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This study explores the difficulties in distinguishing different lexical tone contrasts at both
sub-lexical and lexical levels for beginning and advanced Dutch learners of Mandarin,
using a sequence-recall task and an auditory lexical decision task. In both tasks, the
Tone 2-Tone 3 contrast is most prone to errors for both groups of learners. A significant
improvement in the advanced group was found for this tone contrast in the sub-lexical
sequence recall task, but not in the lexical decision task. This is taken as evidence
that utilizing tones in on-line spoken word recognition is more complex and demanding
for L2 learners than in a memory-based task. The results of the lexical decision task
also revealed that advanced learners have developed a stronger sensitivity to Tone 1
compared to the other three tones, with Tone 4 showing the least sensitivity. These
findings suggest different levels of robustness and distinctiveness for the representation
of different lexical tones in L2 learners’ lexicon and consequently different levels of
proficiency in integrating tones for lexical processing. The observed patterns of difficulty
are potentially related to the acoustic characteristics of different lexical tone contrasts as
well as to the interference of the suprasegmental features of learner’s native language
(i.e., the tonal contrasts of Dutch intonation) on the acquisition of the Mandarin lexical
tone contrasts.

Keywords: acquisition of Mandarin tones, Dutch learners of Mandarin, L2 tone contrasts, sequence recall task,
auditory lexical decision, developmental trajectory

INTRODUCTION

Considerable evidence indicates that tone presents a great challenge for adult non-tone language
speakers learning Mandarin as a second language (L2). Most previous studies have examined
phonemic processing of L2 tones, showing that not all tone contrasts are equally difficult to
discriminate (e.g., Kiriloff, 1969; Wang et al., 1999). Distinguishing different tone contrasts in
spoken word recognition, however, has been investigated less often (e.g., Pelzl et al., 2019; Ling and
Griiter, 2022). Given that the link between phonemic and lexical processing is of key importance in
L2 segment and tone acquisition (Wong and Perrachione, 2007; Schmitz et al., 2018), whether the
confusable tone contrasts at the phonemic level also hinder lexical identification has remained an
interesting issue to understand further. This study investigated the processing of tone contrasts at
both sub-lexical and lexical levels in beginning and advanced learners of Mandarin, trying to reveal
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the relative difficulty in distinguishing different tone contrasts in
lexical access and provide a more detailed developmental profile
in L2 tone acquisition.

Distinguishing Tone Contrasts in Native
Mandarin Speakers

The tonal inventory of Mandarin Chinese consists of four
lexically contrastive tones. The meaning of the syllable /ma/
can be “mother; “hemp,” “horse,” and “to scold” when it is
associated with Tone 1 (high-level), Tone 2 (mid-rising), Tone
3 (low-dipping), and Tone 4 (high-falling), respectively (Chao,
1956; Duanmu, 2000; Chen and Gussenhoven, 2008). Although
other acoustic correlates, such as amplitude (Garding et al.,
1986; Whalen and Xu, 1992) and vowel duration (Gandour
and Harshman, 1978) also contribute to tone identification, the
primary acoustic cue of tone perception is the fundamental
frequency (F0) (Howie, 1976; Khouw and Ciocca, 2007). Among
the tones, Tone 3 is often highlighted for having a high degree
of variability. When produced in a pre-pausal position or in
isolation, Tone 3 (T3) is realized with a dipping pitch contour.
This tone has two variants in connected speech: it surfaces with a
low falling pitch contour preceding Tone 1 (T1), Tone 2 (T2),
Tone 4 (T4), or a neutral tone, and when preceding another
T3, it is realized with a rising pitch contour like T2 (Yuan and
Chen, 2014). Moreover, the underlying tone associated with a
weak syllable is always described by the cover term neutral tone.
Neutral tone has a static and mid target, but the target is realized
with more pitch variability than lexical full tones: the pitch of a
syllable with a neutral tone is substantially influenced by the tone
in the preceding syllable (Chen and Xu, 2006).

In terms of the role of tonal information in lexical access
and selection, some behavioral studies suggest that tone might
be a weaker cue compared to segmental information, using
tasks of speeded classification (Repp and Lin, 1990), vowel and
tone monitoring (Ye and Connine, 1999), word reconstruction
(Wiener and Turnbull, 2016) and priming (Sereno and Lee,
2015). However, more recent studies using online measures
such as eye-tracking and event related potentials (ERPs) showed
parallel processing of segments and tones in word recognition,
arguing that the role of tonal information is comparable to that
of segmental information (Schirmer et al., 2005; Malins and
Joanisse, 2010, 2012; Zhao et al., 2011; Connell, 2017). It might
be the case that the difference between tones and vowels is partly
due to the difference in temporal availability of the cues. Prosody
develops more slowly over time than segmental information,
but every cue will be used in word recognition as soon as it is
reliably perceived.

