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Abstract
Learning the acoustic and phonological information in lexical tones is significant for 
learners of tonal languages. Although there is a wealth of knowledge from studies 
of second language (L2) tone learning, it remains unclear how L2 learners process 
acoustic versus phonological information differently depending on whether their first 
language (L1) is a tonal language. In the present study, we first examined proficient 
L2 learners of Mandarin with tonal and nontonal L1 in a behavioral experiment (iden-
tifying a Mandarin tonal continuum) to construct tonal contrasts that could differenti-
ate the phonological from the acoustic information in Mandarin lexical tones for the 
L2 learners. We then conducted an ERP experiment to investigate these learners’ 
automatic processing of acoustic and phonological information in Mandarin lexical 
tones by mismatch negativity (MMN). Although both groups of L2 learners showed 
similar behavioral identification features for the Mandarin tonal continuum as native 
speakers, L2 learners with nontonal L1, as compared with both native speakers and 
L2 learners with tonal L1, showed longer reaction time to the tokens of the Mandarin 
tonal continuum. More importantly, the MMN data further revealed distinct roles 
of acoustic and phonological information on the automatic processing of L2 lexical 
tones between the two groups of L2 learners. Taken together, the results indicate that 
the processing of acoustic and phonological information in L2 lexical tones may be 
modulated by L1 experience with a tonal language. The theoretical implications of 
the current study are discussed in light of models of L2 speech learning.
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1 |  INTRODUCTION

1.1 | Second language lexical tone learning
The use of lexical tones is a distinctive feature in tonal lan-
guages like Chinese and Thai. It refers to pitch variations 
in syllables that signify different word meanings. Unlike in 
English, correct perception of the phonemic tonal catego-
ries in a tonal language is a prerequisite for understanding 
speech. There has been a large literature on how second lan-
guage (L2) learners perceive and process L2 lexical tones 
with behavioral and/or neural measures (e.g., Asaridou, 
Takashima, Dan, Hagoort, & McQueen, 2015; Deng, 
Chandrasekaran, Wang, & Wong, 2016; Hao, 2018; Morett, 
2019; Yang, Gates, Molenaar, & Li, 2015), but it remains 
controversial whether and how native language (L1) tonal 
experience affects learning of lexical tones in an L2.

Some researchers have argued that L1 tonal experience 
facilitates L2 lexical tone learning. For example, Wayland 
and Guion (2004) found that, after a brief period of percep-
tual training, native Mandarin speakers who did not speak 
Thai significantly improved in identifying mid  tone and 
low tone in Thai while native English did not. In addition, na-
tive Mandarin speakers performed better than native English 
speakers in discriminating the Thai mid tone versus low tone 
contrast. The results suggested that the native tonal language 
experience would facilitate learning lexical tones in a L2, as 
L2 learners with tonal L1 would transfer the ability in L1 
lexical tones to perceive pitch variations (e.g., fundamental 
frequency (F0) differences) in L2 lexical tones (Wayland & 
Guion, 2004). Li (2016) reported that native Thai speakers 
showed better identification of Mandarin lexical tones than 
native speakers of British English. Similarly, another study 
found that native Cantonese (a tonal language) speakers out-
performed native English speakers in distinguishing between 
the Mandarin lexical tones (Lee, Vakoch, & Wurm, 1996).

However, some researchers hold the opposite view that 
L1 tonal experience would interfere with the learning of L2 
lexical tones. Hao (2012) reported that, while speakers of 
native English and native Cantonese who learned Mandarin 
as a L2 had similar difficulty with discriminating Mandarin 
Tone 2 versus Tone 3 contrast, native Cantonese speakers 
showed additional confusion in differentiating Mandarin 
Tone 1 versus Tone 4 contrast, because the native Cantonese 
speakers mapped both Mandarin Tone 1 and Tone 4 onto the 
same tone (Tone 1) in the Cantonese tonal system. Several 
other studies have also shown that listeners from tonal lan-
guage backgrounds do not necessarily show any advantage in 
cross‐language tone perception when compared with listen-
ers without a tonal L1 (Francis, Ciocca, Ma, & Fenn, 2008; 
So & Best, 2010; Tsukada & Kondo, 2018; Wang, 2013).

In L2 speech learning, researchers have proposed differ-
ent models to explain L2 speech acquisition in light of the 

similarities and/or differences between L1 and L2 phonol-
ogy. One is the perceptual assimilation model (PAM‐L2; Best 
& Tyler, 2007). It hypothesizes that a phonological contrast 
in L2 would be easier to acquire if it is also a phonological 
contrast in L1 as it can be assimilated to an existing contrast 
in L1, but if a phonological contrast in L2 did not exist in 
L1, it would be more difficult to acquire. On the other hand, 
the speech learning model (SLM; Flege, 1995, 2007) pro-
poses that, if the L2 speech sounds are different from all L1 
speech sounds, they would be easier to learn, whereas if the 
L2 speech sounds are acoustically and phonetically similar to 
some L1 sounds, they would be more difficult to learn and 
perceive, because the L1 phonology will exert interference 
to the acquisition of L2 phonemes. These two models do not 
necessarily make contradictory predictions. For example, if 
two L2 speech sounds also exist in L1 but they belong to the 
same L1 phonological category, the PAM‐L2 model would 
predict that the L2 speech sounds could not be assimilated 
to a L1 phonological contrast as they would be difficult to 
acquire. SLM would also predict that they are difficult to 
acquire because these two L2 speech sounds are similar to 
one L1 speech sound, causing more confusion to the learner. 
Moreover, both models suggest that native language experi-
ence would affect L2 speech learning, but the effect of native 
language experience is complex because it depends on the 
relationship between L1 and L2 phonology.

In addition to the PAM‐L2 and SLM models, the auto-
matic speech perception (ASP) model (Strange, 2011) pro-
vides a new account for how L2 learners perceive L2 speech 
sounds. This model considers speech perception as a process 
with selective attention toward the information in speech 
sounds. Listeners could automatically use selective percep-
tion routines to extract the most useful information from 
L1 speech sounds when recognizing a L1 word but need to 
develop new selective perception routines to detect the nec-
essary information in L2 speech sounds during L2 speech 
perception. However, the automatic L1 selective perception 
routines may interfere with the development of L2 selective 
perception routines, especially for the L2 phonological con-
trasts that belong to the same L1 phonological category. In 
addition, L2 learners may need to use more attentional re-
sources to differentiate the L2 phonological contrasts that are 
not in their L1. Thus, the model also implicates the effect of 
native language experience on L2 speech learning and that 
this effect may also be affected by the similarities and differ-
ences of the L1 and L2 phonemic systems.

One important aspect is that these three models are 
based on studies of consonants and vowels. Whether they 
can be applied to account for how L2 learners acquire lex-
ical tones in L2 is unclear. The specific effect of L1 tonal 
experience on L2 lexical tone learning would also be com-
plex, as it may rely on the similarities between L1 and L2 
lexical tones. These complex L1‐L2 tonal relations may 
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have led to the inconsistent findings from previous stud-
ies (e.g., Hao, 2012; Wayland & Guion, 2004), such that 
learners with tonal L1 would show better performance than 
learners with nontonal L1 in perceiving the L2 tonal con-
trasts that also exist in L1, but they would show worse per-
formance in perceiving the L2 tonal stimuli that belong to 
the same L1 tonal category.

1.2 | Significance of two types of lexical tone 
information
Most previous L2 studies of lexical tone learning have fo-
cused on naturally spoken tonal categories as the perceptual 
targets (e.g., Mandarin Tone 1, Tone 2, Tone 3, and Tone 4) 
and found differential gains associated with difficulty lev-
els of individual lexical tones (e.g., Hao, 2012; Wayland & 
Guion, 2004). But recently, several studies of native speak-
ers of tonal language have examined two specific types of 
information critical for lexical tone perception (e.g., Luo et 
al., 2006; Xi, Zhang, Shu, Zhang, & Li, 2010). Specifically, 
acoustic information refers to the physical features of lexical 
tones as assessed by F0 (e.g., pitch height and pitch contour), 
and phonological information refers to the linguistic proper-
ties that distinguish each lexical tone for expressing seman-
tic distinctions (e.g., Mandarin syllable /fu/ spoken with a 
high flat tone, Tone 1, means skin, and the same syllable 
means rich when spoken with a short falling tone, Tone 4).

Using ERP, particularly the MMN (mismatch negativity) 
measure, Xi et al. (2010), K. Yu, Wang, Li, and Li (2014), 
and L. Zhang, Xi, Wu, Shu, and Li (2012) have shown that 
these two types of information play significant but different 
roles in native lexical tone perception at the preattentive and 
attentive stages. The preattentive stage is an early process-
ing stage at which people process the stimuli automatically 
and unconsciously, which contrasts with the attentive stage 
at a later processing stage at which people process the stim-
uli consciously (Kubovy et al., 1999; Neisser, 1967). K. Yu 
et al. (2014) suggested that at the preattentive stage acous-
tic information only affects the extent (the neural resources 
involved in processing) while phonological information af-
fects both the extent and the time course (the sequence of 
events during processing) of lexical tone processing; at the 
attentive stage, L. Zhang et al. (2012) found that the pro-
cessing of phonological information was lateralized to the 
left hemisphere while the processing of acoustic informa-
tion showed no hemisphere lateralization.

