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Abstract
This study examined how bilingualism in an atonal language, in addition to a tonal language, influences 
lexical and non-lexical tone perception and word learning during childhood. Forty children aged 
5;3–7;2, bilingual either in English and Mandarin or English and another atonal language, were 
tested on Mandarin lexical tone discrimination, level-pitch sine-wave tone discrimination, and 
learning of novel words differing minimally in Mandarin lexical tone. Mandarin–English bilingual 
children discriminated between and learned novel words differing minimally in Mandarin lexical 
tone more accurately than their atonal–English bilingual peers. However, Mandarin–English and 
atonal–English bilingual children discriminated between level-pitch sine-wave tones with similar 
accuracy. Moreover, atonal–English bilingual children showed a tendency to perceive differing 
Mandarin lexical and level-pitch sine-wave tones as identical, whereas their Mandarin–English peers 
showed no such tendency. These results indicate that bilingualism in a tonal language in addition to 
an atonal language—but not bilingualism in two atonal languages—allows for continued sensitivity 
to lexical tone beyond infancy. Moreover, they suggest that although tonal–atonal bilingualism 
does not enhance sensitivity to differences in pitch between sine-wave tones beyond infancy any 
more effectively than atonal–atonal bilingualism, it protects against the development of biases to 
perceive differing lexical and non-lexical tones as identical. Together, the results indicate that, 
beyond infancy, tonal–atonal bilinguals process lexical tones using different cognitive mechanisms 
than atonal–atonal bilinguals, but that both groups process level-pitch non-lexical tone using the 
same cognitive mechanisms.
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1 Introduction

A majority of people in the world speak tonal languages, which use pitch to differentiate between 
lexical semantics or morphosyntax (Fromkin, 1978)—a property known as lexical tone. Particularly 
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among children, a majority of the speakers of tonal languages are bilingual, and a majority of these 
bilinguals speak a second language that is atonal (Feng, 2007). Despite growing interest in how 
experience with tonal languages, in addition to atonal languages, affects perception of lexical tone, 
at present, little is known about how tonal–atonal bilingualism affects non-lexical tone perception, 
particularly in childhood. Moreover, despite evidence that bilingualism in two atonal languages 
extends the developmental duration of sensitivity to lexical tone (Graf Estes & Hay, 2015), no 
published research to date has examined whether its effect on lexical tone perception is similar to 
that of tonal–atonal bilingualism. Finally, relatively little is known about how perception of both 
lexical and non-lexical tone develops beyond infancy. The goal of the current research was to fill 
these lacunae by investigating the effect of bilingualism in an atonal language in addition to a tonal 
language, as well as bilingualism in two atonal languages, on lexical and non-lexical tone percep-
tion in early childhood. As a result, this work provides insight into how tonal–atonal and atonal–
atonal bilingualism influence the development of lexical and non-lexical tone perception beyond 
infancy.

1.1 Lexical tone perception and development

In order to understand the development and mature state of lexical tone perception, it is important 
to understand the acoustic properties of lexical tone in general, as well as the specifics of Mandarin 
lexical tone in particular. Unlike segmental phonemes such as consonants and vowels, lexical tone 
is a suprasegmental, consisting of a pitch superimposed upon a syllable or word (Xu, 1999). Lexical 
tone is primarily identified by fundamental frequency (F0) cues, including mean pitch and pitch 
contour (Gandour, 1983, 1984; Massaro, Cohen, & Tseng, 1985), and is secondarily identified by 
cues in duration, amplitude, vocal range, and register (Blicher, Diehl, & Cohen, 1990; Liu & 
Samuel, 2004). Thus, lexical tone is perceived distinctly from segmental phonology and is classi-
fied based on these cues according to a fixed set of categories in a given tonal language (Francis, 
Ciocca, & Ng, 2003; Xi, Zhang, Shu, Zhang, & Li, 2010). Mandarin, the tonal language of interest 
in the current study, is a contour tone system, meaning that its tones are distinguished from one 
another by the pitch trajectory of their F0 (Chao, 1965). There are four principal categories of lexi-
cal tones in Mandarin: high flat (1), rising (2), low dipping (3), and falling (4) (see Figure 1).1 In 
Mandarin, lexical tone differentiates lexically rather than inflectionally. For native Mandarin 
speakers, lexical tone constrains activation of word referents in parallel with segmental phonology 
(Malins & Joanisse, 2010, 2012), indicating that lexical tone serves as a critical cue to meaning in 
Mandarin. The current study focuses on Mandarin because of the high information load of its lexi-

Figure 1. Stylized pitch contours of the four principal Mandarin lexical tones.
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cal tones (Oh, Pellegrino, Coupé, & Marsico, 2013; Surendran & Levow, 2004), which may influ-
ence how overlapping non-lexical tones are perceived.

Research on the neural bases of lexical tone perception has provided insight into how language 
experience affects the mechanisms used to process lexical tone. In contrast to tonal language 
speakers, who process lexical tone in their native language using mainly left-lateralized brain 
regions involved in speech perception, speakers of atonal languages such as English and other 
tonal languages process lexical tone using right-lateralized brain regions as well (Gandour, Wong, 
& Hutchins, 1998; Hsieh, Gandour, Wong, & Hutchins, 2001; Klein, Zatorre, Milner, & Zhao, 
2001; Wang, Jongman, & Sereno, 2001; Xu, 1999), which are also used to process affective intona-
tion (Tompkins & Flowers, 1985; Wildgruber, Pihan, Ackermann, Erb, & Grodd, 2002) as well as 
non-lexical tone (Tervaniemi et al., 1999, 2000). When a tonal language is acquired, the laterality 
of processing lexical tones from that language shifts to the left hemisphere (Wang, Sereno, 
Jongman, & Hirsch, 2003; Wang, Spence, Jongman, & Sereno, 1999), predicting lexical tone 
acquisition efficacy (Wong, Perrachione, & Parrish, 2007). Taken together, these findings indicate 
that, in a familiar tonal language, lexical tone processing relies upon neural mechanisms used to 
process familiar segmental phonemes, whereas in an unfamiliar tonal language, lexical tone pro-
cessing relies upon neural mechanisms used to process affective prosody and non-lexical tone.