It is noteworthy that, for native Mandarin speakers, tone
contrasts are not equally easy to distinguish and some tone
contrasts are often poorly discriminated, which has been revealed
in both L1 acquisition studies and tone perception research in
adult Mandarin speakers. Some studies in L1 tone acquisition
tested the discrimination of tone pairs at sub-lexical level. For
instance, in an ERP study, Cheng et al. (2013) found that the
contrast of T1 and T3 could elicit mismatch responses for both
newborns and 6-month-old, but the T2-T3 contrast only caused

mismatch responses for the older group, suggesting that the T2-
T3 contrast could be more difficult and thus acquired in a later
stage. Similar results were found in a tone discrimination task
by Tsao (2008), in which Mandarin-learning infants (from 10
to 12 months of age) discriminated T1 and T3 more accurately
compared to T2 and T3. Another line of research explored the
lexical integration of tones using novel word learning and familiar
word recognition tasks in L1 tone acquisition. Ma et al. (2017)
tested 3-year-olds’ sensitivity to tone variation and found that
they could use tones to learn new words, but T3 words were
very difficult to learn compared to words with other tones. Using
a preferential looking paradigm, Gao et al. (2011) examined
the recognition of known words in toddlers (19-26 months)
and found that the substitution between T2 and T3 could not
be detected, while the other tonal substitution (T2 and T1)
was detected with less difficulty. In a monosyllabic picture-
pointing task, Wong et al. (2005) found that 3-year-olds were
much less accurate in recognizing T3 (with an accuracy of 69%)
relative to the other three tones (with accuracy rates higher
than 80%) when discriminating tonal minimal pairs. Taken
together, the convergent evidence from these studies suggests
that the mastery of the Mandarin tone system is not uniform
across the whole tonal inventory and the discrepancies could be
observed even in native infants in terms of both the formation of
phonetic categories and the integration of tones into word-level
representations.

Even for adult native speakers with a mature phonological
representation of the L1 tone inventory, their performance
in tonal discrimination may also differ across different tone
contrasts (e.g., Shen and Lin, 1991; Bent, 2005; Zhang et al., 2012;
Li and Chen, 2015). For example, Bent (2005) found that for
native Mandarin speakers, the accuracy of T2-T3 discrimination
was lowest compared to other tone contrasts. The relatively
long reaction time for the T2-T3 contrast in an odd-ball
discrimination task in Zhang et al. (2012) also suggests a potential
difficulty in distinguishing these tones.

To sum up, for both infant and adult native Mandarin
speakers, T2 and T3 is the most confusable contrast in the process
of category formation and spoken word recognition. The similar
concave shapes in the fO contours of the two tones may serve
as an important source of the confusion. That is, in isolated
form, a slight dipping exists in the contour of both T2 and T3
(Ho, 1976; Moore and Jongman, 1997; Fon and Chiang, 1999).
Some perception studies confirmed that this acoustic similarity
may serve as a perceptual cue in tone identification and thus
can account for the confusion of this tonal contrast (Blicher
et al, 1990; Shen and Lin, 1991; Gottfried and Suiter, 1997;
Zou et al.,, 2012; Sun et al,, 2018). Specifically, Gottfried and
Suiter (1997) found that native Mandarin speakers were quite
accurate in tone identification of intact syllables, but frequently
misidentified T2 as T3 in syllables with only the initial part
presented, due to the acoustic similarity of the initial portion of
these two tones and the lack of perceptual cues present in their
later rising contours. Shen and Lin (1991) revealed that the timing
of the turning point and the degree of the fall (in the dipping
contour) determine the identification of T2 and T3 and violation
of the correlations of these acoustic features would lead to tone
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identification problems. Yet another potential reason for T2-T3
confusion may lie in the sandhi rule of T3—the contour of an
initial T3 changes to a rising tone (just like T2) when followed
by another T3. In the process of L1 acquisition, it has been found
that this sandhi rule is acquired at a very early stage as the child
begins to produce multi-word utterances (Li and Thompson,
1977). That is, for native speakers, T3 sandhi may help to establish
a strong mental relation between T2 and T3 and thus makes this
tone contrast difficult to distinguish (Huang and Johnson, 2010;
Li and Chen, 2015; Pelzl, 2019).