1.3 | Current study

1.3.1 | Purpose
Both acoustic information and phonological information 
are important for native tonal language speakers, and we 
hypothesize that they are also significant for L2 learners 

of tonal language. Because most previous L2 studies have 
focused on identifying or discriminating between different 
lexical tone categories, how these two types of tonal infor-
mation are processed by L2 learners is a topic of interest 
for our investigation. Motivated by this research interest, 
the current study attempted to tease apart the relative con-
tributions of acoustic versus phonological information to 
the acquisition of L2 lexical tones. More importantly, al-
though previous models and studies have suggested the po-
tential effects of native language experience on L2 speech 
learning based on lexical tone identification and discrimi-
nation, it is unclear whether and how L1 tonal experience 
would affect the processing of acoustic and phonological 
information in L2 lexical tones. Thus, although key fac-
tors such as age and proficiency level are well examined 
in the literature, how L2 learners' processing of these two 
types of information may be modulated by native language 
experience is yet unclear. This study aims to test the effects 
of L1 experience with or without lexical tonal differences 
on the learning of another tonal language. By comparing 
two types of nonnative learners’ performance with native 
speakers’ performance, we could further examine differ-
ences between those who have versus those who do not 
have tonal experience due to their native language, which 
would allow us to identify whether the L1 tonal experience 
would facilitate or interfere with learning the acoustic and/
or phonological information in L2 lexical tones. Thus, the 
present study aims to investigate the processing of acous-
tic and phonological information in L2 lexical tones by L2 
learners with tonal and nontonal native languages. This 
would provide both behavioral and neurophysiological evi-
dence regarding the effects of L1 tonal experience on L2 
lexical tone learning, which will contribute significantly to 
the understanding of L2 lexical tone learning.

1.3.2 | Dissociation of acoustic 
information and phonological information
In order to explore the processing of acoustic and phono-
logical information in lexical tones, previous studies have 
adopted several methods to distinguish the acoustic infor-
mation from the phonological information in lexical tones, 
such as the cross‐language (native vs. nonnative) comparison 
(e.g., Chandrasekaran, Krishnan, & Gandour, 2007), speech 
and nonspeech (hum) comparison (e.g., Jia, Tsang, Huang, 
& Chen, 2015), interstimulus interval manipulation (Y. H. 
Yu, Shafer, & Sussman, 2017), and categorical perception 
paradigm (e.g., Xi et al., 2010).

In the categorical perception paradigm, researchers usu-
ally exploited the categorical perception of lexical tones to 
construct within‐category and across‐category tonal stimuli 
to differentiate the two types of information. Categorical 
perception of lexical tones refers to the ability that listeners 
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perceptually map a synthetic tonal continuum into distinct 
tonal categories with a sharp boundary effect that is reflected 
in both identification and discrimination measures (Francis, 
Ciocca, & Ng, 2003; Wang, 1976; Y. Zhang, 2016). The pro-
cessing of within‐category and across‐category tonal contrasts 
would be constrained by the experimental context. Using fine 
synthesized tonal continuum to construct within‐category 
and across‐category tonal stimuli could allow refined steps 
of acoustic control, for example, by manipulating the phys-
ical differences between the tonal stimuli that are relatively 
small. In such a context, the within‐category tonal stimuli 
differed only in acoustic information. The across‐category 
tonal stimuli, however, differed not only in acoustic informa-
tion but also, more importantly, in phonological information 
(different word meanings). So, by testing responses to care-
fully controlled acoustic intervals in the within‐category and 
across‐category tonal stimuli, researchers could examine sub-
tle differences in the processing of acoustic and phonological 
information in lexical tones. This paradigm could also allow 
the direct comparison and dissociation of acoustic and pho-
nological information from tonal stimuli by using the same 
syllable (e.g., /pa/ with different tonal variations in Xi et al., 
2010). It has also been proved effective in previous studies 
(e.g., Xi et al., 2010; L. Zhang et al., 2011; K. Yu et al., 2014).

In the present study, we adopted the categorical percep-
tion paradigm in our previous study on native speakers of 
Mandarin (K. Yu et al., 2014) to differentiate the acoustic 
from phonological information in lexical tones. Specifically, 
we used within‐category versus across‐category tonal con-
trasts to explore the processing of phonological information 
and used tonal contrasts with large F0 interval versus small 
F0 interval (different acoustic variations) to explore the pro-
cessing of acoustic information.

1.3.3 | Recruitment of two groups of 
proficient L2 learners
For nonnative speakers’ processing of within‐category ver-
sus across‐category tonal contrasts, previous behavioral data 
showed that (a) native English speakers with no knowledge 
of Chinese performed at chance level for discriminating the 
within‐category from across‐category lexical tone contrasts, 
and (b) categorical‐like perception of Mandarin tones was 
observed in the native speakers of English who had taken ad-
vanced Mandarin courses (Shen & Froud, 2016). It was found 
that Dutch speakers outperformed native Chinese speakers in 
discriminating among within‐category differences, whereas 
Chinese speakers showed heightened sensitivities to the 
across‐category contrasts (Liu, Chen, & Kager, 2017). ERP 
data also confirmed cross‐linguistic differences in processing 
acoustic versus phonological information in lexical tones at 
both preattentive and attentive stages (Shen & Froud, 2019; 
Xi et al., 2010; K. Yu et al., 2017). A recent eye tracking 

study further revealed differences in how within‐category 
tonal variation influences native versus nonnative listeners’ 
recognition of Mandarin Chinese words (Qin, Tremblay, & 
Zhang, 2019). For native listeners, words with large within‐
category tonal variation enhanced word activation while 
words with small within‐category tonal variation inhibited 
word activation. But for nonnative listeners, words with both 
large and small within‐category tonal variations inhibited 
word activation. As the previous studies did not include the 
comparison of Chinese learners with tonal L1 and nontonal 
L1 backgrounds, it remains to be tested how prior tonal lan-
guage experience or the lack thereof may influence L2 lexi-
cal tone learning and how the two groups of learners might 
process the specific acoustic versus phonological information 
differently in the target L2 lexical tone stimuli. In order to 
examine the effects of different L1 experience, we recruited 
two groups of proficient L2 learners of Mandarin with similar 
Mandarin proficiency, one with a tonal L1 and the other with 
a nontonal L1, to participate in the present study.

1.3.4 | Operational definition of acoustic 
versus phonological information for 
L2 learners
Although we planned to dissociate the acoustic from phono-
logical information strictly based on our previous native study 
(K. Yu et al., 2014), unlike native Mandarin speakers, it is 
uncertain whether L2 learners would show similar identifica-
tion features as Mandarin native speakers in identifying the 
tonal continuum as in our previous native‐language study (K. 
Yu et al., 2014). Therefore it was necessary to first conduct 
a behavioral experiment (Study 1) to confirm whether the 2 
(Tonal Category: within‐category vs. across‐category) × 2 (F0 
Interval: large vs. small) stimulus design in our previous study 
for native speakers (K. Yu et al., 2014) would be applicable to 
the L2 learners of Mandarin. If the two groups of proficient L2 
learners would show similar identification features (to be eval-
uated by boundary position, boundary width, and slope of iden-
tification curves) as the native speakers, this would provide the 
justification for using the same stimulus design as in our previ-
ous study to detect the processing of acoustic and phonological 
information by the L2 learners. Even if the strict definitions of 
acoustic versus phonological processing for the tonal stimuli 
based on native Mandarin speakers’ data may not apply to the 
individual L2 learners, our operational test protocol combining 
behavioral and neurophysiological measures would still allow 
a refined assessment of how nativelike the L2 learners are in 
lexical tone perception.

1.3.5 | MMN measurements and hypotheses
After the behavioral test, we conducted a MMN experi-
ment (Study 2) to further explore the neurocognitive basis 
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of preattentive processing of lexical tone perception by L2 
learners. The MMN measure is known to reflect automatic 
processing of acoustic as well as linguistic information at the 
preattentive stage, which was used in many previous studies 
of lexical tones (e.g., Chandrasekaran et al., 2007; Luo et al., 
2006; Xi et al., 2010). It allows us to study lexical tone pro-
cessing by avoiding tasks such as tone identification and dis-
crimination, and its use in the current study could eliminate 
the potential effects of listening strategy or attentional efforts 
and provide further insights into preattentive L2 lexical tone 
processing. Moreover, there is strong evidence that the am-
plitude of ERP components such as MMN could reflect the 
extent of cognitive processing, and the latency of ERP com-
ponents could reflect the time course of cognitive processes 
(e.g., Duncan et al., 2009).

