese rising
tones (25) against high-level tones (55) in both groups of
Chinese-learning infants. Both are easily assimilated to an
existing Mandarin tone, and if Mandarin-learning infants’
preferences are driven simply by the native versus non-
native status of specific tones, we would expect their
looking to be similar to that of Cantonese infants. If looking
patterns were instead driven by acoustic characteristics of
level versus contour tones, we would expect to replicate
the presently observed pattern.

The third major finding (Fig. 6) suggests that language-
specific influences act on tone perception as early as
4 months of age. This challenges the notion that tone per-
ception is relatively ‘‘language-universal” at this age
(Mattock et al., 2008). The specific looking patterns in
Fig. 6 may further reflect two general kinds of perceptual
strategies. The first possibility is related to f0 patterns
commonly occurring in the native language. Recall that
for English-learning infants, situations where every syllable
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has rising f0 contours may seem strange given that f0 vari-
ation in English typically occurs over much larger prosodic
units. Thus Tone 33 trials may have been relatively more
familiar/native-like than Tone 25 trials. Similarly, Manda-
rin-learning infants may have preferred Tone 25 trials to
Tone 33 trials because the former trial type contains an eas-
ily assimilated tone, and would thus be more familiar/na-
tive-like. Finally, Cantonese infants may have shown no
preference for either Tone 25 or Tone 33 trials, precisely be-
cause both tone types are common in the native language.

The second possibility is that looking patterns reflect lan-
guage-specific attentional weighting for various acoustic
dimensions of f0: English speakers weight f0 height most
heavily, Mandarin speakers give the most weight to f0 con-
tour, and Cantonese speakers give more equivalent weight-
ing both kinds of information. Hence English-learners in
the present study would prefer Tone 33 to Tone 25 because
they find identification of f0 height easier for the level tone
(i.e., an unchanging, steady f0 height); Mandarin-learners
wouldprefer Tone25 to Tone33because theyfind identifica-
tion of f0 direction easier for the contour tone (i.e., an obvious
andmarked f0 rise);while Cantonese-learning infantswould
show no difference between Tone 25 and Tone 33 because
they are trying to extract both f0 height and direction (i.e.,
find this task equivalently difficult for both types).

In summary, several new patterns of developmental
tone perception are reported here. Yet it seems unlikely
that all developmental patterns in tone perception will echo
the results presented here, likely mirroring the diversity of
developmental trajectories described in the consonant and
vowel literature. For example, adult Mandarin speakers cor-
rectly classifying the presently used Tone 25 - Tone 33 con-
trast in Cantonese (Francis et al., 2008), just as we report
consistent discrimination of this non-native tone contrast
by Mandarin-learning infants across both ages tested. Fu-
ture studies may well find classical declines in discrimina-
tion for other tone contrasts, especially if two acoustically
more similar Cantonese tones are tested, or if the tested
tones are assimilated to the same category in Mandarin.
The low rising (23) and high rising (25) tones in Cantonese
constitute one pair that meets these criteria, as it is contrast
quite difficult for adult Mandarin speakers to classify (Fran-
cis et al., 2008). Future research will need to examine a
wider array of tone contrasts to map out how both acoustic
and language-specific factors interact.
General discussion

Research on infant speech perception has long focused
on the development of consonants and vowels with a rela-
tive dearth of studies on other lexically relevant prosodic
cues (i.e., tone, stress, pitch accent, and phoneme duration).
The current study investigated tone perception in infancy,
identifying two main questions to which we return below.

How do infants begin learning native versus non-native tone
systems?

Previous literature on infant tone perception had only
compared non-tone language learners (i.e., English-
learners) against tone language learners (i.e., a mixed group
of Chinese-learners). Thus, it was unclear whether infants
are initially sensitive only to the fact that their language
contains tone (and then learn the particulars of their native
tone system later), or whether there are differences be-
tween different types of tone systems from the very earliest
stages of perceptual development. Our results disconfirm
the first notion. Rather, it appears that Cantonese- andMan-
darin-learning infants both show distinct, language-specific
perceptual patterns from at least 4 months of age, which
appear to carry over into adulthood (e.g., Francis et al.,
2008; Lee et al., 1996; So & Best, 2010). This suggests that
language-specific effects of hearing a tone language mani-
fest from the beginning in ways that are characteristic of
the native language, and not simply characteristic of hear-
ing just any tone system.