Distinguishing Tone Contrasts in Second

Language Learners of Mandarin

Just like native Mandarin speakers, the acquisition of tones
is also not uniform across the whole tonal inventory for L2
learners with a non-tonal L1. In prior research, L2 learners
performance in tone perception has been widely studied at sub-
lexical levels, focusing on tonal identification, categorization
or discrimination in isolated syllables or disyllabic non-words
(Kiriloff, 1969; Gottfried and Suiter, 1997; Wang et al., 1999;
Guion and Pederson, 2007; Yang and Chan, 2010; Hao and de
Jong, 2016; Shen and Froud, 2016, 2019; Zou et al., 2017; Hao,
2018a,b). In terms of tonal identification, Kiriloff (1969) found
that among the four tones, there was a considerable number of
incorrect identifications of T2 and a marked tendency to confuse
T2 with T3 in beginning Australian English learners of Mandarin.
In a training study, Wang et al. (1999) found that in both pre-
test and post-test, T2 was the most difficult tone for English
learners to identify, and T2-T3 was the most confusable pair.
The T1-T4 pair was another problematic pair and most resistant
to improvement. Hao (2012) found that for experienced English
learners (with a mean study length of 2.68 years), T1 and T4 could
be identified with high accuracy (around 90%), whereas tones T2
and T3 could not be correctly identified (with an accuracy rate of
around 70%) and were mutually confusable. Gottfried and Suiter
(1997) compared English learners’ identification of tones in intact
syllables to syllables with varied portions removed and found that
in all conditions, confusions were most common between T2 and
T3. Regarding tonal discrimination, Hao (2018b) demonstrated
that in an AXB task, T2-T3 was the most difficult pair with the
lowest accuracy rate and longest reaction time for both beginning
and more experienced English learners of Mandarin. Collectively,
the difficulty in distinguishing T2 and T3 in isolated syllables and
disyllabic non-words has been well-documented.

On the other hand, L2 learners’ performance in integrating
tones in lexical representations has been investigated less often
(Wiener et al., 2018; Pelzl et al., 2019, 2021a,b; Qin et al., 2019;
Han and Tsukada, 2020; Ling and Griiter, 2022). The existing
evidence of L2 lexical tonal processing generally suggests a
persistent difficulty in tone processing. Pelzl et al. (2019) revealed
that advanced L2 learners could achieve native-like performance
in monosyllabic tone identification, but still encountered great
difficulty in lexical tone processing, since they showed a very
low accuracy in rejecting disyllabic tonal non-words in a
lexical decision task. A subsequent study further illustrated that
L2 learners overall accuracy was noticeably lower than the

performance of native speakers in a disyllabic lexical decision
task and L2 learners were significantly more likely to accept
tone non-words incorrectly than vowel non-words (Pelzl et al.,
2021a). The difficulty in utilizing tones for word recognition was
also found in advanced Korean learners of Mandarin in a lexical
decision task (Han and Tsukada, 2020). Moreover, this group of
learners showed worst performance for the pair of T2-T3. Ling
and Griiter (2022) further found that learners who performed
better in the word recognition task also showed more categorical
perception of tone in a tone identification task, indicating a link
between phonemic and lexical processing.

In previous L2 perception studies, it has been demonstrated
that even when L2 learners can distinguish non-native phonemic
contrasts properly in low-level sub-lexical perception tasks, their
performance often exhibited marked decline in more demanding
lexical tasks. This is known as “graded learning” (Sebastian-
Gallés and Diaz, 2012) in the acquisition of novel L2 sound
contrasts. Examples of L2 segmental and suprasegmental graded
learning include Japanese learners’ perception of the English /r-
1/ contrast (e.g., Strange and Dittmann, 1984); native English
listeners’ perception of non-English dental and retroflex stops
(Werker and Tees, 1984; Werker and Logan, 1985) and French
learners’ perception of Spanish lexical stress contrasts (Dupoux
et al., 1997, 2001, 2008). These studies employ tasks tapping
into different levels and modes of processing, ranging from sub-
lexical discrimination to higher-level lexical processing utilizing
abstract phonological representations. The consensus in their
findings is that as the cognitive demands imposed by the task and
stimuli increase, learners’ perception performance shows some
significant decrement. Based on this line of findings, whether
the difficulty in distinguishing tones at sub-lexical level would
be different from distinguishing tone contrasts in real word
recognition has become an important question since it may
influence practical communication in L2.