We hypothesize that, if the two groups of L2 learners 
show different effects of tonal category and/or F0 interval 
on MMN responses (amplitude and/or peak latency), the L1 
experience (tonal L1 vs. nontonal L1) would modulate the 
processing of phonological and/or acoustic information in L2 
lexical tones. However, if F0 interval and/or tonal category 
have similar effects on the MMN responses between the two 
groups of L2 learners, the L1 experience would not affect 
the processing of phonological and/or acoustic information in 
L2 lexical tones. Moreover, by comparing these L2 patterns 
with native speakers from previous studies (Xi et al., 2010; 
K. Yu et al., 2014, 2017), we could further evaluate which 
group of L2 learners would perform more nativelike in pro-
cessing these two types of information. If L2 learners with 
tonal L1 show more nativelike performance (similar effects 
of tonal category and/or F0 interval on MMN responses as 
native speakers), then native tonal experience would facilitate 
learning the phonological and/or acoustic information in L2 
lexical tones. By contrast, if L2 learners with nontonal L1 
performed more nativelike, the native tonal experience would 
interfere with L2 tonal learning.

2 |  STUDY 1

2.1 | Participants
The participants for Study 1 included a total of 45 par-
ticipants in three groups of 15 each: the native Mandarin 
speakers (mean age: 22.38, 7 male), L2 learners of 
Mandarin with tonal L1 (Thai: 9, Vietnamese: 6; mean 
age: 23.53, 4 male), and L2 learners of Mandarin with 
nontonal L1 (Indonesian: 11, Kyrgyz: 4; mean age: 21.67, 
3 male). The native speakers were undergraduate stu-
dents at South China Normal University. Both groups of 
L2 learners were international students from the same 
Mandarin class at South China Normal University, which 
used a strict student stratification system for international 
students based on Chinese proficiency test scores. The 

Chinese‐as‐a‐second‐language learners were screened 
with the Language History Questionnaire (LHQ Version 
2.0, Chinese; P. Li, Zhang, Tsai, & Puls, 2014) before they 
could participate in the study. The LHQ is designed to 
examine detailed aspects of language acquisition and lan-
guage usage, including self‐evaluations of reading, writing, 
speaking, and listening skills for all mastered languages 
and whether the participants had taken a standard language 
proficiency test. LHQ has been used and proven effective 
in a number of previous L2 studies (e.g., Carlson, Goldrick, 
Blasingame, & Fink, 2016; Kuhl et al., 2016; Yang et al., 
2015) and has been validated by these studies with other ob-
jective tests of proficiency (e.g., high consistency between 
LHQ measure and verbal fluency test; see Grant & Li, 
2019). Based on the participants’ answers to the LHQ, the 
two groups of L2 learners were matched on their self‐eval-
uations of Mandarin reading, writing, speaking, listening, 
F(1, 28) = 1.346, p = .256, ηp

2 = .046; F(1, 28) = 0.280, 
p = .601, ηp

2 = .010; F(1, 28) = .040, p = .843, ηp
2 = .001; 

F(1, 28) = 1.471, p =  .235, ηp
2 =  .050. Moreover, all of 

the L2 learners have passed Hanyu Shuiping Kaoshi (level 
4) (HSK‐4), which is a standardized Mandarin proficiency 
test for nonnative Mandarin learners (http://www.chine 
setest.cn/index.do). The HSK contains six levels from level 
1 (lowest) to level 6 (highest). The HSK‐4 is a test of mid-
dle‐high level, and it contains three parts: listening, read-
ing, and writing, with each part 100 points. The total points 
of this level are 300, and the passing score is 180. The two 
groups of L2 learners were also matched on their HSK‐4 
scores, F(1, 28) = .607, p = .443, ηp

2 = .021.
The experimental protocol was approved by the Ethics 

Review Board of South China Normal University. All the par-
ticipants were right‐handed as assessed by a modified Chinese 
version of the Edinburgh Handedness Inventory (Oldfield, 
1971). All participants had normal hearing with no speech, 
language, or neurological disorders and had fewer than 2 years 
of formal musical training/practice experience. They all signed 
a consent form before the experiment, and each participant re-
ceived monetary compensation after the experiment.

2.2 | Materials
The speech stimuli used in the experiment were the same as 
in Xi et al. (2010). They were a synthetically generated 10‐in-
terval tonal continuum from Mandarin Tone 2 to Tone 4 (as 
shown in Figure 1). The tonal system of Mandarin consists of 
four tones, Tone 1 (55), Tone 2 (35), Tone 3 (214), and Tone 
4 (51). The numbers in the brackets refer to the relative pitch 
heights: the first number represents the pitch height at the 
start of the syllable and the last number the pitch height at the 
end of the syllable, and any number in between the relative 
height of the internal turning point of pitch inflection (Howie, 
1976). In these tones, only Tone 1 is a level tone and the other 

http://www.chinesetest.cn/index.do
http://www.chinesetest.cn/index.do
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three tones are contour tones. Some previous studies suggest 
that categorical perception of level tones is not as obvious 
as that of contour tones (Francis et al., 2003; Xu, Gandour, 
& Francis, 2006). Furthermore, the pitch features of Tone 3 
are complex, and even native speakers could perform poorly 
when identifying them (e.g., A. Chen, Liu, & Kager, 2016; 
Huang & Johnson, 2011). Moreover, this tonal continuum 
has been used successfully to detect native speakers’ cate-
gorical perception of Mandarin lexical tones in many previ-
ous studies (Wang, Wang, Fan, Huang, & Zhang, 2017; Xi 
et al., 2010; K. Yu et al., 2014; L. Zhang et al., 2011, 2012). 
Given the well‐established protocol and findings, we chose 
the same synthetic tonal continuum from Mandarin Tone 2 to 
Tone 4 as the test materials.

The original stimuli /pa2/ and /pa4/ were first recorded 
by a female native Mandarin speaker at a sampling rate of 
44,100 HZ. They were then digitally edited to equalize the 
duration (overlap‐add method) and were normalized for in-
tensity by Sound Forge (SoundForge 9, Sony Corporation, 
Japan) and Praat software (http://www.fon.hum.uva.nl/praat/ 
). The two stimuli were further used as the endpoint stimuli to 
generate the 10‐interval lexical tone continuum by the toolbox 
STRAIGHT (Kawahara, Masuda‐Katsuse, & de Cheveigne, 
1999) in MATLAB (MathWorks Corporation, USA). The 
generated tonal continuum consisted of 11 tonal stimuli/to-
kens (labeled as S1 to S11 in Figure 1), and the F0 differences 
between any two adjacent stimuli were equated. Each stimu-
lus was 200 ms in duration with normalized intensity.

2.3 | Procedure
The participants were asked to perform an identification task 
in this study. Participants were required to identify the tonal 

type (Tone 2 or Tone 4) of each stimulus. There were 220 
trials in total, and each of the 11 tonal stimuli was randomly 
presented 20 times. For each trial, participants would first 
see a 300‐ms visual cue in the center of the screen and then 
hear a tonal stimulus (200  ms). They were asked to judge 
whether the stimulus was Tone 2 or Tone 4 and to press a 
corresponding button on the keyboard (F = Tone 2, J = Tone 
4). Immediately after they pressed the button, they would 
proceed to the next trial.

The experimental material was presented via E‐Prime 2 
software (Schneider, Eschman, & Zuccolotto, 2012). It was 
divided into five blocks with a 1‐min break in between. The 
tonal stimuli were presented binaurally with a comfortable 
intensity at approximately 70 dB SPL. The entire behavioral 
session lasted for approximately 15 min.

2.4 | Data analysis
We first calculated the percentage of Tone 2 and Tone 4 re-
sponses to each stimulus, resulting in an identification curve 
for each participant. Then, we conducted probit analyses 
(Finney, 1971) of identification curves to obtain the position 
of category boundary and boundary width for each partici-
pant. The probit analysis has been used in previous categori-
cal perception studies to analyze the category boundaries 
and boundary width (e.g., Hallé, Chang, & Best, 2004; Peng 
et al., 2010). We defined the boundary position as the 50% 
crossover point based on the probit analyses and calculated 
the linear distance between the 25th and 75th percentiles to 
be the boundary width as in Hallé et al. (2004) and Peng et 
al. (2010). In addition, we also calculated the slope of iden-
tification curves for each participant. Finally, we conducted 
three one‐way analyses of variance (ANOVAs) to compare 
the boundary positions, boundary width, and slopes of iden-
tification curves among the three groups of participants, with 
participant group (native speakers vs. L2 learners with tonal 
L1 vs. L2 learners with nontonal L1) as a between‐subject 
factor.

To assess attentional processing and cognitive efforts, we 
further calculated the reaction time (RT) of each token in the 
tonal continuum for the three groups of participants and con-
ducted a mixed two‐factor ANOVA with stimuli (S1, S2, S3, 
S4, S5, S6, S7, S8, S9, S10, S11) as a within‐subject fac-
tor and participant group (native speakers, L2 learners with 
tonal L1, L2 learners with nontonal L1) as a between‐subject 
factor. For all analyses involving multiple comparisons, de-
grees of freedom were adjusted with the Greenhouse‐Geisser 
method when appropriate.

