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Speech variability facilitates non-tonal language speakers’ lexical tone learning.
However, it remains unknown whether tonal language speakers can also benefit from
speech variability while learning second language (L2) lexical tones. Researchers also
reported that the effectiveness of speech variability was only shown on learning new
items. Considering that the first language (L1) and L2 probably share similar tonal
categories, the present study hypothesizes that speech variability only promotes the
tonal language speakers’ acquisition of L2 tones that are different from the tones in their
L1. To test this hypothesis, the present study trained native Mandarin (a tonal language)
speakers to learn Cantonese tones with either high variability (HV) or low variability (LV)
speech materials, and then compared their learning performance. The results partially
supported this hypothesis: only Mandarin subjects’ productions of Cantonese low level
and mid level tones benefited from the speech variability. They probably relied on the
mental representations in L1 to learn the Cantonese tones that had similar Mandarin
counterparts. This learning strategy limited the impact of speech variability. Furthermore,
the results also revealed a discrepancy between L2 perception and production. The
perception improvement may not necessarily lead to an improvement in production.

Keywords: speech variability, the second language acquisition, lexical tones, Cantonese, Mandarin

INTRODUCTION

Talkers’ speech exhibits a great deal of acoustic-phonetic variability due to physiological and
psychological factors. Even for the same talker, the speech signal may vary substantially in different
conditions (Johnson and Mullennix, 1997). Speech perception is slower and less accurate for HV
speech due to the lack of trial-by-trial consistency and predictability in the phonetic features
(Nusbaum and Morin, 1992; Wong and Diehl, 2003; Peng et al., 2012). However, different from
its negative impact on speech perception, speech variability generally facilitates L2 acquisition (e.g.,
Wang et al., 1999; Perrachione et al., 2011; Sadakata and McQueen, 2014).

The effect of speech variability on improving L2 acquisition is first reported in the learning
of segmental components (i.e., consonants and vowels). Lively et al. (1993) trained Japanese
speakers to differentiate the English /r/-/1/contrast. Subjects who were trained with multiple
talkers’ pronunciations responded faster and more accurately in the post-test compared to subjects
trained with tokens from a single talker. Furthermore, multiple-talker training, but not single-talker
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training, also enabled subjects to generalize the contrasts to
novel words and to unfamiliar talkers. In the identification of
English /i/ and /I/, Finnish learners of English relied more on
duration cues than native speakers who mainly relied on spectral
cues. However, after HV training, Finnish learners achieved a
more native-like perceptual cue weighting (Ylinen et al., 2010).
L2 production is also affected by the variability of training
materials. Japanese learners’ production of English /r/ and /1/ was
significantly improved after multiple-talker training (Bradlow
et al., 1997). English speakers’ production of Russian consonant
clusters was more stable and accurate if the training materials
were highly variable (Davidson et al., 2015). Apart from the
learning of phonological categories, speech variability has also
been found to facilitate the acquisition of morphemes, grammar,
and words (Barcroft and Sommers, 2005; Torkildsen et al., 2013;
Eidsvåg et al., 2015).

Except for the segmental components, lexical tones are also
important for L2 learners who want to acquire a tonal language,
since lexical tones are used to distinguish lexical meanings in
tonal languages (Yip, 2002). For instance, the base syllable /ma/
in Mandarin means “mother” with a high level tone, but means
“hemp” with a rising tone. There are two types of lexical tones:
contour tones and level tones. Contour tones change their pitch
heights over the time course of syllables, whereas the heights of
level tones remain relatively steady (Yip, 2002). Several acoustic
parameters, such as fundamental frequency (F0), intensity profile,
duration, and voice quality, contribute to lexical tone perception
(Zhang et al., 2012). Among all these cues, F0, as the primary
acoustic correlate of lexical tones, has the greatest importance
in lexical tone categorization (Wang, 1972; Bishop and Keating,
2012; Zhang et al., 2012). The two attributes of pitch trajectory
(i.e., the F0 trajectory), pitch slope and pitch height, are weighted
unequally in perceiving different lexical tones. The differentiation
of lexical tones with different pitch contours mainly relies on the
pitch slope, whereas, pitch height is critical for the differentiation
of tones with similar pitch contours (Peng et al., 2012).

Considering that HV training was effective in improving the
acquisition of both segmental components (i.e., consonants and
vowels) and larger linguistic units (e.g., morphemes and words),
Wang et al. (1999), Perrachione et al. (2011), Heinzen (2014), and
Sadakata and McQueen (2014) applied HV training method to L2
lexical tone learning. Wang et al. (1999) reported that multiple-
talker speech input significantly improved English speakers’
learning of Mandarin tones and that the improvement was
retained 6 months after training. Except for the talker variability,
variabilities in the target acoustic dimensions are also helpful
(Heinzen, 2014). The naturally produced Mandarin syllables were
exaggerated in the syllable duration, pitch height, and pitch range
to form the infant-directed speech. After 2–3 h of perceptual
training, American English-speaking learners showed significant
improvement in the Mandarin tone identification (Heinzen,
2014). However, without a LV condition for comparison, Wang
et al. (1999) and Heinzen (2014) could attest only the efficiency
of training, not the superiority of HV speech input in comparison
to LV speech input. This problem was solved in Perrachione et al.
(2011) who trained English speakers to learn an artificial language
containing three simple tones, comprising level, rising, and

failing tones, with speech produced by either a single or multiple
talkers. The results suggested that multiple-talker speech yielded
a better learning achievement than the single-talker condition.
However, only learners of high perceptual ability (HPA) could
benefit from the speech variability, whereas, for learners who
were poor at pitch perception, the HV speech input impaired
their L2 lexical tone learning compared with the LV speech input.
Sadakata and McQueen (2014) extended the work of Perrachione
et al. (2011) to the acquisition of a natural language’s tone system.
They trained Dutch speakers to learn Mandarin tones with speech
of low, medium, or high variability. The results showed that
increased variability improved the performance of high-aptitude
perceivers but it impeded the low-aptitude perceivers’ Mandarin
tone learning.