Note again the important distinction between discrimi-
nation versus preference. Chinese infants in Experiment 2
were able to discriminate the present tone contrast as a
group, no matter whether it was native or non-native for
them. Conversely English-learning infants in Experiment 1
no longer discriminated the same tone contrast by
9 months of age. This does show some degree of perceptual
flexibility in the Chinese group, as hearing some tones, even
non-native ones, can help maintain tone discrimination
ability throughout infancy. This replicates the results from
Mattock and Burnham (2006), who showed that Chinese-
learners could still discriminate a non-Chinese tone con-
trast that was acoustically similar to the presently used
one (i.e., involving a level-contour contrast). Even so, this
result does not imply that tone discrimination is uniformly
easy across all possible contrasts. Recall that 10 to 12-
month-old Mandarin-learning infants show variable dis-
crimination abilities even for different sets of native tones
(Tsao, 2008). This underscores the notion that both acoustic
distinctiveness and language-specific influences likely
interact in determining an infant’s perceptual sensitivity
for a particular phonetic contrast (e.g., Narayan et al., 2010).

Is the trajectory of perceptual development similar for tones,
vowels, and consonants?

Previous research has suggested an earlier effect of na-
tive language input on the perception of vowels (i.e., at least
from 6 months of age) than on the perception of consonants
(i.e., at least from 8.5 months of age) (Anderson et al., 2003;
Kuhl et al., 1992; Polka & Werker, 1994). According to the
periodicity bias hypothesis, these developmental trajectories
for vowels versus consonants are determined by acoustic
factors (Cutler & Mehler, 1993). As infants are better able
to attend to larger periodic units at earlier points in devel-
opmental time, according to this hypothesis, different types
of language input have their effects at different ages. Specif-
ically, the longer, more sustained, or periodic a particular
unit in the speech signal is, the more salient this unit is
for young infants. Evidence for Cutler and Mehler’s hypoth-
esis comes from studies showing that infants have very
early language-specific preferences for speech melody at
the level of clauses or phrases (see Nazzi and Ramus
(2003) for review), showing language-specific stress per-
ception beginning from at least 4 months of age (Friederici
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et al., 2007), and then finally begin to show language-spe-
cific vowel and consonant perception from 6 and
8.5 months of age, respectively. At segmental timescales,
more periodic units (e.g., vowels) are thus considered priv-
ileged over the less periodic ones (e.g., consonants), as the
latter require finer temporal resolution to be identified.

An important element missing from the original articula-
tion of the periodicity bias is the role of tones, which operate
at roughly the same timescales as consonants and vowels,
and are just as periodic as vowels. Contrary to the predictions
from the periodicity hypothesis, our data show that tone per-
ception is language-specific by at least 4 months of age, be-
fore either vowels or consonants show similar effects. This
suggests a view of development similar to that suggested
byCutler andMehler (1993), except that perceptual develop-
ment is not guided simplybyhowperiodic information in the
speech signal is, but rather how salient this information is
(see alsoNarayan et al. (2010) for a further example of differ-
ences in acoustic saliency affecting phonetic reorganization
among different kinds of consonants).

Saliency is, of course, difficult to define, especially when
considering the varying effects on perception that different
acoustic cues may have. It is likely that saliency is a product
of several interrelated factors, at least one of which (partic-
ularly when considering tones, vowels, and consonants)
might simply be amount of experience that infants have
processing these cues. For example, those acoustic proper-
ties that can reach the foetal auditory system, like f0 and
amplitude, are likely to become perceptually salient from
early on in development. This may be followed by vowels
(for which partial spectral information in lower frequencies
may be able to reach the womb), and then by consonants
(for which relatively little acoustic information is likely
available in the womb). Consider also that both neonates
(Nazzi et al., 1998) and 2- to 3-month-olds (Karzon & Nich-
olas, 1989) robustly perceive both f0 level and direction
across two syllables, while the spectral cues needed to iden-
tify other kinds of vocalic or consonantal contrasts may be
difficult for infants at these ages, particularly if they are
instantiated on multi-syllabic words (Bertoncini, Bijeljac-
Babic, Jusczyk, Kennedy, & Mehler, 1988; Karzon, 1985).
Moreover, neuroimaging evidence suggests that f0 changes
in the speech signal may be processed differently than spec-
tral information in vowels, becoming specialized to a spe-
cific hemisphere early in life due to differences in the
relative physical complexity between f0 and vowel formant
cues (see Minagawa-Kawai, Cristia, and Dupoux (2011) for
review).