In light of evidence suggesting that tonal and atonal language speakers rely on different neural 
mechanisms to process lexical tone, it follows that lexical tone perception should develop differ-
ently in children with experience exclusively with tonal and atonal languages. Indeed, there is 
evidence of developmental divergence in lexical tone perception based on language experience, 
and that the trajectory of lexical tone development parallels, but is more complex—and pro-
tracted—than segmental phonological development (Singh & Fu, 2016). While all children are 
born with the ability to discriminate between lexical tones in any language, similar to segmental 
phonemes, perceptual reorganization takes place between the age of 0;4 and 0;9, such that lexical 
tone discrimination begins to improve in children exposed exclusively to a tonal language and to 
decline in children exposed exclusively to an atonal language (Harrison, 2000; Liu & Kager, 2014; 
Mattock & Burnham, 2006; Mattock, Molnar, Polka, & Burnham, 2008; Tsao, 2017; Yeung, Chen, 
& Werker, 2013). Children with exclusive experience with an atonal language continue to demon-
strate some elasticity in lexical tone perception until age 2;0 (Hay, Graf Estes, Wang, & Saffran, 
2015; Liu & Kager, 2014), after which they fail to differentiate between lexical tones (Quam & 
Swingley, 2010; Singh, Hui, Chan, & Golinkoff, 2014).

Unlike children with experience exclusively with an atonal language, children with experience 
exclusively with a tonal language demonstrate protracted development of lexical tone perception 
far beyond infancy. Similar to children with experience exclusively with an atonal language, chil-
dren with experience exclusively with a tonal language discriminate with a high rate of accuracy 
between words differing minimally in lexical tone in early childhood (Singh, Poh, & Fu, 2016; 
Wong, Schwartz, & Jenkins, 2005; Yuet Sheung Lee, Chiu, & van Hasselt, 2002). However, sensi-
tivity to familiar lexical tones continues to improve during childhood in children with experience 
exclusively with a tonal language (Lee et al., 2012; Singh, Tan, & Wewalaarachchi, 2017). Indeed, 
there is evidence that discrimination of familiar lexical tones does not reach adult accuracy until 
10;0 (Ciocca & Lui, 2003; Wong & Leung, 2018).

Given that children with experience exclusively with tonal and atonal languages exhibit diver-
gent developmental trajectories for lexical tone perception, the question arises of how lexical tone 
perception develops in children bilingual in both a tonal and an atonal language. Interest in this 
question is growing, and while the results of several recent studies are somewhat mixed, they nev-
ertheless suggest that tonal–atonal bilinguals exhibit prolonged flexibility in lexical tone percep-
tion during childhood. It is not until approximately 1;0 that tonal–atonal bilinguals interpret 
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suprasegmental pitch correctly as a phonemic contrast in Mandarin and a non-phonemic acoustic 
attribute in English (Singh & Foong, 2012; Singh et al., 2016). During early childhood, sensitivity 
to lexical tone appears to follow a complex, protracted trajectory in tonal–atonal bilinguals, such 
that it decreases early on (Wewalaarachchi, Wong, & Singh, 2017) but increases and becomes more 
nuanced with age (Singh, Goh, & Wewalaarachchi, 2015). It is important to note, however, that 
children with experience in two atonal languages retain sensitivity to lexical tone (Graf Estes & 
Hay, 2015) as well as unfamiliar segmental phonemes (Singh, 2018) for longer than children with 
experience in only one atonal language. This suggests that the protracted sensitivity to lexical tone 
observed in tonal–atonal bilinguals may result from bilingualism rather than from experience with 
an atonal language, per se. Nevertheless, lexical tone perception in children with experience with 
both a tonal and an atonal language indicates that it reflects both similarities and differences rela-
tive to that of children with experience exclusively with a single tonal language.

1.2 Non-lexical tone perception and development

Unlike lexical tones, which are constrained according to the conventions of the language in which 
they occur, non-lexical tones range from those with level pitches to those with pitch contours. In 
general, research indicates that tonal language speakers perceive non-lexical tones with pitch con-
tours consistently and accurately when they are similar to the contours of the lexical tones in their 
language. More specifically, tonal language speakers show evidence of categorical perception of 
non-lexical tones with pitch contours, with decreased sensitivity to those falling within the acoustic 
boundaries corresponding to lexical tones in their language relative to those straddling these cate-
gories, whereas atonal language speakers show evidence of psychophysical perception of all tones 
with pitch contours (Bent, Bradlow, & Wright, 2006; Chandrasekaran, Krishnan, & Gandour, 
2007, 2009; Hallé, Chang, & Best, 2004; Lee, Vakoch, & Wurm, 1996; Peng et al., 2010; Xu, 
Gandour, & Francis, 2006). Findings concerning the influence of tonal language experience on 
discrimination of non-lexical tones with level pitches is mixed, with some work showing evidence 
of perceptual enhancement (Giuliano, Pfordresher, Stanley, Narayana, & Wicha, 2011; Pfordresher 
& Brown, 2009), some work showing evidence of perceptual suppression (Stagray & Downs, 
1993; Tanner & Rivette, 1964), and some work showing no effect (Bent et al., 2006; Burns & 
Sampat, 1980). Together, these findings suggest that tonal language experience influences non-
lexical tone perception and that its influence may depend upon on the similarity of the pitches of 
non-lexical tones to the pitches of familiar lexical tones.