Learners’ L1 backgrounds are also frequently reported to
affect L2 lexical tone learning. The perceptual assimilation model
(PAM; Best, 1995) claims that learners tend to assimilate the
L2 phonological categories into their L1 phonological categories.
The discrimination of two L2 contrasts is poor when they are
perceived as belonging to a single L1 category, but excellent when
they are perceived as two separate L1 categories. So and Best
(2010, 2014), and Cooper and Wang (2012) found that PAM
could be used to explain L2 lexical tone acquisition. Cantonese
speakers frequently confused the Mandarin high falling tone
with the Mandarin high level tone since these two tones were
similar to the allophones of the Cantonese high level tone (So and
Best, 2014). Thai speakers were usually successful in identifying
the Cantonese low falling and low level tone because these
two tones could be perceptually mapped to the falling tone
and low level tone in Thai, respectively (Cooper and Wang,
2012). Consequently, PAM has been extended to the perceptual
assimilation model for suprasegmentals (PAM-S; So and Best,
2010, 2014). Like PAM, the speech learning model (SLM; Flege,
1995, 2007) also emphasizes the influence of the L1 phonological
system on L2 learning. SLM holds that all L1 and L2 phonetic
elements exist in a common phonological space and mutually
influence one another. It predicts that, if an L2 sound differs
insufficiently from its phonetically closest L1 sound, a separate
mental representation of this L2 phonological category will not
be formed. Only when the distance between the L2 sound and its
nearest L1 sound is large enough in the common phonetic space
will a new category of this L2 sound be constructed. Although the
SLM makes no specific prediction about the learning of lexical
tones, it is possible that, just as PAM, SLM can be extended to the
acquisition of suprasegmentals as well.

Although speech variability has been shown to be effective
in improving L2 lexical tone learning (e.g., Perrachione et al.,
2011; Sadakata and McQueen, 2014), there are still some open
questions. Perrachione et al. (2011), and Sadakata and McQueen
(2014) investigated the learning of lexical tones by non-tonal
language (English or Dutch) speakers. However, some learners
have already mastered a tonal system in their L1s, for example
Mandarin learners of Cantonese. It remains unknown how
speech variability affects tonal language speakers’ learning of
L2 lexical tones. Since L2 acquisition is affected by the L1
background, it is possible that the effect of speech variability on
tonal language speakers’ L2 lexical tone learning is different from
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how it affects the L2 learning of non-tonal language speakers.
L2 lexical tones are novel for non-tonal language speakers, and
thus they need to form new mental representations for all tone
categories. However, the situation for tonal language speakers is
complex. Some tone categories in L2 are notably different from
the lexical tones in their L1. Based on SLM, leaners probably treat
these tones as new tone categories and mental representations for
these tones can be established. But some L2 lexical tones may also
exist in their L1 or share great similarities with the tones in their
L1. As PAM-S and SLM suggest, subjects tend to assimilate these
L2 tones into their L1 tone categories and acquire these L2 tones
based on the mental representations in their L1. The acquisition
of these two types of L2 lexical tones (i.e., different vs. similar)
may benefit unequally from the HV training.

There are several reasons why HV training shows superiority
in language learning. HV speech highlights which cues are
crucial for phonological contrasts and demonstrates a wider
range that is allowed for these cues to vary as well (for more
details, see Davis, 2015). HV speech enhances learners’ sensitivity
to the primary between-category acoustic difference without
raising their sensitivity to the within-category acoustic differences
(Shinohara and Iverson, 2018). Davis (2015) found that the HV
training was useful for learners of low L2 proficiency but not for
highly proficient L2 learners because the proficient L2 learners
had already acquired this part of knowledge provided by HV
training (i.e., the crucial perception cues and the range allowed
for variation) from their previous exposure in L2. Therefore,
it seems that speech variability is helpful for establishing new
categories, but once learners have other strategies available, like
previous phonological knowledge, HV training may loss its
superiority (Davis, 2015).

Based on the above-mentioned studies (Flege, 1995, 2007; So
and Best, 2010, 2014; Davis, 2015), it can be hypothesized that
speech variability only facilitates the tonal language speakers’
learning of tones that are different from their L1s, since
they have no prior knowledge about these unfamiliar tones.
But for tones that are similar to their L1s, the HV training
may not outperform the LV training because the learners
probably rely on the mental representations of tones in their
L1 to learn the similar L2 tones. The interaction between
the perceptual cue weightings in L1 and L2 tonal systems is
also worth investigation. Francis et al. (2008) found that non-
tonal language speakers were more sensitive to the changes
of pitch height but tonal language speakers, like Mandarin
speakers, put more weight on the pitch direction (i.e., pitch
slope). Multiple-talker training effectively shifted non-tonal
language speakers’ perceptual cue weighting from pitch height
to pitch direction (Chandrasekaran et al., 2010). Following the
assumption that speech variability only facilitates the acquisition
of new items, it is reasonable to hypothesize that HV training
probably affects little on the perceptual cue weighting of tonal
language speakers whose L1 and L2 use the same cues to signal
pitch contrasts. However, HV training should increase tonal
language speakers’ weighting on the cues that are not used
in their L1.