The processing of tones in real word recognition has
been tested in several studies by testing naive non-native
speakers of Mandarin (e.g., Wong et al,, 2011). Using sound-to-
word training paradigms which trains participants to associate
members of minimal tone pairs with different meanings, these
studies examined various factors that would potentially influence
the training outcome, such as the contribution of individual
variability in cue weighting (Chandrasekaran et al., 2010), the
effect of individual musical experience (Wong and Perrachione,
2007), the influence of linguistic pitch processing ability (Bowles
et al., 2016), the influence of learners’ L2 prosodic structures
(Braun et al., 2014), the effect of the presence of an orthographic
tone mark to the ability of associating tones with newly learned
lexical items (Showalter and Hayes-Harb, 2013), as well as the
influence of different designs of training paradigms (Perrachione
et al,, 2011). While the focus varies across these studies, the
results lead to a convergent finding that with a proper amount
and an appropriate approach of training, non-native speakers
of Mandarin can gain significant improvement in utilizing
tonal information for lexical identification. However, since these
studies mainly tested naive speakers’ training performance with a
limited set of lexical items, their results cannot be generalized to
represent real-life L2 learning processes. More work needs to be
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done concerning lexical tone processing in word recognition in
experienced learners with a large vocabulary.

Additionally, the aforementioned studies (e.g., Pelzl
et al, 2019; Ling and Griiter, 2022) on utilizing tones in
word recognition mainly focused on comparing L2 learners’
performance in segmental processing versus tone processing.
Less research, however, has been done to tap into the confusion
patterns of different tone contrasts in real word recognition.
Also, comparative research on the performance of learners
with different Mandarin L2 proficiency levels has remained
scarce, leaving open the detailed developmental profile of L2
learners” integration of tones in lexical representation. To fill
this knowledge gap, the current study sought to investigate L2
developmental patterns in distinguishing different tone pairs at
both sub-lexical and lexical levels.

The Present Study

In the present study, we would like to examine the performance
of tone processing and the confusion patterns of different tone
contrasts at both sub-lexical and lexical levels in beginning
and advanced Dutch learners of Mandarin. Therefore, two
experiments — a sub-lexical sequence recall task and a lexical
decision task - were conducted and both beginning and advanced
learners of Mandarin were recruited to explore the developmental
path in lexical tone processing.

The sequence recall task followed the procedure in Dupoux
et al. (2001, 2008) who have argued that this task provides a
robust paradigm for testing the processing of novel L2 phonemic
contrasts. In this task, participants were asked to learn to associate
two disyllabic tonal minimal pairs with the keys “a” and “b” in
a training phase with feedback. In the test phase, a sequence of
non-words was presented, and the task for the participants was to
transcribe the sequence in the correct order by typing a series of
“@” and “b.” Phonetic variability was introduced in that the four
non-words in a sequence are always produced by four different
voices in random order.

The second task was an auditory lexical decision task, in
which disyllabic Mandarin real words and non-words (i.e., with
an incorrect tone on the first syllable) were used. Disyllabic real
word-non-word pairs differing only in a consonant were used as a
comparison condition. To tap into lexical processing, participants
were asked to decide whether the presented word was a real word

TABLE 1 | Non-word stimuli used in the sequence-recall task.

Experimental condition Associated keys

A B
T1-T2 /pa’thi/ /pathi/
T1-T3 NiTKha/ /titkha/
T1-T4 /ku'pha/ /kutpla/
T2-T3 /ku2pha/ /kuSpa/
T2-T4 Ni2kha/ /titkha/
T3-T4 /padthi/ /patthi/
Segmental control condition /fu'ta/ /fu'ka/

/su'pi/ /su'ti/

or not by pressing a key as soon as possible. Both accuracy rate
and reaction time were recorded.

Since the acquisition of tone pairs for L2 learners was found
to progress at different rates, for both tasks, all tone contrasts
were tested in order to reveal the discrepancy in learners
discrimination of different tone pairs. As suggested by previous
studies, we expect the pair of T2 vs. T3 [and maybe T1 vs.
T4, as suggested in Wang et al. (1999)] to be more difficult to
discriminate than the other tone pairs.