In addition to the research discussed above, a number of studies provide evidence of a bi-
directional relationship between experience and perception of musical pitch and lexical tone. Work 
examining the effect of tonal language experience on musical pitch perception indicates that flu-
ency in tonal languages is positively associated with absolute pitch prevalence (Deutsch, Dooley, 
Henthorn, & Head, 2009; Deutsch, Henthorn, Marvin, & Xu, 2006) as well as enhanced musical 
pitch perception (Wong et al., 2012). Moreover, tonal language speakers with amusia show 
impaired discrimination and identification of non-lexical pitch contours (Jiang, Hamm, Lim, Kirk, 
& Yang, 2010; Liu et al., 2012). Work examining the effect of musical experience on lexical tone 
perception indicates that speakers of atonal languages with significant musical experience learn 
lexical tone more effectively than speakers of atonal languages without significant musical experi-
ence (Delogu, Lampis, & Belardinelli, 2006, 2010; Lee & Hung, 2008). Furthermore, atonal lan-
guage speakers with amusia show impairments in their ability to learn lexical tone (Tillmann et al., 
2011), and tonal language speakers with amusia show impairments in lexical tone discrimination 
and identification (Nan, Sun, & Peretz, 2010). More recent work integrating these two lines of 
inquiry suggests that tonal language and musical experience exert independent effects on musical 



Morett 5

pitch perception (Bidelman, Gandour, & Krishnan, 2011a, 2011b; Bidelman, Hutka, & Moreno, 
2013), with musical experience exerting a larger effect than tonal language experience (Hutka, 
Bidelman, & Moreno, 2015).

Despite the extensiveness of extant research examining the influence of tonal and atonal lan-
guage experience on non-lexical tone processing in adults, relatively little research has examined 
it in children. Moreover, the findings of this research are mixed, suggesting both parallels and dif-
ferences between the development of lexical and non-lexical tone perception. In infancy, exposure 
to both English and Mandarin permits successful discrimination between non-lexical tones with 
pitch contour analogues of Thai lexical tones, whereas exposure only to English results in a devel-
opmental decline in sensitivity to the differences between these tones (Mattock & Burnham, 2006). 
By contrast, exposure to Dutch, an atonal language, hinders discrimination between Mandarin lexi-
cal tones and analogous three-note non-lexical tones at 0;4 but not 1;0 (Chen & Kager, 2016). In 
early childhood, 3- to 5-year-old Mandarin-speaking children discriminate between non-lexical 
tones with rising and falling pitch contours more accurately than their English-speaking peers 
(Creel, Weng, Fu, Heyman, & Lee, 2018). However, English-speaking children aged 5;0, 6;0, and 
8;0 and 18+ are better able to discriminate between non-lexical tones with level pitches and pitch 
contour analogues of Thai lexical tones than Thai lexical tones (Burnham, Francis, & Webster, 
1996). Together, these findings provide evidence that experience with tonal languages may enhance 
the development of non-lexical tone perception.

Given that work examining non-lexical tone development beyond infancy has only tested chil-
dren with experience with either a single tonal or atonal language (Burnham et al., 1996; Creel 
et al., 2018), it is unclear how non-lexical tone is perceived by children with experience with two 
languages beyond infancy. One possibility is that experience with two languages does not affect 
non-lexical tone perception beyond infancy. This possibility is consistent with research indicating 
that monolingual tonal and atonal language speakers discriminate between non-lexical tones with 
level pitches with similar accuracy (Bent et al., 2006; Burns & Sampat, 1980), despite showing 
differences in lexical tone discrimination accuracy. On the surface, this possibility appears consist-
ent with theories of speech perception that hold that speech and non-speech sounds are processed 
and represented differently (Liberman & Mattingly, 1989). However, findings indicating that tonal 
language speakers perceive non-lexical tones with level pitches, non-lexical tones with pitch con-
tours, and lexical tones along a speech-like-ness spectrum (e.g., Bent et al., 2006) suggest that lexi-
cal and non-lexical tone processing may not be strictly modular or dichotomous.

An alternative possibility is that experience with two languages affects non-lexical tone percep-
tion beyond infancy and that its effects depend on language tonality. If this is the case, tonal–atonal 
bilinguals should differ from atonal–atonal bilinguals in their perception of distinctions between 
non-lexical tones. This possibility is consistent with research demonstrating that tonal monolin-
guals discriminate more accurately than atonal monolinguals between level-pitched non-lexical 
tones with small inter-pitch intervals (Giuliano et al., 2011) or that straddle the F0 boundaries of 
lexical tones from their native language (Stagray & Downs, 1993; Tanner & Rivette, 1964). 
Furthermore, it is consistent with research suggesting that tonal monolinguals are more likely than 
atonal monolinguals to possess absolute pitch (Deutsch et al., 2006, 2009) and to perceive musical 
pitch more accurately (Wong et al., 2012), as well as to show adverse effects of amusia on lexical 
tone perception (Jiang et al., 2010; Liu et al., 2012). Theoretically, this possibility is consistent with 
models of speech perception that hold that speech and non-speech sounds are processed and repre-
sented similarly using shared mechanisms (Kluender, Diehl, & Killeen, 1987; Kuhl, 1981). 
Specifically, the finding that tonal–atonal bilinguals perceive non-lexical tone differently than 
atonal–atonal bilinguals beyond infancy would suggest that speaking a tonal language in addition 
to an atonal language influences non-lexical tone perception, demonstrating transfer from 
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production to perception as well as from lexical to non-lexical tone perception similar to transfer 
observed in tonal monolinguals. Moreover, it would demonstrate that bilingualism in a tonal lan-
guage in addition to an atonal language does not completely block this transfer beyond infancy.

1.3 The current study

The primary objective of the present study was to investigate how experience with two languages 
varying in tonality affects lexical and non-lexical tone perception beyond infancy. To achieve this 
objective, the present study examined perception of lexical and non-lexical tone by young children 
bilingual in Mandarin and English (tonal–atonal bilinguals) and bilingual in English and another 
atonal language (atonal–atonal bilinguals). These two groups were compared so that the influences 
of experience with two languages, regardless of tonality, and experience with a tonal language 
could be disentangled with respect to lexical and non-lexical tone perception. It is important to 
disentangle the influences of bilingualism and tonal language experience on tone perception 
because the majority of children who grow up speaking Mandarin learn to speak English in early 
childhood (Feng, 2007). Thus, theories of lexical and non-lexical tone perception and development 
must account for the influences of both bilingualism in general and tonal language experience in 
particular to ensure that they are ecologically valid.