2.5 | Results
The mean identification curves for native Mandarin speakers, 
L2 learners with tonal L1, and L2 learners with nontonal L1 

F I G U R E  1  Fundamental frequency (F0) of the /pa2/‐/pa4/ tonal 
continuum. Each token/stimulus in the continuum was labeled from 
S1‒S11 (Xi et al., 2010, reproduced with permission from publisher)

http://www.fon.hum.uva.nl/praat/
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are presented in Figure 2. The boundary positions, bound-
ary width, and slopes for the three groups are as shown in 
Table 1. The overall shapes appeared similar across the three 
subject groups, showing that the two groups of proficient 
L2 learners showed nativelike identification functions for 
the tonal continuum. The ANOVA results showed that, for 
the boundary position, the main effect of participant group 
was significant, F(2, 41) = 3.293, p = .047, ηp

2 = .138. Post 
hoc analysis with Bonferroni correction further revealed that 
the boundary position of L2 learners with tonal L1 appeared 
marginally significant earlier than that of L2 learners with 
nontonal L1 (p = .05). But, no significant differences were 
found between native speakers and L2 learners with tonal L1 
and between native speakers and L2 learners with nontonal 
L1 (p = .267; p = .99). For the boundary width and slope, the 
ANOVA results revealed that the main effects of participant 

group were not significant either, F(2, 41) = 2.030, p = .144, 
ηp

2 = .090; F(2, 41) = .069, p = .934, ηp
2 = .003.

The mean RT of each token in the tonal continuum for the 
three groups of participants is shown in Table 2. The ANOVA 
results showed that the main effect of participant group was 
significant, F(2, 41)  =  13.869, p  <  .001, ηp

2  =  .404. Post 
hoc analysis with Bonferroni correction further revealed that 
both native speakers and L2 learners with tonal L1 showed 
shorter RT than L2 learners with nontonal L1 (p  <  .001, 
p = .001, respectively). But, there was no significant RT dif-
ference between native speakers and L2 learners with tonal 
L1 (p = .99). The main effect of tonal stimuli was also sig-
nificant, F(10, 410) = 25.117, p < .001, ηp

2 = .38. Post hoc 
analysis with Bonferroni correction further showed that the 
RT for S4 was significantly longer than that of S10, the RT of 
S5 was significantly longer than that of S1, S2, S3, S9, S10, 

F I G U R E  2  Identification curves for native speakers (Native), L2 learners with tonal L1 (T), and nontonal L1 (NT). Error bars represent 
standard error

  Boundary position Boundary width Slope

Native speakers 6.14 ± .7 2.71 ± 1.76 .67 ± .42

L2 learners with tonal L1 5.53 ± .76 2.39 ± .98 .66 ± .32

L2 learners with nontonal L1 6.42 ± 1.31 3.84 ± 2.92 .61 ± .51

T A B L E  1  Boundary locations, 
boundary width, and slopes of the 
identification curves (M ± SD) for native 
speakers and L2 learners with tonal L1 and 
nontonal L1

Stimuli Native speakers
L2 learners with  
tonal L1

L2 learners with 
nontonal L1

S1 369.11 ± 77.03 458.36 ± 157.69 586.03 ± 157.95

S2 357.85 ± 81.34 402.58 ± 169.28 610.99 ± 166.92

S3 376.62 ± 90.19 396.23 ± 117.23 575.22 ± 198.09

S4 475.83 ± 120.48 508.27 ± 169.89 663.65 ± 234.22

S5 555.71 ± 205.88 648.71 ± 217.39 744.87 ± 292.21

S6 660.15 ± 194.38 642.81 ± 260.88 766.02 ± 279.76

S7 455.48 ± 111.35 438.91 ± 129.72 689.77 ± 194.99

S8 365.89 ± 63.06 456.12 ± 187.85 752.88 ± 240.18

S9 329.28 ± 74.52 377.34 ± 117.62 609.33 ± 197.92

S10 320.34 ± 71.71 361.25 ± 135.44 522.72 ± 147.50

S11 347.03 ± 86.94 370.17 ± 116.03 509.79 ± 137.65

T A B L E  2  Reaction time in ms 
(M ± SD) of each token in the tonal 
continuum for native speakers and L2 
learners with tonal L1 and nontonal L1
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S11, and the RT of S6 was significantly longer than that of all 
the other stimuli (ps < .05). However, the interaction between 
participant group and tonal stimuli did not reach significance, 
F(20, 410) = 1.624, p = .137, ηp

2 = .073.

2.6 | Discussion
As seen from Figure 2, native Mandarin speakers and both 
groups of advanced L2 learners showed clear categorical 
boundary in the Mandarin tonal continuum. These were 
similar to the findings in Xi et al. (2010), which used the 
same tonal continuum to explore native speakers’ categori-
cal perception of Mandarin lexical tones. Many other studies 
have also used this tonal continuum to detect native speakers’ 
categorical perception of Mandarin lexical tones success-
fully (Wang et al., 2017; Xi et al., 2010; K. Yu et al., 2014;  
L. Zhang et al., 2011, 2012).

The further analyses on boundary location, boundary 
width, and slope revealed that the two groups of advanced 
L2 learners of Mandarin with tonal or nontonal L1 showed 
similar identification features in processing tonal continuum 
as native Mandarin speakers. This provided justification to 
use the same experimental design from our previous native 
study (K. Yu et al., 2014) in Study 2 to further investigate the 
neurocognitive basis of L2 tonal learning. Specifically, the 
tonal pairs S3‒S7, S5‒S7 selected from the Mandarin tonal 
continuum could be considered as the across‐category tonal 
contrasts, and the tonal pairs S9‒S7, S11‒S7 selected from 
the tonal continuum could be considered as the within‐cate-
gory tonal contrasts for both groups of L2 learners.

In addition to the similarities among native speakers and 
two groups of L2 learners, we found that L2 learners with tonal 
L1 showed a marginally different boundary location from L2 
learners with nontonal L1. This may reflect the potential role 
of native language experience on identifying L2 lexical tones. 
Moreover, results of RT revealed that both native speakers and 
L2 learners with tonal L1 responded faster to all the stimuli in 
the tonal continuum than L2 learners with nontonal L1, and 
L2 learners with tonal L1 performed similarly as native speak-
ers. These results further indicated that, although L2 learners 
with tonal and nontonal L1 showed similar boundary position, 
boundary width, and slope as did native speakers, L2 learners 
with tonal L1 would perform more efficiently than L2 learners 
with nontonal L1, at least in the RT.

The behavioral study not only confirmed that the tonal con-
trasts in our previous native study (K. Yu et al., 2014) were 
applicable to detect L2 learners’ lexical tone processing but 
also indicated the effect of native language experience on L2 
lexical tone identification. In Study 2, we adopted the MMN 
paradigm to further detect the potential role of native language 
experience on the preattentive processing of acoustic and pho-
nological information in L2 lexical tones by using these tonal 
contrasts.

3 |  STUDY 2

3.1 | Participants
Thirty‐six L2 learners of Mandarin Chinese participated in 
the experiment, including 18 whose L1 is a tonal language 
(Thai: 10, Vietnamese: 8; mean age: 22.3, 6 male) and another 
18 with nontonal L1 (Russian: 9, Kirghiz: 7; mean age: 25.2, 
6 male). None of the participants took part in Study 1. They 
were also international students from the same Mandarin 
class at South China Normal University as from Study 1. 
Before the ERP experiment, both groups of participants were 
also asked to complete the LHQ (P. Li et al., 2014) as in 
Study 1. Results of the LHQ showed no significant differ-
ences between their self‐evaluations on Mandarin reading, 
writing, listening, and speaking, F(1, 34) = 1.800, p = .189, 
ηp

2  =  .050; F(1, 34)  =  1.987, p  =  .168, ηp
2  =  .055; F(1, 

34) = .092, p = .763, ηp
2 = .003; F(1, 34) = .065, p = .800, 

ηp
2 = .002, respectively. Moreover, all the participants have 

also passed HSK‐4, and the two groups of participants were 
matched on their HSK‐4 scores, F(1, 34) = .015, p = .902, 
ηp

2 = .0004.
In order to match the participants’ Mandarin profi-

ciency between Studies 1 and 2, we further conducted five 
one‐way ANOVAs on different participants' self‐evalu-
ations of their Mandarin reading, writing, listening, and 
speaking abilities, and their HSK‐4 scores with group as a 
between‐subject factor: L2 learners with tonal L1 in Study 
1; L2 learners with nontonal L1 in Study 1; L2 learners 
with tonal L1 in Study 2; L2 learners with nontonal L1 
in Study 2. The results of all the ANOVAs showed that 
there were no significant differences among these four 
groups of participants in the self‐evaluations on Mandarin 
proficiency and HSK‐4 scores, F(3, 62) = 2.046, p = .117, 
ηp

2 =  .090; F(3, 62) = 1.909, p =  .137, ηp
2 =  .085; F(3, 

62) = .07, p = .976, ηp
2 = .003; F(3, 62) = .332, p = .802, 

ηp
2 = .016; F(3, 62) = .430, p = .732, ηp

2 = .020, respec-
tively. Thus, we considered that the L2 participants in 
Study 2 were matched with the L2 participants in Study 1 
on their Mandarin proficiency.