By investigating Mandarin speakers’ acquisition of Cantonese
tones, the present study aims to shed light on how speech

variability affects tonal language speakers’ L2 lexical tone
learning. Specifically, the present study wants to test the
hypothesis that speech variability only promotes the tonal
language speakers’ acquisition of lexical tones and the perceptual
cues that are different from those in their L1s. Both Mandarin
and Cantonese are tonal languages, but the Cantonese tonal
system is more complex. Cantonese has six lexical tones in
open syllables: high level Cantonese tone (CT) 55, high rising
CT25, middle level CT33, low falling CT21, low rising CT23,
and low level CT22, whereas Mandarin only has four lexical
tones: high level Mandarin tone (MT) 55, high rising MT35,
low falling-rising MT214 (being realized as MT21 at non-final
positions in the continuous speech and when the following tone
is not a falling-rising tone), and high falling MT51 (Chao, 1930;
Yip, 2002). Based on the acoustic similarities revealed by Peng
(2006), CT55 should be categorized as MT55, CT25 as MT35,
and CT21 as MT21. However, there are no direct counterparts
for CT33, CT23, and CT22 in Mandarin. As for the perceptual
cues, four Mandarin tones each have different pitch contours
and thus their differentiation mainly relies on pitch direction.
However, both pitch direction and pitch height are important
in Cantonese tone identification, since some of the six tones
differ in pitch direction but some, especially three level tones
(i.e., CT22–CT33–CT55) differ mainly in pitch height. Based on
the hypothesis, HV training was supposed to show advantage
in the acquisition of CT33, CT23, and CT22, but not in CT55,
CT25, and CT21, and Mandarin learners trained with HV speech
would become more sensitive to pitch height than those trained
with LV speech. To obtain a comprehensive understanding
about how speech variability affects L2 lexical tone learning,
the present study included both Cantonese tone production
and perception. A speech shadowing paradigm was adopted
to train Mandarin speakers’ Cantonese tone production and
perception simultaneously (Marslen-Wilson, 1985). Mandarin
speakers were trained with either HV or LV speech materials, and
then were tested to see if their learning results were allied with
our hypothesis.

MATERIALS AND METHODS

Participants
Thirty-five right-handed native Mandarin subjects from
Northern China were paid to participate in the experiment. They
were randomly divided into two groups based on their training
materials: 17 for the HV group and 18 for the LV group. All
the participants were either undergraduates or postgraduates,
with no self-reported visual, audio, or cognitive deficits. The
Mandarin subjects had not received professional training in
linguistics, psychology, or music, and were naïve to Cantonese.
In addition, 17 native Hong Kong Cantonese speakers were
recruited as the control group. The criteria for choosing the
Cantonese subjects were the same as those for the Mandarin
subjects. The experiment was approved by the Joint Chinese
University of Hong Kong – New Territories East Cluster Clinical
Research Ethics Committee. Informed written consent was
obtained from all participants before the experiment.
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TABLE 1 | Thirty-six Cantonese tonal syllables.

fan/f n/ fu/fu/ jan/j n/ ji/ji/ se/s / si/si/

CT55

CT25

CT33

CT21

CT23

CT22

Letters in the first row here are defined according to Jyutping [Linguistic Society
of Hong Kong [LSHK], 2002], while the letters enclosed by back slashes are
international phonetic symbols.

Materials
Twelve Hong Kong Cantonese speakers (six males) were
recruited to make recordings in a sound-attenuated booth. These
informants did not participate in the following experiments.
They were asked to pronounce 36 Cantonese syllables (Table 1)
covering the six Cantonese long tones (i.e., lexical tones in open
syllables) 10 times in a natural way. Only recordings of good
clarity and stability were used in the experiment in order to
generate stimuli of high voice quality. Based on this criterion, five
speakers’ recordings were selected, with four speakers’ recordings
(two males and two females) used for the training stimuli and one
speaker’s recordings (one female) used for the test stimuli.

There were two types of training materials: HV training
stimuli and LV training stimuli. The HV training stimuli
comprised speech with HV in both pitch height and pitch slope.
The LV training stimuli comprised speech with LV in both
pitch height and pitch slope. For the HV training stimuli, four
samples were selected from the 10 repetitions of each tonal
syllable produced by each selected speaker (4 speakers × 36
tonal syllables × 4 samples selected from the 10 repetitions).
To minimize the variability of the LV training stimuli, only one
sample was chosen and reduplicated four times (4 speakers × 36
tonal syllables × 1 sample from the 10 repetitions × 4
reduplications). These samples were also chosen based on clarity
and stability.

The pitch heights of the selected stimuli were further
manipulated. Each stimulus of the HV training materials was
adjusted to a pitch height chosen randomly from the numbers
listed in the second row of Table 2 (the HV pitch heights)
according to its tonal category. The pitch height manipulation
was also carried out for the LV training materials, and the
adjustment was based on the LV pitch heights (the third raw in
Table 2). The HV and LV pitch heights have the same medians,
but different ranges, with a 0.5 or 0.3 pitch height range for
HV stimuli and a 0.1 pitch height range for LV stimuli. The
HV pitch height range of 0.3 for CT33 and CT22 was chosen

so that the categorical boundaries of these two tones did not
overlap. The medians of the pitch heights were obtained by
referring to the grand mean pitch heights, which were calculated
according to the following procedures. First, the raw F0 values of
each utterance were analyzed with Praat (Boersma and Weenink,
2014) and transformed from Hertz to log-scale 5-level values
(Peng and Wang, 2005). Based on the log-scale 5-level values,
the mean pitch height of each utterance was calculated. Only the
middle 80% of the time-course of each F0 trajectory was used
in order to decrease the tone-irrelevant variation (Peng, 2006).
Then, the grand mean of the pitch height of each tonal category
was obtained by averaging all 12 informants’ productions of
the same tone category. Twelve, instead of five, informants’
recordings were used to obtain the grand means so that the values
obtained were closer to the population means. Based on the grand
mean pitch heights, the present study set the median for the pitch
heights of each tonal category as follows: 4.75 for CT55, 3 for
CT25, 3.25 for CT33, 1.75 for CT21, 2.5 for CT23, and 2.75 for
CT22.

Regarding the test stimuli, only one sample (with the best voice
quality) was chosen from the 10 repetitions of each tonal syllable
(1 speaker × 36 tonal syllables × 1 sample out of 10 repetitions).
Their pitch heights were adjusted based on the HV pitch heights.
Finally, 1152 stimuli were used as training materials, comprising
576 stimuli as the HV training materials (Figure 1A), 576 stimuli
as the LV training materials (Figure 1B), and 36 stimuli as the test
materials (Figure 1C).