With respect to lexical tone perception, it was predicted that tonal–atonal bilinguals would dis-
criminate more accurately than atonal–atonal bilinguals. This prediction was based on evidence 
that, beyond infancy, tonal monolinguals’ ability to discriminate between familiar lexical tones 
improves (Ciocca & Lui, 2003; Lee et al., 2012), whereas atonal monolinguals’ lexical tone dis-
crimination ability declines (Quam & Swingley, 2010; Singh et al., 2014). Although atonal–atonal 
bilinguals retain the ability to discriminate between lexical tones for longer than atonal monolin-
guals, atonal–atonal bilinguals’ lexical tone discrimination declines to the level of atonal monolin-
guals by 2;2, indicating that atonal–atonal bilinguals’ lexical tone discrimination does not persist 
beyond infancy (Graf Estes & Hay, 2015). While this prediction is at odds with work demonstrat-
ing that tonal–atonal bilinguals show reduced sensitivity beyond infancy to lexical tone substitu-
tions in words relative to their earlier sensitivity (Singh et al., 2015; Wewalaarachchi et al., 2017), 
it is consistent with findings from tasks requiring explicit discrimination between lexical tones 
(Bent et al., 2006; Hallé et al., 2004; Lee et al., 1996), which were used in the present study.

With respect to level-pitched non-lexical tone perception, it was predicted that tonal–atonal 
bilinguals would discriminate with accuracy similar to that of atonal–atonal bilinguals. This pre-
diction was based on evidence that, beyond infancy, non-lexical tone discrimination develops simi-
larly in tonal and tonal monolinguals (Burnham et al., 1996). This prediction was also consistent 
with the findings of work examining perception of level-pitched non-lexical tones, which was 
tested in the present study, indicating that tonal and atonal bilinguals discriminate between these 
tones with similar accuracy (Bent et al., 2006; Burns & Sampat, 1980). Given that no published 
research to date has examined non-lexical tone perception in atonal–atonal bilinguals, the present 
study provides insight into whether superior phonemic perception in bilinguals arises from—or 
affects—acoustic perception, thereby informing theories of bilingual speech perception.

2 Method

2.1 Participants

Forty children aged 5;3–7;2 (20 females, 20 males; average age = 72.0 months, SD = 5.0 
months) were recruited from preschools across Singapore with the permission of their caregiv-
ers to participate in this study. All children were bilingual in English and Mandarin (n = 19) or 
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English and a second atonal language (Malay, Tamil, Hindi, Punjabi, or Telegu; n = 21). In all 
cases, English was learned first and was dominant relative to the other language. Most children 
had experience with the language other than English from birth; three children from each group 
gained experience with the non-English language between birth and 3;0.2 Table 1 provides fur-
ther information concerning children’s language experience based on a caregiver-report lan-
guage background questionnaire. In this questionnaire, primary caregivers of children reported 
their child’s age (in months), estimated the percentage of time that they spoke each language in 
the presence of their child, and reported the duration (in months) of their child’s experience 
with each language. Additionally, caregivers rated their child’s comprehension and production 
of each language on a 1–7 scale (1 = poor; 7 = very good). Responses to this questionnaire 
revealed that tonal–atonal and atonal–atonal bilinguals did not differ significantly with respect 
to age, duration of language experience, or L2 proficiency. The questionnaire did not include 
any questions concerning children’s musical experience. No speech or hearing problems were 
reported by any of the children or their caregivers, and all children had normal or corrected-to-
normal vision.

2.2 Stimuli and procedure

Prior to experimental sessions, participants’ caregivers completed the language background ques-
tionnaire. Data from the language background questionnaire were used to classify participants 
according to whether their language other than English was tonal or atonal.

In experimental sessions, participants performed three tasks: a non-lexical tone discrimination 
task, a lexical tone discrimination task, and a word learning task. Testing was conducted on an 
individual basis in a quiet room in the children’s preschool. In all tasks, audio stimuli were played 
diotically over headphones at a volume judged to be comfortable by the experimenter (the author). 
Participants completed a brief practice session with feedback before beginning each task, but no 
feedback was provided during experimental trials. The order of the non-lexical and lexical tone 
discrimination tasks was counterbalanced between participants, but the word learning task was 
always presented last due to its difficulty. During experimental trials, all responses were entered 
into the experimental control program by the experimenter using a coding scheme devised prior to 
the experiment. Due to the presentation of auditory stimuli to participants through headphones, the 
experimenter was unaware of which stimuli were being presented.

2.2.1 Non-lexical tone discrimination task. Non-lexical tone stimuli consisted of 15 level-pitched sine 
wave tones varying in frequency from 120 to 162 Hz. This pitch range covered the average F0 
range for male English speakers (Hillenbrand, Getty, Clark, & Wheeler, 1995), taking into account 

Table 1. Age and L2 experience and proficiency of participants by language group.

Attribute Language group 

Atonal–
English

Mandarin–
English

t p

Age (months) 71.80 (4.89) 71.88 (5.24) –0.04 0.97
Percentage of time L2 spoken by main caregiver 69.00 (24.09) 50.33 (44.06) 1.48 0.15
Length of time of L2 experience (months) 69.00 (7.30) 67.47 (13.18) 0.40 0.69
L2 comprehension rating (1–7) 5.45 (1.28) 5.25 (1.29) 0.46 0.65
L2 production rating (1–7) 5.45 (1.64) 4.88 (1.59) 1.07 0.29
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that the average fundamental frequency for Mandarin speakers is lower than that of English speak-
ers (Chao & Pian, 1948). As in other studies testing discrimination of level-pitched non-lexical 
tones (Burnham et al., 1996; Stagray & Downs, 1993), inter-tone pitch spacing of 3 Hz was used 
because of its congruence with perceptual thresholds.