The experimental protocol was approved by the Ethics 
Review Board of South China Normal University. All the 
participants were right‐handed as assessed by a modified 
Chinese version of the Edinburgh Handedness Inventory 
(Oldfield, 1971). Medical history (including audiology 
test results from participants) indicated that all partic-
ipants had normal hearing with no speech, language, or 
neurological disorders. Participant exclusion criterion 
also included substantial amounts of (over 2  years) for-
mal musical training/practice experience. All participants 
signed a consent form before they took part in the experi-
ment, and each received monetary compensation after the 
experiment.
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3.2 | Materials
We selected S3, S5, S7, S9, S11 from the same tonal con-
tinuum /pa2/‐/pa4/ used in Xi et al. (2010) and in our Study 
1 (as shown in Figure 1) to construct the four types of tonal 
contrasts by manipulating tonal category (within‐category vs. 
across‐category) and F0 interval (large vs. small) as our pre-
vious native study (K. Yu et al., 2014). These tonal contrasts 
were across‐category large interval contrast (S3 vs. S7), 
across‐category small interval contrast (S5 vs. S7), within‐
category large interval contrast (S11 vs. S7), and within‐cate-
gory small interval contrast (S9 vs. S7). These tonal contrasts 
were then used to construct the standard and the deviant stim-
uli in the oddball paradigm of the current ERP experiment.

3.3 | Procedure
A multifeature passive oddball paradigm (Duncan et al., 2009) 
was adopted in the experiment. The classic oddball paradigm 
(e.g., Näätänen, Pakarinen, Rinne, & Takegata, 2004) con-
tains only one type of standard stimuli and one type of deviant 
stimuli in one block, but the multifeature oddball paradigm 
used in the current experiment included one type of standard 
stimulus (S7) and four types of deviant stimuli (S3, S5, S9, 
S11) in one block. This improved paradigm would detect au-
tomatic processing more efficiently. There were 600 standard 
stimuli and 400 deviant stimuli (each deviant type being 100) 
in the experiment. All the stimuli were presented in one block 
by a pseudorandom order. No two adjacent deviant trials were 
identical (e.g., S3‐S7‐S5‐S7‐S7‐S7‐S9‐S7‐S11). To facilitate 
the establishment of a standard perceptual template, the pres-
entation protocol started with a short block of 15 additional 
standard stimuli. The auditory stimuli were presented through 
E‐Prime 1.1 software (Schneider, Eschman, & Zuccolotto, 
2002). The stimulus onset asynchrony between any two con-
secutive tonal stimuli was 800 ms. The auditory presentation 
block lasted for about 15 min.

The participants were instructed to watch a silent movie 
and ignore the auditory stimuli. In order to make sure that 
they concentrated on the movie, they were asked to answer 
five questions about the movie after the experiment.

3.4 | EEG recording
Continuous EEG was recorded using a 64‐channel (Ag–
AgCl) NeuroScan system (NeuroScan, http://www.neuro 
scan.com/). Electrodes were positioned following the 10–20 
system convention. The reference electrode was placed at 
the tip of the nose, and the ground electrode was placed be-
tween FPz and Fz electrodes. Supra‐ and infraorbital bipolar 
electrodes from the left eye were used to record the vertical 
electro‐oculogram (EOG), and the left versus right orbital 
rim was used for the bipolar horizontal EOG recording. The 

impedance of each electrode was kept below 5 kΩ. EEG and 
EOG signals were digitized online at 500 Hz and band‐pass 
filtered online from 0.05 to 100 Hz. The band‐pass filter is 
necessary for online recording to ensure the selected sam-
pling rate for the raw EEG data recording would not violate 
the Nyquist sampling theorem and thus avoid distortion of 
the signal from aliasing.

3.5 | Data analysis
Off‐line signal processing was carried out using Scan 4.5 
(NeuroScan). The reference electrode was converted to the 
average mastoids (M1, M2). Interference effects from the 
horizontal and vertical eye movements were automatically de-
tected and corrected by the ocular artifact reduction procedure 
with a regression algorithm (Semlitsch, Anderer, Schuster, & 
Presslich, 1986). After that, the data were segmented for a 
700‐ms epoch window, including a 100‐ms prestimulus base-
line. With baseline correction applied, any trials with artifact 
activities beyond the range of −80 to 80 mV were rejected. 
Data of two participants with nontonal L1 were excluded 
from further analysis due to excessive artifacts. In these two 
cases, over 30% of the total trials ( >300 trials) were rejected. 
The accepted trials were then filtered at 1–30 Hz with a finite 
impulse response filter to obtain the averaged ERPs elicited 
by standard stimuli and deviant stimuli for each participant. 
The MMNs for each stimulus condition were obtained by sub-
tracting the ERPs for the standard stimuli from those evoked 
by each type of deviant stimuli, respectively.

As the tonal stimuli and MMN protocol were the same as 
in our previous native study (K. Yu et al., 2014), we chose 
the same time window (200‒350 ms after stimuli onset) and 
electrode sites (F3, F4, FZ) as in our previous native study 
to further analyze the two groups of L2 learners’ MMN re-
sponses. By using this a priori measurement parameter (as 
suggested by Luck & Gaspelin, 2017, as being the best al-
ternative among a set of possibilities), we could avoid the 
potential bias in ERP results and have valid comparisons of 
the MMN responses between the L2 learners in the present 
experiment with the native speakers in our previous native 
study. Thus, we identified the peak latencies of MMNs in the 
time window of 200‒350 ms for both groups of participants 
and calculated the mean amplitude of MMN in a window of 
±20 ms around the MMN peak in the Fz electrode for each 
deviant stimulus type. The averaged MMN latency and ampli-
tude measured at the three chosen sites for the two participant 
groups in each stimulus condition were entered for further 
statistical analyses.

3.6 | Results
The grand‐averaged waveforms of standard and deviant stim-
uli at the three selected electrode sites (F3, FZ, F4) for the 

http://www.neuroscan.com/
http://www.neuroscan.com/
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two groups of L2 learners are shown in Figure 3. The MMN 
waveforms elicited by different types of deviant stimuli are 
shown in Figure 4.

3.6.1 | Verification of MMNs
To ensure that all four types of deviant stimuli elicited sig-
nificant MMN responses, we conducted paired samples 
t tests with false discovery rate correction (Benjamini & 
Hochberg, 1995) to compare the mean amplitudes of the 

deviant stimuli and the standard stimuli in the MMN time 
window (200‒350 ms) at the selected three electrode loca-
tions for the two groups of L2 learners, respectively. The 
t‐test results revealed significant differences between the 
standard stimuli and each type of deviant stimuli, which con-
firmed clear MMN activities in both groups for each type of 
deviant stimulus condition. For L2 learners with tonal L1, the 
paired t‐test results against standard S7 were t(1,17) = 2.759, 
p = .017, d = .650 for deviant S3, t(1,17) = 4.276, p = .004, 
d = 1.008 for deviant S5, t(1,17) = 2.345, p = .031, d = .552 

F I G U R E  3  Grand‐averaged waveforms of standard and deviant stimuli at the three selected electrode locations (F3, FZ, F4) for L2 learners 
with tonal L1 (T) and nontonal L1 (NT)
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for deviant S9, and t(1,17)  =  3.160, p  =  .012, d  =  .745 
for deviant S11. Similarly, the t tests for L2 learners with 
nontonal L1 were t(1,15)  =  2.724, p  =  .018, d  =  .681 for 

deviant S3, t(1,15) = 2.893, p = .021, d = .722 for deviant 
S5, t(1,15) = 4.143, p = .004, d = 1.037 for deviant S9, and 
t(1,15) = 2.665, p = .018, d = .665 for deviant S11.

F I G U R E  4  Waveforms of MMNs at the three selected electrode locations (F3, FZ, F4) elicited by different types of deviant stimuli for L2 
learners with tonal L1 (T) and nontonal L1 (NT)
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3.6.2 | Overall MMN results
Two three‐factor mixed ANOVAs were conducted for the 
mean MMN amplitude and the mean peak latency in the se-
lected three electrode locations (F3, FZ, F4), with tonal cat-
egory (within‐category vs. across‐category) and F0 interval 
(large vs. small interval) as within‐subject factors and native 
language (tonal vs. nontonal) as a between‐subject factor. 
For all analyses involving multiple comparisons, degrees of 
freedom were adjusted with the Greenhouse‐Geisser method 
when appropriate. The mean MMN amplitude and peak la-
tency data are presented in Figures 5 and 6, respectively.