Procedure
Figure 2 illustrated the experimental design. Mandarin subjects
participated in two sessions of the Cantonese tone training and
three sessions of the Cantonese tone tests. The tests were carried
out before the first training session (pre-test), between the two
training sessions (mid-test), and after the second training session
(post-test). Cantonese controls only took part in one test session.

The Training Sessions
The whole experiment consisted of two training sessions, one
after the pre-test and another after the mid-test. Each training
session comprised six training sets and Mandarin subjects were
asked to finish one training set every 2 days. Each training set
consisted of 576 stimuli (4 speakers × 36 tonal syllables × 4
samples). Stimuli from the same speaker (144 stimuli) were
blocked, resulting in four blocks in each training set. The 36 tonal
syllables were played sequentially (i.e., /f n55/, /f n33/, /f n22/,
/f n21/, /f n23/, /f n25/, /fu55/, . . .) within each block. Mandarin
subjects were randomly assigned to either the HV or LV training
materials and were asked to finish the training at a quiet place of
their own choice using their own computers and headphones. It

TABLE 2 | The pitch heights used to manipulate the stimuli and the grand mean pitch height of each tonal category.

Tone category CT55 CT25 CT33 CT21 CT23 CT22

HV pitch heights 4.75 ± 0.25 3 ± 0.25 3.25 ± 0.15 1.75 ± 0.25 2.5 ± 0.25 2.75 ± 0.15

LV pitch heights 4.75 ± 0.05 3 ± 0.05 3.25 ± 0.05 1.75 ± 0.05 2.5 ± 0.05 2.75 ± 0.05

Grand mean pitch height 4.583 2.746 3.256 1.945 2.414 2.757
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FIGURE 1 | The tone charts for the auditory stimuli used as: (A) HV training
materials, (B) LV training materials, and (C) test materials. Height represents
the pitch height and Slope represents the pitch slope. Each point in the figure
represents a single stimulus. Six tone categories are distinguished by different
shapes (also in different colors online) as shown in the legend. The grand
mean of the 12 informants’ productions of each tone category is represented
by either a black or red circle within a tone category.

took about 30 min to finish one training set. Subjects received 3 h
training in each session and the total amount of training in the
present study was around 6 h which was longer than most of the
previou studies (e.g., Wang et al., 1999; Heinzen, 2014; Sadakata
and McQueen, 2014).

The speech shadowing paradigm was adopted to train
Mandarin subjects’ Cantonese tone perception and production
simultaneously (Marslen-Wilson, 1985). The stimulus
presentation for training was controlled by Praat (Boersma
and Weenink, 2014). The experimenters demonstrated to
each participant how to do training with Praat after the
pre-test. Subjects were first asked to adjust to a volume level
which allowed them to perceive the audio stimuli clearly.
In each trial, a training stimulus was played to the subjects.
The corresponding traditional Chinese character, its Jyutping
transcription [Linguistic Society of Hong Kong [LSHK], 2002],
and the tone letter (Chao, 1930) of each stimulus were also
shown on the screen for the learners’ reference. When the
training started, they were instructed to pay attention to
the sound stimulus they heard, especially the pitch, and the
visual information on the screen, especially the tone letter
which indicated its tone category. They were required to
immitate the word as accurately as possible after a stimulus
was played. A brief tutorial about how to read Cantonese
Jyutping transcription and tone letters was also delivered to
each participant by the experimenters after the pre-test. Each
participant received a timetable which reminded him/her of the
dates for trainings and tests. During training, the Praat script
recorded subjects’ productions simultaneously in Waveform
Audio File Format. Subjects were asked to send their recordings
once they finished their training on that day. The recordings were
checked by the experimenters to make sure that the participants
followed the instructions well to do the training. Participants
who failed to do so were excluded from the present study
immediately.

The Test Sessions
Each test session compromised two tasks: the production task and
the identification task. Before each test, subjects received written
instructions and became familiarized with the experiment via a
practice session. The auditory stimuli used in the practice session
were different from those used in the tests. Stimulus presentations
were controlled by E-Prime 2.0 in the test sessions. Since
all Mandarin subjects had no prior knowledge of Cantonese,
a 15-min perception and production training was provided
immediately before the two tasks in the pre-test. The procedure
of the 15-min training was almost the same as the one described
in “The Training Sessions.” But this short training contained only
288 trials (2 speakers× 36 tonal syllables× 4 samples).

The Cantonese tone production task
Subjects’ productions were recorded with Adobe Audition in a
sound-insulated booth. The characters used in the production
task were the same as those used in training (Table 1).
In each trial, a traditional Chinese character, together with
the corresponding Jyutping transcription and tone letter, was
presented on the screen. Subjects were instructed to read aloud
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FIGURE 2 | The flow chart of the experimental design. The abbreviation M stands for Mandarin subjects, C for Cantonese subjects, HV for the high variability training
group and LV for the low variability training group. The tests were conducted at lab and the trainings were finished at home.

FIGURE 3 | The trial procedure of the identification task.

the characters as naturally as possible, and were encouraged
to correct or repeat their pronunciations whenever necessary.
Each production task consisted of 108 trials (36 characters × 3
repetitions), which were mixed and played in a random order.
After finishing 54 trials, subjects could take a 1-min break.
This was a self-paced production task. Once subjects were
satisfied with their pronunciation for each trial, they were
required to press the space button to move on to the next
trial.

The Cantonese tone identification task
The test stimuli (36 tonal syllables × 5 repetitions) were mixed
and played in a random order. The trial procedure is illustrated in
Figure 3. In each trial, an auditory stimulus was played binaurally
to subjects, and six traditional Chinese characters sharing the
same base syllable but having distinct lexical tones were also
shown on the screen at the same time. Subjects were instructed
to press a button from 1 to 6 on the keyboard (see Figure 3)
to indicate which tone they perceived. The maximum allowable
response time was 2500 milliseconds (ms).