In each experimental trial, a standard stimulus of 141 Hz was always presented first. This was 
followed by a 2000 ms interstimulus interval, which was followed by a test stimulus. Participants 
were instructed to say “same” if the two tones were identical, “different” if the tones differed, or “I 
don’t know” if they couldn’t tell. The practice session consisted of three trials (test stimuli: 1 same 
frequency + 1 lower frequency + 1 higher frequency), and the experimental task consisted of 28 
trials (test stimuli: 14 same frequency + 14 different frequency; one trial per frequency differing 
from 141 Hz with an equal number of “same” trials).

2.2.2 Lexical tone discrimination task. Lexical tone stimuli consisted of six sets of four monosyl-
labic Mandarin words differing minimally in lexical tone, yielding a total of 24 stimuli (see 
Table 2). Real Mandarin words, rather than pseudo-words, were used in this task. Although the 
use of real Mandarin words results in a confound between lexical familiarity and lexical tone 
discrimination, real words were used because of concerns about possible F0 differences between 
pseudo-words and real Mandarin words that may have affected performance. All words consisted 
of consonants and vowels present in both Mandarin and English, and word sets varied minimally 
in lexical tone, encompassing the four principal lexical tones in Mandarin: high flat (1), rising (2), 
low dipping (3), or falling (4) (Chao, 1965). Prior to the experiment, a Singaporean female native 
speaker of Mandarin was recorded reading the words, and tokens were edited for consistency of 
onset/offset duration.

In this task, a discrimination paradigm was used to test lexical tone perception. Unlike tone 
identification paradigms, which require participants to label the lexical tone presented (e.g., 1 or 
high flat), atonal language speakers can perform the discrimination task successfully without train-
ing or explicit knowledge of the tone system of the target language. Thus, this task represents a 
more conservative test of perceptual differentiation than tone identification. In each trial, a ran-
domly-selected token from a set of words differing minimally in lexical tone was presented. After 
an interstimulus interval, either the same token or another token from the same word set that dif-
fered minimally from the first token in lexical tone was presented. Participants were instructed to 
say “same” if the tokens were the same, and “different” if the tokens differed. The practice session 
for this task consisted of four trials (2 same pairs + 2 different pairs from a word set not presented 

Table 2. Words used in lexical discrimination task.

Word Token

High flat tone (1) Rising tone (2) Low dipping tone (3) Falling tone (4)

baoa bāoa báoa băoa bàoa

ba bā bá bă bà
di dī dí dĭ dì
gu gū gú gŭ gù
lei lēi léi lĕi lèi
mao māo máo măo mào
wei wēi wéi wĕi wèi

aUsed in practice trials only.
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in experimental trials), and the experimental task consisted of 36 trials (18 same pairs + 18 differ-
ent pairs).

2.2.3 Word learning task. Auditory stimuli consisted of two triads of three novel words formulated 
according to the rules of English phonology (/nuθ/ and /jis/). Words in each triad varied minimally 
in lexical tone, which was either high flat (1), rising (2), or falling (4).3 Another female Singapo-
rean Mandarin–English bilingual speaker was recorded reading the words, and recordings were 
edited for consistency of onset/offset duration. Referents used in this task consisted of six color 
images of novel objects (see Figure 2). Correspondences between visual referent representations 
and words were counterbalanced between participants.

This task consisted of two blocks presented in counterbalanced order, each of which comprised 
one triad. Each block consisted of three phases, presented in the following order: learning, practice, 
and test. In learning trials (three counterbalanced repetitions; nine trials), words in each triad were 
presented sequentially, with each word presented 1000 ms after the onset of its referent, which 
remained on the screen for an additional 4000 ms, encompassing word presentation (total duration: 
5000 ms). In practice trials (one per word; three trials), participants heard each word in the triad 
sequentially, during which two referents initially presented in learning trials were displayed on 
either side of the screen. Participants indicated the referent corresponding to each word by pointing 
at it and received feedback indicating whether their response was correct or incorrect. Test trials 
(two repetitions, counterbalanced by referent position, of each Mandarin word with the English 
gloss of each of two Mandarin words differing minimally in lexical tone; 12 trials for each set) 
were identical to practice trials except that no feedback was provided. Responses were coded as 
correct, incorrect, or neither (e.g., if the child’s pointing response was unclear or (s)he answered “I 
don’t know”; 37 responses).

3 Results

For lexical and non-lexical tone discrimination, signal detection theory (Green & Swets, 1966; 
Macmillan & Creelman, 2004) was used to decompose responses into two conceptually 

Figure 2. Images used to represent referents of the six novel words.
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and statistically distinct parameters: discrimination or sensitivity (dʹ), which captures how well 
participants successfully discriminated stimuli differing in tone from stimuli with the same tone 
(dʹ); and response criterion (c) or response bias, which captures the criterial level at which partici-
pants termed stimuli different, regardless of whether they actually differed. Data for these discrimi-
nation tasks were analyzed using mixed effects probability unit (probit) models, which operate on 
trial-level data and account for subject and item variability within the same model, obviating the 
data aggregation by these factors necessary for traditional analysis of variance (ANOVA). Unlike 
ANOVAs, probit mixed effects models allow participant responses (1 = same; 0 = different) 
rather than dʹ values to be used as the dependent variable (DV). Instead, measures of sensitivity 
derived from probit mixed effects models are expressed as dʹ values, promoting continuity with the 
results of traditional ANOVA signal detection analyses.

In the probit mixed effects models used to analyze the data, the relationship between the two 
stimuli (same = 1; different = -1) as well as language group (tonal-atonal bilinguals = 1; atonal-
atonal bilinguals = -1) were included as fixed effects using the mean-centered (Helmert) contrast 
coding specified here. The intercept represents overall response bias (c), and the main effect of 
same versus different represents overall discrimination performance (dʹ), with an alpha level below 
0.05 indicating that overall response bias and/or discrimination performance exceeded chance. The 
main effect of language group represents its effect on response bias (c), and the interaction of lan-
guage group with stimulus relationship represents the effect of language group on discrimination 
performance (dʹ), with an alpha level below 0.05 indicating that the effect of language group on 
response bias and discrimination performance exceeded chance. In the model for non-lexical tone 
discrimination, items consisted of the tone of the second stimulus (in Hz), whereas in the model for 
lexical tone discrimination, items consisted of the second word (including lexical tone). Random 
slopes were included with the maximal random effect structure permitted to achieve model conver-
gence (Barr, Levy, Scheepers, & Tily, 2013). Because all participants, regardless of language back-
ground, were presented with pairs of items that were either identical or differed, the models fit to 
the non-lexical and lexical tone discrimination data included random slopes for stimulus relation-
ship by participant. Because language background differed between participants and because items 
were not hierarchically nested within stimulus relationship in these models, the final model 
included random intercepts for both participant and item (see Appendix 1 for models).