EXPERIMENT 1: SEQUENCE RECALL
TASK

Participants

Twenty-six Dutch learners of Mandarin and fifteen Mandarin
controls participated in the sequence recall experiment. All Dutch
learners of Mandarin had received formal Chinese training from
the Chinese Studies program at Leiden University. The beginning
group consisted of six males and eight females (age: M = 20.83,
SD = 2.82). Their Mandarin learning and speaking experience
varied between 0.5 and 2 years (M = 1.21, SD = 0.51), and
they had never lived in China. All the beginners had received
formal instruction and they had metalinguistic skills like the
ability to associate pitch contours with tone labels. The other
fourteen participants (eight males and six females; age: M = 24.83,
SD = 3.61) were advanced Mandarin learners, who had Mandarin
experience between 3 and 14 years' (M = 5.42, SD = 3.31), and
had spent at least 1 year in China. Since for most participants, the
score of a standard Chinese proficiency test (e.g., HSK test) was
not available at the time of this experiment, we operationalized
proficiency as years of study and experience of living in China.
Both groups of learners had received formal language instruction
and they had metalinguistic knowledge of lexical tones. They
could associate pitch contours with tone labels and they were also
instructed in their Chinese class about the contextualized form
of T3: it should change to T2 before another T3, and become
a low-falling tone (the so called half T3) before T1, T2, and T4.
The native Mandarin control group consisted of three males and
twelve females (age: M = 26.91, SD = 2.80). All were from the
Northern part of China and could speak standard Mandarin.
Since some tonal knowledge is necessary for participating in
the sequence recall task, it was not possible to include a Dutch
control group without any experience with lexical tone (see
section “Procedure” for more details). Written informed consent
to participate in the study has been obtained from all participants
and all of them were paid for their participation.

Materials and Design

All six possible tone pairs (T1-T2, T1-T3, T1-T4, T2-T3, T2-T4,
and T3-T4) were tested in the experiment. In the experimental
condition, three similar CVCV non-words (/pat"i/, /tik"a/,
/kup”a/) were used. Each tone pair employed one non-word with
the target tone on the initial syllable and a neutral tone on the

'Within the advanced group, the majority of participants had Mandarin experience
of 3-5 years and only two (out of 14) had longer experience (12 and 14 years).
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final syllable (e.g., /pa't"i/ - /pat"i/ for T1-T2). The vowel set of
the non-words consisted of /a/, /i/, and /u/. In the consonant set,
there are three voiceless pairs of stops (labial: /p/-/p"/; alveolar:
/t/-1t"1; velar: /k/-/k"/). The resulting three non-words were
combined with different tone pairs in a counterbalanced way
(see Table 1). Two minimal pairs differing only in a consonant
were used as the segmental control condition (/futa-fuka/; /supi-
suti/). They were produced with T1 on the initial syllable and
a neutral tone on the second syllable. The segmental control
condition should not cause difficulty for all participant groups
and so it was used as a baseline. The difficulty in tone processing
can be revealed by comparison of the segmental control condition
and the experimental condition. The stimuli were recorded four
times by four native Mandarin speakers (two females and two
males) from northern China. In addition, the word “OK” was
recorded by a third female speaker. All items were recorded with
a Sennheiser MKH416T microphone in the Leiden University
Phonetics Lab using Adobe Audition (44.1 kHz, 16 bit). Mean
duration of the stimuli was 637 ms.

There are sixteen possible combinations for sequences of
four non-words. To select the most difficult combinations, two
Dutch learners of Mandarin and two native Mandarin listeners
participated in a pilot with 192 stimuli (16 sequences x 2
repetitions x 6 tone pairs). It was found that participants make
more errors for sequences with more variation in combinations.
That is, the sequence of ABBA with one transition from A to
B and another transition from B to A is more difficult than the
sequence of AABB which only contains one transition from A to
B. So, out of all sixteen possible sequences, the eight sequences
with two and three transitions were selected (AABA, ABAA,
ABBA, BAAB, BABB, BBAB, ABAB, BABA). In every sequence,
the four non-words were produced by four different voices.
The order of these four voices was counterbalanced between
sequences. Each non-word was recorded four times by the four
speakers. So, for each tone/segmental pair, all these tokens were
used in the eight sequences. That is, for T1T2, sixteen tokens
(4 voices x 4 tokens) of the non-word /pathi/ were used. In
total, we had 128 experimental trials (8 tonal/segmental pairs x 8
sequences X 2 repetitions).

Procedure

Each participant was tested individually in the Leiden University
phonetics lab with all 128 trials with the auditory stimuli
presented through a Beyerdynamic DT-770 Pro headphone.