Data Analysis
The present study first compared subjects’ overall performance
in the three tests (i.e., pre-, mid-, and post- test) to see whether
subjects’ performance after training (i.e., in the mid- and post-
tests) was significantly different from their performance in
the pre-test. We then analyzed subjects’ learning improvement
after each training session to see whether subjects trained with
different speech materials (HV vs. LV) showed significantly
different learning improvement. Because the effect of speech
variability on L2 lexical tone learning has been reported to be
constrained by subjects’ perceptual abilities (Perrachione et al.,
2011; Sadakata and McQueen, 2013, Sadakata and McQueen,
2014), the present study also took this factor into consideration
while analyzing both production and perception data. The
perceptual ability in Perrachione et al. (2011) refers to the
pretraining aptitudes to perceive pitch contours. Perrachione
et al. (2011) asked subjects to identify whether the pitch contour
embedded in the vowel was level, falling or rising. Subjects whose
accuracy rates were higher than 70% were classified as leaners
with strong perceptual abilities. Sadakata and McQueen (2013)
measured this ability via the discrimination of lexical tones in
the pre-test. Sadakata and McQueen (2014) evaluated subjects’
perceptual aptitudes based on their categorical perception of
lexical tones. High-aptitude perceivers’ identification curves were
steeper (i.e., the identification slope coefficients were less than
0.2). As can be seen, the perceptual ability in these studies
essentially refers to subjects’ ability to differentiate or classify
lexical tones. Therefore, the present study divided Mandarin
subjects into two groups: learners with HPA and learners with
low perceptual ability (LPA) based on the results of the Cantonese
lexical tone identification task in the pre-test.

Production Data
Subjects’ productions were analyzed acoustically. The pitch
trajectories of all the recordings obtained during the production
task were characterized by two variables: the pitch height and
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the pitch slope. The procedure to obtain the pitch height
and the pitch slope was the same as the procedure described
in “Materials”. The native norm for each tonal category
was calculated by averaging 29 native Cantonese speakers’
productions (12 informants recruited for speech recording and 17
subjects recruited as the control group) across all pronunciations
with the same tone. The acoustic distance between each utterance
(corresponding to a syllable) produced by Mandarin subjects
and the native norm was calculated according to the following
formula:

D =
√

(Hm −Hc)
2
+ (Sm × 10− Sc × 10)2 (1)

where Hm, Sm, Hc, and Sc represent the pitch height and the
pitch slope of Mandarin subjects’ utterances and the pitch height
and the pitch slope of the native norm, respectively. The pitch
slope, ranging between -0.2 and 0.2, was multiplied by 10 so
that it was enlarged to the same range as the pitch height (1–
5; see Figure 1). Smaller distance means higher resemblance
between a Mandarin subjects’ production and the native norm.
The production improvement after the first training session was
calculated as the mid-test distance minus the pre-test distance,
and the improvement after the second training session was
calculated as the post-test distance minus the mid-test distance
(Bradlow et al., 1997). If subjects’ production improved after
training, the production improvement would be a negative
number. Therefore, the smaller the number obtained, the bigger
the production improvement.

Perception Data
In each trial, a tonal syllable was played to subjects. If subjects
could correctly identify the tonal category of the stimulus they
heard, the trial was counted as a correct one. Otherwise, it was
regarded as wrong. Subjects’ perception accuracies in all three test
sessions were calculated. The perception improvement after the
first training session was defined as the mid-test accuracy minus
the pre-test accuracy. Likewise, the perception improvement after
the second training session was the post-test accuracy minus the
mid-test accuracy (Bradlow et al., 1997). To further illustrate
the detailed perceptual results, the confusion matrices of the
identification task are also included. The confusion matrix shows
how frequently a target tonal category is identified as each of the
six Cantonese tone categories (Wang et al., 1999).

RESULTS

Subjects were divided into two groups – HPA group and LPA
group – based on the results of the identification task in the
pre-test. The independent t-test suggested that the perception
accuracy of HPA group (18 subjects; M = 0.7, SE = 0.04) was
significantly higher than the accuracy of the LPA group (M = 0.55,
SE = 0.07), t(33) =−8.137, p < 0.01.

The Cantonese Tone Production Task
An overall view of Mandarin subjects’ and Cantonese subjects’
Cantonese tone production results is shown in Figure 4. Each

point in the charts represents the average value of a single subject’s
production of one tone category. The ellipses were drawn to
cover 90% of the points belonging to the same tone category.
The tone production data of Mandarin subjects showed greater
variation than those of Cantonese subjects. The three level tones
produced by Mandarin subjects overlapped substantially, as did
the two rising tones. This was also the case for Cantonese subjects,
but to a lesser degree, with clearer differentiation between tonal
categories than for Mandarin subjects. Even though Mandarin
subjects’ productions were notably different from those of native
Cantonese speakers, their improvement could be observed across
the three test sessions. First, the reduction in the areas of the
ellipses indicated that Mandarin subjects’ productions of each
tonal category became less varied. Moreover, the distinction
between the two rising tones became clearer after training, and
CT55 was seldom confused with the two other level tones at
post-test. The distances between the corresponding native norms
(Table 3) and utterances of Mandarin subjects were averaged
for each subject over three repetitions and the six base syllables
(i.e., 18 tone tokens per tone category per subject). A one-way
ANOVA with test (pre-test, mid-test, and post-test) as the within-
subject factor was conducted on the distances which were further
averaged across six lexical tones. The analysis showed that there
was significant difference across tests, F(2,68) = 12.005, p < 0.01.
Subjects’ production was significantly closer to the native norm
in the mid-test (M = 0.664, SE = 0.031) compared with the
pre-test (M = 0.742, SE = 0.03), suggesting the effectiveness of
training. However, the distance was not reduced significantly in
the post-test (M = 0.642, SE = 0.029) compared with the mid-test.