Word learning data were analyzed using a mixed effects logit model. This method models the 
log odds (or logit) of a correct response on each trial, with response correctness as the dependent 
variable (1 = correct; 0 = incorrect). In this model, language group (tonal bilinguals =1; atonal 
bilinguals = ˗1) was included as a fixed effect using the mean-centered (Helmert) contrast coding 
specified here. In this model, items consisted of the six words learned. Again, random slopes were 
included with the maximal random effect structure permitted to achieve model convergence (Barr 
et al., 2013). To account for individual differences in learning by participant and learnability by 
word, the final model included random intercepts for both participant and item (see Appendix 1 for 
model). All probit and logit mixed effects models were fit with Laplace estimation using the 
glmer() function of the lme4 package (Bates, Mächler, Bolker, & Walker, 2015) using the BOBYQA 
optimizer to promote convergence in the R statistical programming language (R Core Team, 2015).

3.1 Non-lexical tone discrimination task

The distribution of level-pitch non-lexical tone discrimination by language background is dis-
played in Figure 3, and parameter estimates for the model are displayed in Table 3. In this task, 
discrimination accuracy was similar for tonal–atonal and atonal–atonal bilingual children. 
However, atonal–atonal bilingual children showed a conservative response bias, such that they 
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were more likely to perceive sine wave tones differing in pitch as having the same pitch. These 
results indicate that tonal–atonal bilingual children are unable to discriminate between level-
pitched sine wave tones any more accurately than atonal–atonal bilingual children. Furthermore, 
they suggest that experience with two atonal languages may desensitize children to small differ-
ences in F0, biasing them to perceive sine wave tones as similar even when they differ in pitch.

3.2 Lexical tone discrimination task

The distribution of lexical tone discrimination by language background is displayed in Figure 4, 
and parameter estimates for the model are displayed in Table 4. Consistent with predictions, tonal–
atonal bilingual children’s lexical tone discrimination accuracy (dʹ) was higher than that of 

Figure 3. Non-lexical tone discrimination (dʹ) of tonal–atonal and atonal–atonal bilingual children (dots 
and values represent group means).

Table 3. Fixed effect estimates (top) and variance estimates (bottom) for multi-level probit model of non-
lexical tone discrimination by language group (observations = 1120, log likelihood = ˗637.7).

Fixed effect Coefficient SE Wald z p

c (intercept) 0.22 0.25 0.85 .39
dʹ 0.49 0.25 1.97 .048
c × Language group -0.25 0.10 -2.53 .01
dʹ × Language group 0.11 0.08 1.28 .20

Random effect s2

Participant 0.55
Participant × dʹ 0.45
Item 0.45
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atonal–atonal bilingual children. Again, atonal–atonal bilingual children showed a conservative 
response bias (c), such that they were more likely to perceive words differing minimally in lexical 
tone as having the same lexical tone. These results confirm that tonal–atonal bilingual children 
discriminate between words differing minimally in familiar lexical tone more accurately than 
atonal–atonal bilingual children. Furthermore, they suggest that experience with two atonal lan-
guages may desensitize children to differences in lexical tone, biasing them to perceive words 
differing minimally in lexical tone as similar even when they differ.

3.3 Word learning task

The distribution of word learning accuracy by language background is displayed in Figure 5, and 
parameter estimates for the model are displayed in Table 5. Consistent with predictions, the odds 

Figure 4. Lexical tone discrimination (dʹ) of tonal–atonal and atonal–atonal bilingual children (dots and 
values represent group means).

Table 4. Fixed effect estimates (top) and variance estimates (bottom) for multi-level probit model of 
lexical tone discrimination by language group (observations = 1440, log likelihood = ˗651.9).

Fixed effect Coefficient SE Wald z p

c (intercept) 0.64 0.23 2.72 .006
dʹ 0.25 0.27 0.92 .36
c × Language group –1.87 0.36 –5.23 < .001
dʹ × Language group 2.29 0.41 5.58 < .001

Random effect s2

Participant 1.00
Participant × dʹ 1.08
Item 0.07
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of correct identification of word referents was approximately 1.2 times (95% CI: 1.02, 1.42) greater 
for tonal–atonal bilinguals than for atonal–atonal bilinguals, indicating that tonal–atonal bilinguals 
had 20% greater odds than chance in selecting the correct referent of words differing minimally in 
lexical tone. These results provide evidence that experience with a tonal language in addition to an 
atonal language allows children to learn the meanings of novel words varying minimally in famil-
iar lexical tone more effectively than experience with two atonal languages.

4 Discussion

The results of this work demonstrate that 5- to 7-year-old children bilingual in Mandarin, a tonal 
language, and English, an atonal language, perceive Mandarin lexical tone differently than chil-
dren bilingual in English and another atonal language. With respect to lexical tone, the results 
demonstrate that, on average, Mandarin–English bilingual children are able to discriminate 
between Mandarin words differing minimally in lexical tone and map novel words differing 

Figure 5. Proportion of words identified correctly in word learning task by tonal–atonal and atonal–
atonal bilingual children (dots and values represent group means).

Table 5. Fixed effect estimates (top) and variance estimates (bottom) for multi-level logit model of word 
learning by language group (observations = 923, log likelihood = -625.7).