MMN amplitude
The ANOVA results showed significant main effects of tonal 
category, F(1, 32) = 5.460, p = .026, ηp

2 = .146, across‐cat-
egory > within‐category, and F0 interval, F(1, 32) = 6.925, 
p  =  .013, ηp

2  =  .178, large interval >  small interval. The 
other effects did not reach statistical significance, including 
the main effect of native language, F(1, 32) = .626, p = .435, 
ηp

2 = .019, the three‐way interaction among tonal category, 
F0 interval, and native language, F(1, 32) = 1.647, p = .209, 
ηp

2  =  .049, and the two‐way interactions between native 
language and tonal category, F(1, 32)  =  1.817, p  =  .187, 
ηp

2 =  .054, between native Language and F0 interval, F(1, 
32) = .002, p = .960, ηp

2 = .001, and between tonal category 
and F0 interval, F(1, 32) = 1.183, p = .285, ηp

2 = .036.

MMN peak latency
The ANOVA results revealed significant main effects of 
tonal category, F(1, 32)  =  84.574, p  <  .001, ηp

2  =  .725, 
across‐category  <  within‐category, and native language, 
F(1, 32) = 22.257, p < .001, ηp

2 = .410, tonal < nontonal. 
The two‐way interactions between tonal category and native 

language and between tonal category and F0 interval were 
both significant, F(1, 32)  =  18.679, p  <  .001, ηp

2  =  .369; 
F(1, 32) = 4.715, p = .037, ηp

2 = .128. But, the main effect 
of F0 interval did not reach significance, F(1, 32) = 2.942, 
p  =  .096, ηp

2  =  .084. The interaction between F0 interval 
and native language, and the interaction among F0 interval, 
tonal category, and native language were not significant, F(1, 
32) = .828, p = .370, ηp

2 = .025; F(1, 32) = .120, p = .731, 
ηp

2 = .004, respectively.
Further simple effects analysis for the interaction be-

tween tonal category and native language revealed that, for 
the within‐category tonal stimuli, L2 learners with tonal L1 
showed earlier MMN peak latency than L2 learners with 
nontonal L1, F(1, 32) = 29.88, p < .001, ηp

2 = .483, while 
for the across‐category tonal stimuli, there were no MMN 
latency differences between the two groups of L2 learners, 
F(1, 32) =  .07, p =  .794, ηp

2 =  .002. In addition, for both 
groups, the MMN peak latency elicited by across‐category 
tonal stimuli was earlier than that by within‐category tonal 
stimuli, F(1, 32) = 12.62, p = .001, ηp

2 = .283 for L2 learners 
with tonal L1; F(1, 32) = 86.30, p < .001, ηp

2 = .729 for L2 
learners with nontonal L1.

Simple effects analysis for the interaction between tonal 
category and F0 interval showed that, regardless of the tonal 
stimuli with large or small interval, the peak latency of MMN 
elicited by across‐category stimuli was significantly earlier 
than that elicited by within‐category stimuli (large interval: 
F(1, 32) = 82.09, p < .001, ηp

2 = .720; small interval: F(1, 
32) = 27.83, p < .001, ηp

2 = .465). But, for the across‐cate-
gory stimuli, the peak latency of MMN elicited by the stimuli 
with large interval was significantly earlier than that elicited 
by the stimuli with small interval, F(1, 32) = 13.9, p = .001, 
ηp

2 = .303; for the within‐category stimuli, the peak latency 
of MMN elicited by the stimuli with large interval was not 

F I G U R E  5  Mean MMN amplitudes of the four types of deviant 
stimuli for L2 learners with tonal L1 (T) and nontonal L1 (NT). Error 
bars represent standard error

F I G U R E  6  Mean MMN peak latency of the four types of 
deviant stimuli for L2 learners with tonal L1 (T) and nontonal L1 
(NT). Error bars represent standard error
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different from that elicited by the stimuli with small interval, 
F(1, 32) = .23, p = .637, ηp

2 = .007.

3.6.3 | MMN results for each group of 
L2 learners
As the main purpose of Study 2 was to examine the effects of 
tonal category and F0 interval on MMN responses for both 
groups of L2 learners, we further conducted planned two‐fac-
tor repeated ANOVAs on the MMN amplitude and peak la-
tency data, respectively, for the two groups of L2 learners, 
with tonal category (within‐category vs. across‐category) and 
F0 interval (large vs. small interval) as within‐subject factors.

L2 learners with tonal L1
MMN amplitude. The main effects of tonal category and F0 
interval were both significant, F(1, 17) = 7.905, p =  .012, 
ηp

2  =  .317, across‐category > within‐category; F(1, 
17) = 5.032, p = .038, ηp

2 = .228, large interval > small in-
terval. The interaction between tonal category and F0 interval 
did not reach significance level, F(1, 17) = 2.811, p = .112, 
ηp

2 = .142. Further t tests showed that the MMN amplitudes 
of the across‐category tonal contrasts did not differ between 
large and small interval, t(1,17) = .206, p = .839, d = .049, 
while the MMN amplitude of the within‐category tonal con-
trasts with large interval was significantly larger than that 
with small interval, t(1,17) = 2.616, p = .018, d = .617.

MMN peak latency. The main effect of tonal category was 
significant, F(1, 17) = 14.209, p = .002, ηp

2 = .455, across‐
category < within‐category. But, the main effect of F0 inter-
val and the interaction between tonal category and F0 interval 
were not significant, F(1, 17) = 2.174, p = .159, ηp

2 = .113; 
F(1, 17) = 1.278, p = .274, ηp

2 = .07.

L2 learners with nontonal L1
MMN amplitude. None of the main effects or interactions 
was significant, as shown by main effects of tonal category, 
F(1, 15)  =  .439, p  =  .518, ηp

2  =  .028, F0 interval, F(1, 
15)  =  2.299, p  =  .15, ηp

2  =  .133, and interaction between 
the two, F(1, 15) =  .001, p =  .993, ηp

2 =  .001. Results of 
further t tests showed that the MMN amplitude for the tonal 
contrasts with large interval did not differ from those with 
small interval regardless of the tonal category (across‐cat-
egory: t(1,15) = 1.164, p = .263, d = .291; within‐category: 
t(1,15) = .996, p = .335, d = .249).

MMN peak latency. The main effect of tonal category 
was significant, F(1, 15) = 76.608, p <  .001, ηp

2 =  .836, 
across‐category < within‐category. The main effect of F0 
interval was not significant, F(1, 15)  =  .909, p  =  .355, 
ηp

2  =  .057. The interaction between tonal category and 
F0 interval was significant, F(1, 15)  =  7.871, p  =  .013, 
ηp

2 =  .344. Simple effects analysis showed that, for tonal 

contrasts with both large and small interval, the peak la-
tency of across‐category tonal contrasts were earlier than 
that of within‐category tonal contrasts, F(1, 15) = 89.36, 
p < .001, ηp

2 = .856; F(1, 15) = 42.5, p < .001, ηp
2 = .739. 

The peak latency of across‐category tonal contrasts with 
large interval was earlier than across‐category tonal con-
trasts with small interval, F(1, 15)  =  15.95, p  =  .001, 
ηp

2  =  .515. But, there was no significant difference be-
tween the peak latencies of within‐category tonal contrasts 
with large interval versus those with small interval, F(1, 
15) = .86, p = .37, ηp

2 = .054.

3.6.4 | Correlation analyses 
between the MMN responses and the L2 
proficiency indicators
In addition to the analyses on MMN amplitude and peak la-
tency, we also conducted correlation analyses between the 
MMN responses and the L2 proficiency indicators including 
HSK scores, LHQ scores of self‐reported proficiency in lis-
tening, speaking, writing, and reading for the two groups of 
L2 learners. As seen in Figure 7, for L2 learners with tonal 
L1, the self‐evaluated writing and speaking proficiency 
scores were positively correlated with the MMN amplitude of 
across‐category tonal contrasts with large interval (r = .472, 
p = .048; r = .511, p = .03). For L2 learners with nontonal 
L1, the LHQ listening and speaking proficiency scores were 
negatively correlated with the MMN amplitude of across‐cat-
egory tonal contrasts with large interval (r = −.719, p = .002; 
r = −.514, p = .042), and the HSK scores were negatively 
correlated with the MMN amplitude of within‐category tonal 
contrasts with large interval (r = −.516, p = .041).

3.7 | Discussion
The four deviant stimulus conditions (across‐category large 
interval, across‐category small interval, within‐category 
large interval, within‐category small interval) all elicited 
clear MMNs for both groups of L2 learners of Mandarin. 
More importantly, the MMN amplitude and peak latency data 
revealed different roles of acoustic and phonological infor-
mation in the processing of lexical tones between L2 learners 
with tonal L1 versus those with nontonal L1.