The production improvements after each training session
were calculated based on the method mentioned in “Data
Analysis.” A four-way repeated measures ANOVA was carried
out on the production improvement, with the Greenhouse–
Geisser method used to correct for violations of sphericity. The
within-subject factors were training session (the first training
session and the second training session) and tone (CT55, CT25,
CT33, CT21, CT23, and CT22), and the between-subject factors
were variability (HV and LV) and perceptual ability (HPA and
LPA). The analysis revealed a significant tone × variability
interaction, F(5,155) = 2.738; p < 0.05. The simple main effect
analysis on the tone × variability interaction suggests that
HV training was significantly more effective than LV training
in improving Mandarin subjects’ learning of CT33 and CT22
(ps < 0.05; see Table 4). The HV training and LV training
showed no significant difference on the production improvement
of other tonal categories (Table 4). The training session and the
perceptual ability factors were not involved in any main effects
or significant interactions. No significant perceptual ability by
variability interaction was found, which indicated that the effect
of speech variability on improving lexical tone production was
not affected by subjects’ perceptual abilities.

The Cantonese Tone Identification Task
The accuracies of Mandarin subjects’ Cantonese tone
identification in the three tests are demonstrated in Figure 5.
As Figure 5 suggested, Mandarin subjects showed improvement
in all lexical tones. To evaluate whether the accuracies after
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FIGURE 4 | The tone charts for: (A) Mandarin subjects in the pre-test, (B) Mandarin subjects in the mid-test, (C) Mandarin subjects in the post-test, and (D) 29
native Cantonese speakers. The six tone categories are represented by different shapes (also in different colors online) as shown in the legend.

training (i.e., in the mid- and post- test) were significantly higher
than the accuracy in the pre-test, a one-way ANOVA with test
(pre-test, mid-test, and post-test) as the within-subject factor
was conducted on the accuracies which were averaged across
syllables and lexical tones. The analysis revealed a significant
main effect of test, F(2,66) = 29.903, p < 0.001. Subjects achieved
significantly better results in the mid-test (M = 0.687, SE = 0.013)
compared with the pre-test (M = 0.626, SE = 0.016). However,
no further significant improvement was observed in the post-test
(M = 0.689, SE = 0.015) compared with the mid-test.

The perception improvements were calculated based on the
methods mentioned in “Data Analysis”. They were submitted
to a four-way repeated measures ANOVA with training session
(the first training session and the second training session) and
tone (CT55, CT25, CT33, CT21, CT23, and CT22) as the within-
subject factors and variability (HV and LV) and perceptual ability
(HPA and LPA) as the between-subject factors. The Greenhouse–
Geisser method was used to correct violations of sphericity. The
analysis revealed a main effect of training session, F(1,31) = 18.25;

p < 0.001, and a significant training session × perceptual ability
interaction, F(1,31) = 11.28; p < 0.05. The simple main effect
analysis of the session × perceptual ability interaction with
Bonferroni adjustment showed that HPA leaners’ improvement
in the Cantonese tone perception after the first training session
(M = 0.032, SE = 0.013) was not significantly different from
their perception improvement after the second training session
(M = 0.019, SE = 0.011; p = 0.513). However, for LPA learners,
the perception improvement after the first training session
(M = 0.091, SE = 0.014) was significantly higher than their
improvement after the second training session (M = -0.018,
SE = 0.02, p < 0.05). The tone and variability factors were
not involved in any main effects or significant interactions. The
analysis of the perception improvement also failed to find a
variability by perceptual ability interaction. It seems that, for
tonal language speakers, the impact of speech variability is not
constrained by speakers’ perceptual abilities.

The confusion matrices (Table 5) illustrate the detailed
Cantonese tone identification results. Both Mandarin and
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TABLE 3 | The native norm for each Cantonese tone category.

CT55 CT25 CT33 CT21 CT23 CT22

Pitch height 4.535 2.726 3.170 1.881 2.444 2.700

Pitch slope −0.001 0.068 −0.009 −0.079 0.030 −0.013

Cantonese subjects were proficient at identifying CT21, the only
falling tone, and CT55, the tone with the highest pitch height,
but were comparatively poor at differentiating tone pairs with
similar pitch contours, particularly CT25-CT23 and CT33-CT22.
Cantonese speakers’ accuracy for every tonal category was higher
than that of Mandarin speakers, as would be expected. The
difference between Mandarin and Cantonese subjects was evident
for the level tones, which suggested that Mandarin subjects
were not as proficient as Cantonese speakers in estimating the
pitch height of isolated level tones. Besides, Mandarin subjects’
perception of Cantonese level tones also showed a significant L1
influence. Mandarin subjects sometimes misperceived CT22 as
CT55 (12%), whereas Cantonese subjects seldom did so (1%).
Furthermore, Cantonese speakers were more likely to perceive
CT33 as CT22 (11%) which was acoustically more similar to
CT33. In contrast, Mandarin speakers frequently perceived CT33
as CT55 (24%), a tone that also exists in Mandarin (i.e., MT55).

The Correlation Between the Perception
and Production Tasks
The correlation analyses between the perception and production
tasks were first conducted on the overall performance. The
identification accuracies and the production distances were
averaged across six lexical tones to represent the overall
performance in each test. The results indicated that the

TABLE 4 | The production improvement of each tone category.

HV training LV training

Mean Standard error Mean Standard error p

CT55 −0.089 0.029 −0.089 0.027 0.989

CT25 0.002 0.035 −0.04 0.034 0.394

CT33 −0.076 0.029 0.016 0.027 0.026

CT21 −0.059 0.045 −0.065 0.043 0.934

CT23 −0.072 0.04 −0.064 0.038 0.883

CT22 −0.11 0.027 0.049 0.026 <0.01

The improvements were averaged across the first and second training sessions.

perceptual accuracy was highly and negatively correlated with the
production distance in the pre-test, r =−0.528, p < 0.05, the mid-
test, r =−0.569, p < 0.01, and the post-test, r =−0.523, p < 0.05.
Such results suggest if a Mandarin subject perceive Cantonese
lexical tones more accurately, he/she in general produce the tones
in a more native-like way.