Fixed effect Coefficient SE Wald z p

Intercept 0.30 0.08 3.56 < .001
Language group 0.18 0.08 2.14 .03

Random effect s2

Participant 0.32
Item < 0.01
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minimally in Mandarin lexical tone onto their meanings more accurately than their atonal–English 
bilingual peers. Moreover, the results indicate that Mandarin–English and atonal–English bilingual 
children discriminate between level-pitched non-lexical tones with similar accuracy, suggesting 
that differences in Mandarin lexical tone perception do not extend to perception of these non-lexi-
cal tones. Together, these findings indicate that, relative to bilingualism in two tonal languages, 
bilingualism in a tonal language and an atonal language permits continued sensitivity to familiar 
lexical tone contrasts but does not enhance discrimination between level-pitched non-lexical tones 
beyond infancy.

The finding that 5- to 7-year-old tonal–atonal bilinguals discriminate between words containing 
familiar lexical tones more accurately than their atonal–atonal bilingual peers indicates that it is 
experience with a tonal language in particular, rather than bilingualism in general, that explains 
continued sensitivity to lexical tone beyond infancy. Thus, although in infancy, experience with 
multiple languages prolongs sensitivity to non-native phonemic and suprasegmental contrasts, 
including lexical tone (Graf Estes & Hay, 2015; Singh, 2018), this finding indicates that experience 
with multiple languages is insufficient to prolong this sensitivity beyond infancy. Moreover, this 
finding suggests that bilingualism does not attenuate sensitivity to phonemic contrasts present in 
only one language beyond infancy, despite work with younger children suggesting that it may 
(Singh et al., 2015; Wewalaarachchi et al., 2017). Indeed, Mandarin–English bilingual children’s 
discrimination between Mandarin words differing minimally in lexical tone in the current study is 
as accurate as that of similarly-aged Thai monolingual children in previous work (Burnham et al., 
1996). It is worth noting that, in the present study and that of Burnham and colleagues (1996), lexi-
cal tone discrimination was assessed by asking children to indicate whether words from their native 
tonal language differing minimally in lexical tone were the same or different. By contrast, work 
with younger children (Singh et al., 2015; Wewalaarachchi et al., 2017) has assessed lexical tone 
discrimination by examining sensitivity to lexical tone substitutions in words from children’s 
native tonal language. Thus, lower sensitivity to lexical tone observed in this previous work may 
be explained by methodological differences in addition to—or in lieu of—age differences.

Similar to lexical tone discrimination, the finding that, relative to atonal–atonal bilingualism, 
tonal–atonal bilingualism enhances 5- to 7-year-old children’s learning of novel words differing 
minimally in familiar lexical tone provides evidence that it is experience with a tonal language in 
particular, rather than bilingualism in general, that explains phonemic interpretation of lexical tone 
beyond infancy. This finding suggests that, beyond infancy, atonal–atonal bilinguals continue to 
interpret suprasegmental pitch—which forms the basis of lexical tone—non-phonemically, whereas 
tonal–atonal bilinguals continue to interpret it phonemically in the tonal language and non-phone-
mically in the atonal language, as has been shown at 0;11–0;13 (Singh & Foong, 2012; Singh et al., 
2016). Although Mandarin monolingual children’s learning of words differing minimally in 
Mandarin lexical tone was not examined in the current study, comparison of the results of current 
study to those of previous work with 2- to 3-year-old Mandarin monolinguals suggests that tonal 
monolinguals may be able to map words differing in familiar lexical tone onto their meanings even 
more effectively than tonal–atonal bilinguals (Yuet Sheung Lee et al., 2002). Such a pattern is 
consistent with the finding that similarly-aged Mandarin–English bilinguals are less sensitive than 
their Mandarin monolingual peers to lexical tone substitutions in Mandarin words (Wewalaarachchi 
et al., 2017). These findings highlight the difference between sensitivity to and phonemic interpre-
tation of lexical tone, which may differ in tonal–atonal bilingual children relative to tonal monolin-
gual children. However, the results of the current work show that tonal–atonal bilingual children 
are both more sensitive to acoustic differences between familiar lexical tones and more likely to 
interpret them phonemically than atonal–atonal bilinguals, demonstrating that experience with a 
tonal language in addition to an atonal language allows children to retain sensitivity to the 
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acoustics and functions of familiar lexical tones, whereas experience with two atonal languages 
does not.

In contrast to lexical tone, tonal-atonal and atonal-atonal bilingual children discriminated 
between level-pitched sine wave tones with similar accuracy. This finding is consistent with the 
results of Burnham et al. (1996), which showed that 5- to 8-year-old monolingual Thai-speaking 
children, who discriminated between Thai lexical tones more accurately than their English-
speaking peers, discriminated between sine wave tones and musical analogues of Thai lexical tones 
with accuracy comparable to that of English speakers. Thus, this finding suggests that, by the age 
of 5–7, experience with a tonal language in addition to an atonal language does not affect percep-
tion of level-pitched non-lexical tones. This finding is consistent with work demonstrating that 
adult monolingual tonal language speakers do not discriminate between level-pitched sine wave 
tones any more accurately than adult monolingual atonal language speakers (Bent et al., 2006; 
Burns & Sampat, 1980), but is inconsistent with other findings showing that these groups differ in 
level-pitched sine wave tone discrimination (Giuliano et al., 2011; Pfordresher & Brown, 2009; 
Stagray & Downs, 1993; Tanner & Rivette, 1964). In light of evidence suggesting that perception 
of non-lexical tones may vary according to their acoustic similarity to lexical tone, future research 
should examine how tonal–atonal and atonal–atonal bilingual children perceive contour-pitched 
analogues to familiar lexical tones. Such research would shed further light on the influences of 
tonal language experience and bilingualism on the development of non-lexical tone perception 
beyond infancy, clarifying whether such experience does not affect non-lexical tone perception at 
all or whether its effects are constrained to non-lexical tones that are acoustically similar to familiar 
lexical tones.