TABLE 2 | Summary of a mixed-effect logistic model for response accuracy.

Fixed effects Accuracy
df x2 P

Participant group 2 3.67 <0.001
Tone pair 140.14 <0.001
Participant group x Tone pair 12 116.60 <0.001
Random effects

1| Participant 287.59 <0.001
1] ltem 38.90 <0.001

The three groups of participants received instructions (in their
native language) that they would learn some words. The six
tone pairs were tested separately in six experimental blocks. To
make sure the participants could associate the disyllabic tonal
sequences with corresponding keys on the keyboard, each block
consisted of a word learning phase, a training phase, and a main
experimental phase.

In the learning phase, participants were instructed to press
“@” on the keyboard to hear the first word, upon which a sound
token of one non-word from a tone pair produced by a female
speaker was played (e.g., /pa't"i/). Then they were asked to
press “b” on the keyboard, upon which the other sound token
produced by the same female speaker was played (e.g., /pa®ti/).
After that, the participants were presented with “a” or “b” on
the screen. Pressing the letter displayed on the screen led to the
playing of one token of the corresponding non-word. In this way,
participants heard all sixteen tokens that would be used in the
training and experimental phases (4 voices x 2 members of the
target tone pair x 2 repetitions) in random order by pressing
the associated key.

In the subsequent training phase, participants received further
training on the association between the non-words and their keys
(i.e., “@” vs. “b”). They also learned the tone contrasts on the non-
words. Their task was to identify the non-words. After hearing a
non-word, the participants were asked to press its associated key
(i.e., “@” or “b”). They got feedback on their choice as “Correct” or
“Incorrect” on the screen. All sixteen tokens of the target tone pair
were presented in random order. To make sure that participants
became familiar with the tone contrasts and their corresponding
keys, an accuracy rate of 80% was defined as the success criterion.

For the main experimental phase, only participants who
reached the success criterion of 80% correct identification
were invited. Therefore, for beginning learners, twelve (out of
fourteen) participated in the main experiment. All advanced
learners and native Mandarin listeners reached the criterion and
took part in the main experiment.

We also tested a control group of monolingual Dutch speakers
with the sequence recall task, but all three participants in our pilot
study failed to reach the 80% correct criterion. For naive listeners,
this sequence-recall task with high phonetic variability turned out
to be too difficult, which means that it was not feasible (given the
time and resource constraints) to include a control group without
any tonal experience in our experiment.

In the main experimental phase, there were two warm-up
trials and sixteen experimental trials. In each trial the participants
heard a sequence of four non-word tokens produced by four
speakers and a following “OK” produced by a female voice. In
order to lower the possibility of the participants translating the
non-words into the associated letters immediately when listening
to the stimuli, the inter stimulus interval among the four non-
words was kept very short (50 ms) (cf. Dupoux et al., 2008). The
“OK” following the non-word sequence was adopted to avoid the
participant using echoic memory (Morton et al., 1971; Dupoux
et al., 2008). The task for participants was to reproduce the order
of the sequence by typing the associated keys as quickly and
accurately as possible after hearing the word “OK.” After the
response, the next trial started after a 1,500 ms pause.
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The order of the six tonal blocks was randomized among
participants. Within each block, the participants completed the
word learning, the training, and the experimental phase (with
the sequence-recall task). The control condition with two blocks
of segmental minimal pairs was tested after the six tonal blocks.
In total there were eight blocks. Each block took about 5 min to
complete, and there was a 1-min break between blocks. The total
experimental lasted about 40 min.

Results

Analysis of the transcription results (i.e., correct or incorrect
transcription of the non-word sequence) was performed with a
mixed effects logistic regression model using R and the Ime4
package (Bates et al., 2014). For all trials, a model was constructed
with Participant Group (i.e., native Mandarin listeners, beginning
Dutch learners and advanced Dutch learners), Tone Pair (i.e.,
six tone pairs and one segmental control condition) and their
interaction as fixed effects (fixed effects are indicated with capital
initial letters). Intercepts for participants and items were added
as random effects. Treatment coding was used in this model.
Post hoc comparisons of differences between different levels
within each effect were conducted using Multcomp package with
Bonferroni adjustment in R (Hothorn et al., 2008).

The statistical results for the model of response accuracy are
presented in Table 2. The x 2 and corresponding p-values for fixed
and random effects were obtained from likelihood ratio tests.
There was a significant effect of Participant Group, Tone Pair as
well as a significant interaction between Participant Group and
Tone Pair. Below, we will present a more detailed post hoc analysis
of the interaction of Participant Group and Tone Pair.