The production and perception improvements, however,
were not significantly correlated after the first training session,
r = 0.294, p = 0.087 or after the second training session, r = 0.108,
p = 0.537. The production and perception improvements of each
lexical tone also showed no significant correlation (ps > 0.05),
suggesting that improvement in one modality may not lead to a
similar degree of improvement in another modality.

DISCUSSION

The comparison between the production distances in the
three tests suggested that subjects’ production was improved

FIGURE 5 | The accuracies for the Cantonese tone identification task in the three tests.
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TABLE 5 | The confusion matrices of the identification task for: (A) Mandarin and (B) Cantonese subjects. The confusion matrix of Mandarin subjects was based on the
perception results averaged across the mid- and post-tests.

Stimulus

Perceived as CT55 (%) CT25 (%) CT33 (%) CT21 (%) CT23 (%) CT22 (%)

(A)

CT55 90 1 24 0 1 12

CT25 2 59 1 1 32 1

CT33 7 0 64 1 1 56

CT21 0 1 1 95 1 1

CT23 0 39 1 1 64 2

CT22 1 0 9 2 1 28

(B)

CT55 97 1 0 0 0 1

CT25 2 78 1 0 18 1

CT33 1 1 85 0 1 47

CT21 0 1 1 97 2 1

CT23 0 20 1 2 79 1

CT22 0 1 11 0 1 49

after training. The manipulation of speech variability only
affected Mandarin speakers’ production of CT33 and CT22,
but not others, which was partially consistent with the
hypothesis of the present study. Training also improved
subjects’ Cantonese tone perception. However, the perceptual
results were not in line with our prediction. HV training
materials showed statistically similar effects on subjects’
perception improvement as the LV training materials, even for
CT33, CT23, and CT22 which were distinct from Mandarin
tones. Subjects who obtained high accuracies in Cantonese
tone perception also showed a more native-like Cantonese
tone production. But the degrees of improvements in two
modelities (i.e., production and perception) were not correlated.
Different from pervious studies (Perrachione et al., 2011;
Sadakata and McQueen, 2013, 2014), speech variability did not
show an unequal effect on learners with different perceptual
aptitudes.

The Effect of Speech Variability on
Mandarin Subjects’ Production of
Cantonese Tones
As the hypothesis of the present study predicted, the relationship
between the L1 and L2 tonal systems constrains the effect of
speech variability on tonal language speakers’ L2 lexical tone
acquisition. The comparison of the Mandarin and Cantonese
tone inventories in Peng (2006) reveals that three tone
pairs: CT55-MT55, CT21-MT21, and CT25-MT35 share great
similarities. However, CT22 and CT33 cannot be mapped
directly to any Mandarin tone categories. The production
results in the present study suggest that speech variability only
facilitates the acqusistion of Cantonese tones that are notably
different from the native Mandarin tones (i.e., CT22 and CT33).
But the variability manipulation of speech input does not
affect the production results of Cantonese tones which have

acoustically similar counterparts in Mandarin (i.e., CT55, CT21,
and CT25).

Mandarin subjects probably employed different learning
strategies to acquire different Cantonese tones. As suggested
by PAM-S and SLM, learners may rely on the phonological
categories in their L1 to acquire the similar phonological
categories in L2 (Flege, 2007; So and Best, 2010). Once detecting
that CT55, CT21, and CT25 were similar to MT55, MT21,
and MT35, respectively, Mandarin subjects may have used
the mental representations of MT55, MT21, and MT35 to
identify the similar tonal categories in Cantonese. Consequently,
regarding the training materials of CT55, CT21, and CT25, they
may have paid less attention to their acoustic details, thereby
invalidating the impact of the speech variability manipulation.
Even if they did attend closely to the training materials, the
mental representations of MT55, MT21, and MT35 probably
did not change significantly during the short period of training,
since these Mandarin tone representations have been formed
as a result of long-term exposure. Consequently, the HV and
LV trainings could not lead to different learning outcomes
given that both HV and LV groups relied on similar, pre-
existing native mental representations to learn the corresponding
Cantonese tones. However, unlike the acquisition of CT55, CT21,
and CT25, Mandarin subjects could not find counterparts of
CT33 and CT22 in Mandarin. SLM predicts that, when the
distance between a L2 sound and its nearest L1 sound is
sufficiently great, formation of a mental representation for a
new L2 category will occur (Flege, 2007). Therefore, Mandarin
subjects’ construction of mental representations for CT33 and
CT22 was heavily reliant on the training materials, allowing
the beneficial effect of HV speech to facilitate lexical tone
learning. As Davis (2015) suggested, HV speech can draw
learners’ attention to the acoustic cues that are meaningful for
phonological contrasts and demonstrate a wider range that is
allowable for their variation. Besides, it is also believed that HV
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training enhances subjects’ ability to normalize speech variability,
which is important for constructing stable mental representations
of level tones. Since the differentiation of Cantonese level tones
mainly relies on pitch height, the superiority of HV training
on the production of level tones also supports the hypothesis
that HV training increases Mandarin subjects’ sensitivity to pitch
height, the cue that is comparatively less used in Mandarin tonal
system.

Because there is no low rising tone in Mandarin, we
hypothesized that the acquisition of CT23 would benefit from
speech variability as well. However, the results were not in
consistent with our hypothesis. One possible explanation was
that Mandarin subjects’ acquisition of CT23 also relied on the
mental representation of MT35. Mandarin learners in the present
study can hardly differentiate CT25 and CT23 in either their
perception (see Table 5A) or production (see Figures 4A–C),
suggesting that the acquisition of these two tones might rely on
the same mental representation. Peng (2006) plotted the tone
charts for Mandarin and Cantonese each based on more than
60 subjects’ production in the continuous speech. The Mandarin
tone chart in Peng (2006) suggested that the realization of MT35
varied a lot. Sometimes, it was pronounced as a full MT35 with
a steep tone slope and comparatively high pitch height, and
sometimes it was pronounced in a reduced form which was
acoustically closer to CT23. The comparison between Cantonese
and Mandarin tone charts in Peng (2006) further indicated that
the distribution of MT35 was largely overlapped with both CT25
and CT23. Therefore, it was possible that Mandarin subjects
perceived CT23 as a reduced form of MT35 and relied on the
mental representation of MT35 to learn CT23 as well. As a
result, the acquisition of CT23 was not significantly affected
by the different amount of variation of the training materials,
resulting in the comparable learning outcomes under HV and LV
training.