In addition to the discrimination patterns discussed above, the findings of the current work 
revealed that atonal-atonal bilingual children showed a conservative bias for both lexical and non-
lexical tone discrimination, such that they tended to perceive differing tones as identical in pitch, 
whereas tonal-atonal bilingual children showed no such tendency. This finding suggests that a bias 
away from perceiving differences in pitch may arise from bilingualism or lack of experience with 
a tonal language, altering the perception of lexical and non-lexical tone. Future work should distin-
guish between these possibilities by comparing lexical and non-lexical tone discrimination in 
atonal monolinguals and atonal–atonal bilinguals. In general, these findings concerning perceptual 
biases suggest that bilingualism in a tonal language in addition to an atonal language may protect 
against the development of biases in lexical and non-lexical tone perception, suggesting that it may 
affect non-lexical tone perception in a subtle, limited manner.

The results of the present study represent an initial step towards filling three lacunae within the 
extant body of research on lexical and non-lexical tone perception: (a) the influence of tonal–
atonal bilingualism on non-lexical tone perception; (b) whether atonal–atonal bilingualism 
impacts lexical tone perception similarly to tonal–atonal bilingualism; (c) the developmental tra-
jectory of lexical and non-lexical tone perception beyond infancy. In particular, the present study 
allowed for comparison of the effects of experience with a tonal language in addition to an atonal 
language to the effects of bilingualism, regardless of language tonality, on lexical and non-lexical 
tone perception, which previous work had not considered. Through its examination of children 
aged 5;0–7;0 and use of experimental tasks similar to those used in previous work on lexical and 
non-lexical tone perception (e.g., Bradlow & Bent, 2008; Burnham et al., 1996; Yuet Sheung Lee 
et al., 2002), the current study permits a direct comparison of its results to the results of similar 
previous studies focusing on other age groups and/or language backgrounds. These comparisons 
reveal important information about lexical and non-lexical tone perception in tonal–atonal and 
atonal–atonal bilinguals that cannot be obtained from comparison of these groups with tonal and 
atonal monolinguals. For example, they indicate that tonal–atonal bilingualism permits better 
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retention of familiar lexical tone discrimination beyond infancy than atonal–atonal bilingualism, 
and that neither bilingualism nor tonal language experience influences level-pitch sine wave tone 
discrimination beyond subtle, limited effects on bias. These findings suggest that by the age of 
5;0, tonal–atonal bilinguals perceive familiar lexical tones phonemically and sine wave tones 
non-phonemically, whereas atonal–atonal bilinguals perceive both lexical and non-lexical sine-
wave tones non-phonemically, highlighting the different mechanisms used by these populations 
to process lexical and non-lexical tone.

Despite the importance of these conclusions, they must be qualified by some important meth-
odological caveats concerning the present study. First, Mandarin words differing minimally in lexi-
cal tone were used as stimuli in the lexical tone discrimination task. This may have provided 
tonal-atonal bilinguals with an advantage for words for which they knew the meaning, given that 
they could draw upon additional semantic cues to discriminate between them. Second, tonal-atonal 
bilinguals showed greater variation than atonal-atonal bilinguals in the proportion of words that 
they identified correctly in the word learning task, with some showing below-chance performance. 
Third, on a related note, the number of participants and trials used in this study may have produced 
results that were slightly underpowered, particularly given that a between-subjects design was 
necessary to examine the influence of language background on tone perception and word learning. 
Thus, this study should ideally be replicated with a larger (and possibly more varied) sample of 
tonal–atonal and atonal–atonal bilinguals to confirm the replicability and robustness of its 
findings.

Overall, the results of the present study indicate that bilingualism in a tonal language in addi-
tion to an atonal language allows for continued sensitivity to familiar lexical tone but does not 
enhance discrimination between level-pitched non-lexical tones beyond infancy. As such, the 
results provide empirical support for theories of phonological development in which experience 
with specific phonological features plays a primary role in shaping perceptual biases for speech 
sounds in infancy and beyond (e.g., Elman et al., 1997; Maye, Werker, & Gerken, 2002; Saffran, 
Aslin, & Newport, 1996), particularly with regard to bilingualism (see Werker & Byers-Heinlein, 
2008). Additionally, they suggest that tonal–atonal bilingualism may protect against development 
of biases to perceive differing lexical and level-pitched non-lexical tones as identical, thereby 
affecting non-lexical tone perception in a subtle, limited manner. Although it remains to be seen 
how bilingualism in languages with differing lexical tone systems influence lexical and non-lex-
ical tone perception, the results of the present study demonstrate that tonal–atonal bilingualism—
as well as atonal–atonal bilingualism—continues to influence perception of familiar lexical tones 
well beyond infancy.
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Notes

1. There is also a fifth tone, known as neutral or light tone, which lacks a distinct pitch contour; it is analo-
gous to an unstressed syllable. This tone was not included in the current study due to its non-distinctive 
pitch contour, as well as its absence from some dialects of Mandarin and its rarity in others.

2. The results remained the same when these children were excluded from the analyses; thus, they are not 
discussed further, and the analyses reflect the results of all children.

3. The low dipping (3) tone, which is the least acoustically distinctive of the four principal Mandarin tones 
(Chao & Pian, 1948), was excluded to reduce the difficulty of the word learning task, which was quite 
challenging for children with experience only with atonal languages.
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Appendix 1

1.1 Probit mixed effects model fit to non-lexical tone discrimination data.

glmer(Response ~ 1 + Same_diff * Language_group + (1+Same_diff|Subject) + (1|Stim2), 
data=nonlexical_tone, family=binomial(link='probit'), control = glmerControl(optimizer="bobyqa"))

1.2 Probit mixed effects model fit to lexical tone discrimination data.

glmer(Response ~ 1 + Same_diff * Language_group + (1+Same_diff|Subject) + (1|Word2), data=lexical_
tone1, family=binomial(link='probit'), control = glmerControl(optimizer="bobyqa"))

1.3 Logit mixed effects model fit to word learning data.

glmer(Correct ~ Language_group + (1|Subject) + (1|WordTone), data=word_learning, family=binomial, 
control = glmerControl(optimizer="bobyqa"))