3.7.1 | MMN amplitude data
In the MMN amplitude data, results of two‐factor ANOVAs 
for each group of L2 learners revealed that L2 learners with 
tonal L1 showed a larger MMN for the across‐category tonal 
contrast than for the within‐category tonal contrast, and a 
larger MMN for the tonal contrast with large F0 interval than 
that with small F0 interval. These MMN amplitude results 
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are consistent with previous reports from studies of native 
Mandarin speakers (Xi et al., 2010; K. Yu et al., 2014, 2017), 
and they suggest that L2 learners with tonal L1 demonstrated 
nativelike MMN responses in processing Mandarin lexical 
tonal contrasts. By comparison, L2 learners with nontonal L1 
did not show any amplitude difference between across‐cat-
egory versus within‐category tonal contrasts, and between 
tonal contrasts with large versus small F0 interval. Thus, un-
like L2 learners with tonal L1, L2 learners with nontonal L1 
did not match the patterns of native speakers for these tonal 
contrasts.

Despite that L2 learners with nontonal L1 showed native-
like identification features for the tonal continuum in Study 
1, L2 learners with nontonal L1 with similar Mandarin profi-
ciency in the present ERP experiment did not show a signifi-
cant difference between across‐category and within‐category 
tonal contrasts in MMN amplitude. It is possible that, at the 
preattentive level of perceptual processing, L2 learners with 
nontonal L1 may treat the across‐category tonal contrasts as 
a form of acoustic variation similar to that in the within‐cat-
egory tonal contrasts. But what remains puzzling is the lack 
of the F0 interval effect in the MMN amplitude data for the 

L2 learners with nontonal L1. If they simply used an acous-
tic processing strategy for discriminating the tonal contrasts, 
one would expect to see differences in the MMN responses 
to the within‐category tonal contrasts with different (large vs. 
small) amounts of F0 variations. In previous studies, even 
nonnative speakers with no tonal language learning experi-
ence could show different MMN amplitudes in response to 
different amounts of acoustic variation in foreign language 
tonal stimuli (Chandrasekaran, Krishnan, & Gandour, 2009; 
Kaan, Wayland, Bao, & Barkley, 2007; Y. Zhang, Cooper, 
& Wang, 2010). For the nonnative speakers with no tonal 
language learning experience in our study, the acoustic sep-
aration between the large and small intervals might be in-
sufficiently large enough to induce significant differences in 
the MMN amplitude measure. Although the L2 learners with 
nontonal L1 in the present study were proficient L2 learners 
of Mandarin, they may not have developed nativelike cate-
gorical perception of lexical tones that would automatically 
process the acoustic and phonological features differently. So 
when they were presented with the tonal stimuli passively, 
they may automatically recruit similar amount of neural re-
sources to process the acoustic differences between the tonal 

F I G U R E  7  Significant correlations between the MMN measurements and the L2 proficiency indicators for the L2 learners with tonal (T) and 
nontonal (NT) L1. AL = across‐category tonal contrast with large interval; WL = within‐category tonal contrast with large interval; HSK = Hanyu 
Shuiping Kaoshi. T writing shows the positive correlation between the self‐evaluated writing proficiency score (x axis) and the MMN amplitude 
of AL for the T group. T speaking shows the positive correlation between the self‐evaluated speaking proficiency score (x axis) and the MMN 
amplitude of AL for the T group. NT listening shows the negative correlation between the self‐evaluated listening score (x axis) and the MMN 
amplitude of AL for the NT group. NT speaking shows the negative correlation between the self‐evaluated speaking score (x axis) and the MMN 
amplitude of AL for the NT group. NT HSK scores shows the negative correlation between the HSK scores (x axis) and the MMN amplitude of WL 
for the NT group
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stimuli regardless of speech categorization (i.e., within‐cate-
gory or across‐category).

Results from t tests further suggested that L2 learners with 
tonal L1 showed the effect of interval on within‐category 
tonal contrasts but did not show such effect on across‐cate-
gory tonal contrasts. This suggests that their neural sensitivity 
to the phonological contrast could override neural sensitivity 
to the acoustic interval difference in the across‐category dis-
crimination. For the within‐category tonal stimuli without 
phonological contrast, the tonal L1 experience allowed the 
listeners to become more sensitive to the acoustic interval 
difference. Such enhanced within‐category discrimination 
effect of L1 tonal experience is similar to the effect of mu-
sical training (Wu et al., 2015). By comparison, L2 learners 
with nontonal L1 did not show such a pattern of differential 
sensitivity. These results indicate that the categorical percep-
tion of L2 learners with tonal L1 might be stronger than L2 
learners with nontonal L1.

In addition, we also found different correlations of MMN 
amplitude and L2 proficiency indicators between the two 
groups of learners. These results provide further evidence 
regarding the role of L1 tonal experience on the extent of 
L2 lexical tone processing. But, it may be oversimplified 
to determine whether L1 tonal experience had a positive or 
negative impact on L2 lexical tone learning simply based on 
the correlation results, because its role may be modulated by 
the exact target tones under investigation and the complex 
relationship between L1 and L2 tonal systems as implied by 
previous speech learning models (PAM‐L2, SLM, ASP) as 
well as studies on tone identification and discrimination (e.g., 
Hao, 2012).

Overall, results of the MMN amplitudes in the present 
ERP experiment suggest that tonal L1 experience would lead 
to different neural sensitivities in processing the acoustic and 
phonological information in the L2 tonal stimuli. Such an 
acoustic versus phonological difference effect in MMN am-
plitude was not evident for the L2 learners without L1 tonal 
experience.

3.7.2 | MMN latency data
In the MMN latency data, the three‐factor ANOVAs first re-
vealed that L2 learners with tonal L1 showed earlier MMN 
peak latency than L2 learners with nontonal L1 for the 
within‐category tonal stimuli. The result suggested that L2 
learners with tonal L1 may be more sensitive to the acoustic 
variation between the tonal stimuli automatically.

More importantly, further two‐factor ANOVA analyses for 
each group of L2 learners showed that L2 learners with tonal 
L1 showed earlier MMN responses for the across‐category 
tonal contrasts than the within‐category tonal contrasts. But 
there was no significant difference in MMN latency for tonal 
contrasts with large versus small F0 intervals. These results 

were consistent with our previous findings from native speak-
ers of Mandarin (K. Yu et al., 2014). For L2 learners with 
nontonal L1, they also showed earlier MMN responses for the 
across‐category tonal contrasts than the within‐category tonal 
contrasts. But, unlike L2 learners with tonal L1 in the present 
study and native speakers in our previous study (K. Yu et al., 
2014), they additionally showed earlier MMN responses for 
the across‐category tonal contrasts with large interval than 
the across‐category tonal contrasts with small interval. The 
divergent MMN latency patterns in the two groups of the L2 
learners here are consistent with the interpretation that tonal 
L1 experience could lead to more nativelike categorical per-
ception processing with a focus on the categorical difference 
while inhibiting responses to the acoustic interval difference 
between the across‐category tonal contrasts. For L2 learners 
with nontonal L1, categorical perception of the L2 lexical 
tones may not be as strong, and thus their MMN responses 
still captured the acoustic interval difference in the across‐
category tonal contrasts.

In sum, results of MMN peak latency revealed that L1 
tonal experience may promote L2 lexical tone learning. For 
L2 learners with tonal L1, only the phonological information 
affected the time course of L2 lexical tone processing, and the 
same pattern had been previously found in native Mandarin 
speakers. By contrast, for L2 learners with nontonal L1, both 
phonological and acoustic information affect the time course 
of L2 lexical tone processing.

4 |  DISCUSSION

In this article, we reported two studies that examined the pro-
cessing of acoustic and phonological information of lexical 
tones by L2 learners. Study 1 was a behavioral study in which 
we found that the proficient L2 learners of Mandarin with 
tonal and nontonal L1 backgrounds showed similar identi-
fication features in processing the tonal continuum from 
Mandarin Tone 2 to Tone 4 as native Mandarin speakers. 
This demonstrated that the operational definitions of acous-
tic and phonological tonal contrasts used in our previous na-
tive study (K. Yu et al., 2014) could be used similarly for 
the advanced L2 learners in the current study. Moreover, we 
also found that the native language experience would affect 
L2 learners’ boundary position and reaction time to the L2 
tonal continuum. Study 2 was an electrophysiological study 
in which we examined specifically the MMN patterns to re-
veal preattentive processing of lexical tones. Results of Study 
2 mainly showed different effects of tonal category and F0 
interval on MMN amplitude and peak latency between the 
two groups of L2 learners who had different L1 (tonal vs. 
nontonal) backgrounds. Combining the behavioral data with 
the MMN results, the present study mainly indicated that 
L2 learners with tonal L1 would perform more like native 
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speakers than L2 learners with nontonal L1 in identifying 
tokens of Mandarin tonal continuum and in processing the 
acoustic and phonological information in Mandarin lexical 
tones in both the magnitude and the latency of the MMN re-
sponse. Moreover, if the MMN data were taken as indicators 
of discriminatory sensitivity (automatic detection of differ-
ences between within‐category and across‐category tonal 
contrasts with small and large F0 interval), the MMN and 
behavioral identification results collectively indicate that the 
categorical perception of L2 learners with tonal L1 might be 
stronger than L2 learners with nontonal L1. This also sug-
gests that native tonal experience would facilitate L2 lexical 
tone learning.