The sequence recall accuracy of the six tone pairs and the
segmental control condition for the three groups is presented in
Figure 1. In the control condition, the overall accuracy was high
across all three participant groups with no statistical difference
among groups (BL = 90.6%, AL = 85.7%, NM = 90.6%; all
p-values > 0.05). This indicates that all three groups can process
segmental contrasts with little difficulty. It also means that their
phonological working memory ability enabled them to perform
properly in this task.

In the tonal conditions, pairwise comparison demonstrated
that the accuracy was significantly different between each two
groups of participants for all tone pairs except for T3T4 (all
p-values < 0.05). Specifically, in all tone pairs, the accuracy
of beginning learners was low, but still high above chance
performance level (chance level for 4-word sequence equals 1/2%,
which is 6%). Compared to beginning learners, the advanced
learners had significantly higher accuracy in tone processing, but
their performance was still below that of the native Mandarin
listeners. Only for the pair of T3T4, the difference between
advanced learners and native speakers failed to reach statistical
significance (AL = 72.8%, NM = 82.5%; Est. = 0.77, z = 2.10,
p > 0.05).

For the native Mandarin speakers, the performance in tonal
and segmental conditions was comparable in general. Pairwise
comparison showed that the accuracy of segmental pairs was
only significantly higher than the accuracy of T2T3 (z = —4.13,
p < 0.001), which among all tone pairs, showed the lowest

accuracy (78.8%), significantly lower than T2T4 (90.4%) which
was the most accurate pair (Est. = 1.09, z = 3.38, p < 0.05). The
accuracy rate was comparable among all other tone pairs.

For beginning learners, the accuracy in the segmental
condition was significantly higher than that of all tone pairs (all
p-values < 0.001). Among tone pairs, the most difficult was T2T3
(27.0% correct), followed by T1T2 (33.9%), T1T3 (37.0%), T3T4
(41.1%), T1T4 (44.3%), and T2T4 (47.4%). Post hoc analyses
reveal that the accuracy of T2T3 was significantly lower than that
of T1T4 (Est. = —0.83, z = —3.05, p < 0.05) and T2T4 (Est. = 0.97,
z = 3.58, p < 0.01). The accuracies of other tone pairs were not
significantly different from each other.

Like beginning learners, advanced learners were significantly
more accurate in the segmental condition than in all tone
pairs (all p < 0.02). Within the tonal conditions, T2T3 (55.8%)
was again the most difficult pair, followed by T1T2 (59.4%),
T1T3 (62.5%), T1T4 (67.4%), T3T4 (72.8%), and T2T4 (73.2%).
The accuracy of T2T3 was significantly lower than T3T4
(Est. = 0.82, z = 324, p < 0.05) and T2T4 (Est. = 0.85,
z = 3.34, p < 0.05). But overall, advanced learners performed
more accurately than beginners.

EXPERIMENT 2: LEXICAL DECISION
TASK

Materials and Design
Ten disyllabic word-non-word pairs were chosen for each tone
pair. For Dutch listeners, a stimulus that ends with T1, T2, or T3
can potentially be interpreted as carrying a non-final boundary
tone (H%), which signals either continuation or question. T4
sounds like a final fall (H*L L%) (Gussenhoven, 2005; Braun
and Johnson, 2011). To avoid the potential influence of different
boundary tones from the listeners’ L1, we kept the tone on
the second syllable constant throughout the entire experiment,
only using real words with T1. Moreover, the effect of tonal
coarticulation on the realization of the tonal contour on the first
syllable has also been considered. In Mandarin, the magnitude
of carryover tonal coarticulation is much larger compared to
the anticipatory coarticulation. That is, in a disyllabic word,
“the final portion of the first tone closely follows its intended
trajectory to the end of the syllable” (Xu, 1997), while the contour
second tone shows more deviation and only approaches its
target in the later portion of the syllable. This predominance
of carryover coarticulation may result from the interaction of
physiological constraints and perceptually motivated constraints
that require tonal target realization. As suggested by Flemming
(2011), the stronger assimilatory carryover effect (compared to
the anticipatory effect) is shaped by the greater importance
on the constraint to realize tonal targets over syllable rhymes
(rather than onsets), as tones are more perceptible and easier to
identify when realized during rhymes which have high intensity
periodicity and rich harmonic structure. Therefore, the non-
words were constructed by changing the tone on the first syllable
to reduce the influence of tonal coarticulation.