The Effect of Speech Variability on
Mandarin Subjects’ Perception of
Cantonese Tones
The present study hypothesized that Mandarin subjects trained
with HV speech should achieve higher accuracies in identifying
CT33, CT22, and CT23. However, HV training showed no
superiority in facilitating Mandarin subjects’ perception of any
Cantonese tones. The reason why speech variability failed to
improve Mandarin learners’ perception of CT55, CT25, CT21,
and CT23 is largely the same as for the production. That is,
due to the acoustic similarity, Mandarin subjects may rely on
the existing mental representations of MT55, MT35, and MT21
while learning CT55, CT25, CT23, and CT21, rendering the
variation of training materials invalid. The effects of speech
variability on Mandarin subjects’ acquisition of CT33 and CT22
were complex in the present study. The production of CT33
and CT22 benefited from speech variability but the perception
of them did not. The improvements in the production of
CT33 and CT22 were also not significantly correlated with
their improvements in the perception. The asymmetrical results
do not support one of the predictions of SLM that speech

production is guided by the perceptual representations (Flege,
2007).

It was multifaceted for the reasons why HV training did not
outperformed LV training in Mandarin subjects’ perception of
CT22 and CT33. One possible reason could be the difficulty in
perceiving Cantonese level tones in isolation. The differentiation
of Cantonese level tones CT55, CT22, and CT33 relies mainly
on pitch height. However, the inter- and intra- talker variability
makes the absolute pitch height a less reliable cue. Wong and
Diehl (2003), Francis et al. (2006), and Peng et al. (2012) have
shown that context is indispensable in the correct identification
of Cantonese level tones. The present study asked subjects to
identify the tones of isolated speech stimuli. The confusion matrix
(Table 5A) showed that Mandarin subjects perceived 56% trials of
CT33 as CT22, indicating that they encountered great difficulty in
differentiating CT33 from CT22 in isolation. Besides, Mandarin
subjects perceived 24% trials of CT33 and 12% trials of CT22 as
CT55, which resembled MT55, but Cantonese subjects seldom
confused CT33 (0%) or CT22 (1%) with CT55. Such perceptual
differences suggested that Mandarin subjects’ perceptions of
CT33 and CT22 were also influenced by their L1 experience.
The interference from both L1 and L2 made the perception of
CT33 and CT22 in isolation a difficult task. The advantage of HV
training was not strong enough to enable Mandarin subjects to
differentiate CT33 and CT22 in isolation more accurately.

The inefficacy of speech variability could also be partially
attributed to the training protocols. Several aspects of the training
procedure in the present study were different from those of
previous studies which reported the superiority of HV training.
One important difference lies in the degree of variation of
training materials. Previous studies (Perrachione et al., 2011;
Sadakata and McQueen, 2014) which included both HV and
LV trainings generally manipulated the number of talkers. The
HV training materials consisted of multiple-talker productions,
whereas the LV training materials were composed by single-talker
productions. Apparently, regarding the degree of variation, the
difference between HV training and LV training in Perrachione
et al. (2011) and Sadakata and McQueen (2014) was much larger
than that in the present study. Heinzen (2014) also included
four speakers’ recordings and manipulated the target acoustic
dimensions to increase the variation, which were similar to the
present study. However, to create the infant-directed speech,
Heinzen (2014) exaggerated each acoustic cue by a comparatively
larger degree and introduced four levels of exaggeration as well.
Therefore, the speech variation in Heinzen (2014) was also larger
than the HV speech in the present study. It is possible that
the inefficacy of the speech variability manipulation was caused
by the comparatively small difference between the HV and LV
training materials. Besides, most of the previous studies used the
perception training but the training in the present study was a
combination of perception and production. Subjects received no
feedback about their production trial by trial. It was likely that
their non-standard pronunciation without correction hindered
their learning.

The present study also revealed a discrepancy between the L2
perception and production. Even though subjects’ performances
in L2 perception and production were highly correlated, the
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speech production may not be guided by the perceptual
learning results. The analysis revealed that the improvement in
production was not correlated with the perception improvement.
The in-depth inspection even found that four Mandarin
subjects improved their production but not their perception
after two training sessions (Zhang and Peng, 2017). The
results that subjects’ production but not their perception
of CT33 and CT22 were affected by the speech variability
further suggested that the relationship between two modalities
was much more complicated than SLM predicts (Flege,
2007).

CONCLUSION

Speech variability in the present study showed a comparatively
small effect on Mandarin speakers’ learning of Cantonese tones.
HV training only facilitated Mandarin subjects’ production
of CT33 and CT22, the tones that were not similar to any
Mandarin tone categories, but did not promote their production
of CT55, CT25, CT23, or CT21, which had similar counterparts
in Mandarin. The production results supported the hypothesis
that speech variability only facilitated the acquisition of tonal
categories which were different from the tones in their L1.
The production results also suggested that Mandarin subjects
were more sensitive to the pitch height after HV training.

However, the superiority of HV training was not shown on
the perception of CT22 and CT33. The inefficacy of speech
variability might be caused by the difficulty in identifying the
pitch height of isolated Cantonese level tones. Besides, the
comparatively small variation of the HV training materials might
also reduce the effectiveness of HV training. Further studies
with a better control on the training protocols are needed to
test whether the hypothesis of the present study can also be
applied to tonal language speakers’ perception of L2 lexical
tones.
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