The psychophysical properties of acoustic cues are not
the only properties that likely contribute to perceptual sal-
ience. Phonetic contrasts are almost always cued by several
acoustic properties, and the degree to which these cues are
in concordance can often affect both infants’ (e.g., Eimas,
1985; Sato et al., 2012) and adults’ (see McMurray and
Jongman (2011) for review) abilities to perceive phonetic
contrasts. Future work will need to ask how a system of
co-varying cues to a particular phonetic contrast contrib-
utes to perceptual salience in development. Consider, for
example, the interesting case of phoneme duration. Even
though the duration of constriction distinguishing two con-
sonant geminates (e.g., /pata/ versus /patta/, or /pada/ ver-
sus /padda/) are sometimes longer than the equivalent
amount of constriction distinguishing two voicing catego-
ries (e.g., /pada/ and /pata/), voicing may be still be thought
of as more salient for several possible reasons. One reason
may be because categorizing phoneme duration depends
first on the successful identification of the vocalic or conso-
nantal pattern (i.e., as /d/ or /t/), and then a second step to
categorize the duration of constriction as either short or
long. Another reason may be because voicing distinctions
can have as many as 16 co-varying acoustic cues (e.g.,
Lisker, 1986), while (consonant) duration distinctions have
as little as 4 such cues (Idemaru & Guion, 2008; Kawahara,
2006), and the presence of extra cues may increase the per-
ceptual salience of voicing. Such properties may explain
why phoneme duration contrasts are difficult for infants
to detect until at least 9.5 months of age (Sato, Sogabe, &
Mazuka, 2010; Sato et al., 2012), and why cross-linguistic
differences in the perception of (vowel) duration has not
been reported until at least 18 months of age (Mugitani
et al., 2009).

One additional factor that may contribute to differences
in the timing of language-specific perception for tones,
vowels, consonants, and phoneme duration is the frequency
with which phonetic contrasts of the critical type occur in
speech input (e.g., Anderson et al., 2003; Narayan et al.,
2010; Polka et al., 2001; Sato et al., 2012). Indeed, not just
frequency, but specific distributional characteristics of pho-
netic information in a mother’s speech can be predictive of
her infants’ discrimination abilities (Cristia, 2011; see Wer-
ker, Yeung, & Yoshida, 2012 review). More work will need
to establish how the statistical properties of f0 variation
manifest in tonal languages (e.g., Gauthier, Shi, & Xu,
2007a; Gauthier, Shi, & Xu, 2007b), and how these input
characteristics are related to the precocious emergence of
language-specific tone perception.
Conclusions

Speech perception develops remarkably quickly in in-
fancy, as infants become attuned to the properties of the na-
tive language within a very short amount of time. The
present study contributes to our understanding of this pro-
cess in two main ways. First, this study shows, in more de-
tail, how the perception of lexical tone develops in infancy.
We replicated previous reports showing language-specific
differences infant tone perception (Mattock & Burnham,
2006; Mattock et al., 2008), and further showed that infants
hearing native versus non-native tone systems perceived
tones in language-specific ways from at least 4 months of
age. Additionally, perceptual asymmetries are reported
among Chinese-learning infants, which may be related to
their abilities to normalize some of the acoustic variability
of f0 within a speaker. This finding is relevant to a broader
discussion in the literature about the character f0 variability
in infant-directed speech, and how that variability affects
early word-learning (Bortfeld & Morgan, 2010; Singh
et al., 2004; Singh et al., 2008).

Second, this study shows that language-specific input
reorganizes phonetic perception at different points in
development for different kinds of speech units. Here we
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show here that language-specific perceptual patterns for
tones are evident as early as 4 months of age, before either
vowel or consonant perception is affected by language in-
put. Future research must determine what precise acoustic
factors determine these differences in the timing of lan-
guage-specific perceptual development: first for ‘‘easier”
prosodic cues (i.e., stress/pitch accent/tones), then vowels,
then consonants, and finally for ‘‘harder” prosodic cues (i.
e., phoneme duration). Future work may also explore the
curious similarity between this hierarchy of development
in perception with a seemingly parallel hierarchy of devel-
opment in production, where infants first learn to modulate
f0, then produce vocalizations with some characteristics of
vowels, and finally begin producing consonant-like struc-
tures in babbling (Oller, 1980; Stark, 1980).

Any proposed hierarchy must be qualified, however, by
the inherent complexity of perceptual behaviour. Indeed,
the respective salience of stress/pitch accent/tones, vowels,
consonants, and phoneme duration may not reflect perfor-
mance in all experimental tasks. As has been shown with
adults (e.g., New, Araújo, & Nazzi, 2008), as well as with in-
fants and children (e.g., Havy & Nazzi, 2009; Mani & Plunk-
ett, 2007; Nazzi, 2005), vowels are sometimes more
confusable than consonants when accessing word forms.
Additionally, an increasing number of studies have shown
that vowels and consonants serve different kinds of func-
tions in other kinds of language processing (Bonatti, Peña,
Nespor, & Mehler, 2005; Nespor, Peña, & Mehler, 2003),
and that even infants are sensitive to these differences
(Pons & Toro, 2010). This serves as a potent reminder that
the emergence of language-specific perception in infancy
likely involves a complex interaction between the acoustic
factors that denote different kinds of speech units, and the
functional role that these units have in language processing.
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