Previous studies of L2 lexical tone learning mainly dis-
cussed how learners identify and/or discriminate between L2 
lexical tones in different categories but did not consider the 
potential role of acoustic and phonological information in L2 
lexical tones. The current study provides evidence regarding 
the effect of native tonal experience on L2 lexical tone learn-
ing from a new perspective. Moreover, previous L2 speech 
learning models (PAM‐L2, SLM, ASP) mainly focused on 
segmental phonemic categories and did not differentiate the 
acoustic and phonological information in phonemes either; 
the current study provides new data from the suprasegmental 
phonology to explore L2 speech learning. For instance, the 
behavioral reaction time differences between the two groups 
of L2 learners appear to be in line with ASP, reflecting the 
attentional processing differences due to L1 tonal experience.

Based on previous L2 speech learning models (PAM‐L2, 
SLM, ASP) and L2 lexical tone studies (e.g., Hao, 2012), the 
effect of native tonal language experience on L2 lexical tone 
learning would be complex because it may rely on the simi-
larities between L1 and L2 lexical tones. In the current study, 
the native languages of L2 learners with tonal L1 were Thai 
and Vietnamese. Thai and Vietnamese (Northern and 
Southern) contain both level and contour tones1 (Hudak, 
1987; Pham, 2003). The Mandarin tonal stimuli used in the 
current study were a tonal continuum from Mandarin Tone 2 
(35) to Tone 4 (51) (as shown in Figure 1). Both Tone 2 and 
Tone 4 are contour tones, and all the tokens in the tonal con-
tinuum varied in the F0 contour along the syllable. The F0 
features, especially the rising and falling tonal contours as in 
the current study, show not only subtle distinctions in relation 
to the other tones in each language but also some similarities 

in terms of partial overlap among the lexical tones in the three 
tonal languages. Previous studies of L2 lexical tone percep-
tion suggested that the overlapping tonal categories between 
L1 and L2 may result in the difficulty of perceiving certain 
L2 lexical tones and that the lack of lexical tone system in L1 
may be helpful to perceive these tonal contrasts (Hao, 2012; 
X. Li, To, & Ng, 2017). In the present study, we found that 
the L1 tonal experience facilitated the identification of L2 
tonal continuum and processing of the acoustic and phono-
logical information in L2 lexical tones, even when the lexical 
tones in the two languages may be only partially 
overlapping.

To our knowledge, despite striking similarity in native-
like identification functions for a lexical tone continuum, no 
previous study has reported that tonal versus nontonal lan-
guage background L2 learners differ in reaction times based 
on their L1 tonal experience. With the behavioral results pre-
viously reported by our own work, we could apply the stim-
ulus design for the across‐category versus within‐category 
differences and the large versus small acoustic differences 
to the two groups of advanced L2 learners with different L1 
tonal experience. As the MMN protocol does not involve fo-
cused attention or overt response, one should expect that the 
MMN results for acoustic versus phonological processing 
in the two subject groups be similar to those of the native 
speakers of Chinese. But that was clearly not the case. Rather, 
despite striking similarities in language proficiency profiles 
and nativelike identification functions for the target lexical 
tone continuum, the ERP results revealed strong modulatory 
effects of L1 background on MMN amplitude and latency 
for L2 lexical tone processing at the preattentive level. Thus, 
neural and behavioral measures may not always be consistent 
with regard to the time course of L2 speech learning, as we 
have shown in this study (see also discussion in Chen, Shu, 
Liu, Zhao, & Liu, 2007, with regard to behavioral vs. ERP 
measure discrepancies for L2 processing).

The neurophysiological results from our study are novel 
in showing the significant effects of the influence of different 
L1 backgrounds, and the results cannot be readily inferred 
from the behavioral data or from any published literature. The 
present study highlights the differences between behavioral 
and neurophysiological measures for processing acoustic and 
phonological information in advanced L2 learners. Our re-
sults show that the MMN measures are reliable neurophys-
iological markers for differentiating nativelike L2 learners 
depending on their L1 background. The reason for the incon-
sistent findings may be discussed in light of the ASP model 
(Strange, 2011). As the model suggests, the two groups of L2 
learners, especially L2 learners with nontonal L1, may utilize 
more attentional resources than native speakers to complete 
the identification task, which could help them to reach sim-
ilar identification performance as native speakers in the be-
havioral experiment (e.g., resulting in the longer RT for L2 

1 In Thai, the tonal system includes five tones: three level tones—mid tone 
(33), low tone (21), high tone (45), and two contour tones—rising tone 
(315), and falling tone (241) (Hudak, 1987). The tonal systems of Northern 
and Southern Vietnamese are slightly different: Northern Vietnamese 
consists of six tones that are distinguished by pitch, voice quality, and 
duration, including level tone (33), falling tone (32), broken tone (45), 
curve tone (323), rising tone (325), and drop tone (31); Southern 
Vietnamese consists of five tones by merging the rising tone with the curve 
tone of Northern Vietnamese (Pham, 2003).
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learners with nontonal L1 in Study 1). In the ERP experiment 
with no attention, L2 learners, especially those with nontonal 
L1, may not have developed mature selective perception rou-
tines of L2 to automatically process the L2 tonal information 
as native speakers. So, they did not show nativelike patterns 
of automatic processing of lexical tones in the ERP study.

The present study provided important neurophysiological 
evidence to support the effect of L1 on L2 lexical tone pro-
cessing at the preattentive stage. The between‐group differ-
ences in MMN amplitude and peak latency suggest that the 
MMN measures could serve as potential neurophysiological 
markers for lexical tone learning and to differentiate more na-
tivelike from less nativelike learners. In comparison with the 
MMN amplitude, the MMN peak latency may be a more sen-
sitive marker for the phonological contrast of interest, as both 
the present study with L2 learners and our previous study 
with native Mandarin speakers (K. Yu et al., 2014) showed 
that both tonal category and F0 interval affect the MMN am-
plitude, whereas only tonal category affects the MMN peak 
latency. However, caution is needed when interpreting MMN 
peak latency, as the MMN latency may vary depending on the 
onset point of discriminable differences (Sharma & Dorman, 
1999; Y. Zhang, Kuhl, Imada, Kotani, & Tohkura, 2005). For 
lexical tone that extends over the entire syllable, this is im-
portant to take into account when the comparisons involve 
different F0 contours. In particular, the tonal contrasts for the 
within‐category variations involved either different rising tone 
contours (e.g., the within‐category tonal contrast of Mandarin 
Tone 2) or different falling tone contours (e.g., the within‐cat-
egory tonal contrast of Mandarin Tone 4), whereas the tonal 
contrasts for the across‐category variations (e.g., Mandarin 
Tone 2 vs. Tone 4) involved rising versus falling contour dis-
crimination. It is possible that the onset point of detectable 
difference for the across‐category F0 contour shapes may be 
earlier than that for the within‐category F0 contour shapes for 
both groups of L2 learners in the present study as well as the 
native speakers of Chinese in the previous studies.

In conclusion, the present study has provided systematic 
behavioral and neurophysiological evidence on the effect 
of native language experience (tonal vs. nontonal) on the 
processing of acoustic and phonological information in L2 
lexical tones. Our design provides a new perspective to-
ward examining behavioral and neural indices of L2 speech 
learning. The new perspective also offers a testable ap-
proach for further verification of L2 speech learning mod-
els and the study of various contributors to the dynamic 
process of perceptual warping of acoustic and phonological 
information in the time course of L2 speech acquisition. 
The present study builds on previous studies on L2 learners 
(e.g., Hao, 2012; Wayland & Guion, 2004), native speakers 
(e.g., Wang et al., 2017; Xi et al., 2010; K. Yu et al., 2014; 
L. Yu et al., 2015), and nonnative listeners (e.g., Gandour 
et al., 2004; Klein, Zatorre, Milner, & Zhao, 2001; Wong, 

Parsons, Martinez, & Diehl, 2004), and we argue that L2 
speech acquisition can be conceptualized as a dynamic pro-
cess of fine‐tuning perceptual sensitivities to the acoustic 
and phonological information in the target L2 sound sys-
tem. For the beginning stages, L2 learners may primarily 
process the L2 speech contrasts in an “acoustic” mode. As 
they become more proficient, perceptual mapping may take 
place in terms of the category‐driven processing of within‐
category and across‐category differences. As a result, L2 
learners can then demonstrate more nativelike treatment 
of the acoustic and phonological information in the target 
sound system. Our data here further indicate that both L1 
tonal experience and attention could facilitate nativelike 
processing and acquisition of the L2 sounds.

A number of issues remain to be investigated in future 
studies. For example, although the processing of phonolog-
ical information was found to interact with tonal type (level 
tone vs. contour tone) in native speakers (K. Yu et al., 2017), 
it remains unclear whether the interaction exists for L2 
learners. Future studies should also examine how L2 learn-
ers at different proficiency levels or learning stages might 
process these two types of information in the course of lan-
guage learning/development. These new studies will provide 
a more complete picture of how native and nonnative speak-
ers learn and process lexical tones in different languages.
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