The non-words were constructed by changing the tone on the
first syllable of the real words. That is, real words and non-words
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FIGURE 1 | Distribution of sequence-recall accuracy of beginning learners (A), advanced learners (B), and native Mandarin speakers (C) in six tone pairs and the
segmental condition. Gray points are individual participant means. Black diamonds are condition means.

minimally contrast in the tone on the first syllable. Tone pairs
were tested bi-directionally, which means that there were twelve
pairs in total (T1-to-T2, T2-to-T1, T1-to-T3, T3-to-T1, T1-to-T4,
T4-to-T1, T2-to-T3, T3-to-T2, T2-to-T4, T4-to-T2, T3-to-T4,
and T4-to-T3). For the tone pair T1-to-T2, ten real words with
T1 on the first syllable were selected, and the corresponding
non-words were constructed by changing T1 to T2 on the first
syllable, while the tone of the second syllable was kept constant
(i.e., T1). For example, the corresponding non-word for the real
word EX /ts"uon! t"ien!/ (spring) was /ts"uon? t"ien!/. As
a comparison condition, another 40 disyllabic word-non-word
pairs which differed only in the initial consonant of the first
syllable were chosen. There were ten words with T1 on the initial

syllable, and ten words each with T2, T3, and T4. The second
syllable always carried T2. The non-words were constructed by
changing the manner of articulation of the initial consonant in
the initial syllable. For instance, the corresponding non-word for
the real word 2B /kun'yen?/ (park) was /k"un'yen?/. All these
consonant contrasts were familiar to Dutch listeners. Although
/k/ and /K"/ is not a possible phoneme pair in Dutch, the listeners
must have learned these phonemes as part of the English and
Mandarin sound systems.

Vocabulary size can play an important role in L2 speech
perception. To make sure that all participants were familiar
with the stimuli, the real words were selected from the first-
year text books of the Chinese studies program at Leiden
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FIGURE 2 | Distribution of A’ score of beginning learners (A), advanced learners (B), and native Mandarin speakers (C) for 12 tone pairs and the segmental
condition. Gray points are individual participant means. Black diamonds are condition means.

University. However, the words are still not equally familiar to
the learners (esp. for the beginners). The list of stimuli and the
hit rate (the percentage of correct identification of real words)
of both beginners and advanced learners for each word has been
presented in the Supplementary Material.

Non-word type has also been reported to influence the
wordlikeness judgment in Mandarin. It has been shown that
non-words with phonotactic violations (e.g., with a consonant
cluster which is illegal in Mandarin) can be easily and correctly
identified, whereas non-words which do not violate phonotactics
but form a regular segment-tone combination gap (e.g., /dai2/)
could not be easily and quickly ruled out by native speakers

(Wiener and Turnbull, 2016). To maintain a similar wordlikeness
level across non-words, only phonotactically legal syllables were
used when constructing non-words in this experiment. To make
sure all the non-words could be correctly recognized as non-
words by native speakers, a pre-test was conducted in which
ten native speakers were asked to rate the wordlikeness of the
non-words using a five-point scale with point 1 referring to real
word and point 5 for non-word. The average point for all the
non-words used in our task was 4.56.

Word frequency and lexical neighborhood density can affect
the RT of lexical decision. Phonological neighborhood density
refers to the similarity of the target words to other words in
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the segmental condition. Gray points are individual participant means. Black diamonds are condition means.

the mental lexicon, defined by the number of phonologically
similar neighbors. Past research reported longer RTs for high-
density words but shorter RTs for high-frequency words. The
frequency effect was more salient for low-neighborhood density
(Goh et al.,, 2009). So, these two factors were also carefully
controlled in this experiment so that the overall word frequency,
as computed with SUBTLEX-CH (Cai and Brysbaert, 2010) and
analyzed with a one-way ANOVA, did not differ significantly
across tone pairs and the segmental condition (The mean of the
log frequency across all pairs is 3.03 and the standard deviation
is 0.05) [F(12,147) = 0.04, p > 0.99]. The neighborhood density of

the first and second syllable of the disyllabic words was computed
as the number of homophones according to the Modern Chinese
Dictionary. The mean neighborhood density of the first syllable
across all pairs was 11.89 and standard deviation was 2.13, the
mean and standard deviation of the second syllable was 13.47 and
3.04. Statistical results showed that neighborhood density was
also not significantly different across tone pairs and the segmental
condition [first syllable: F(12,147) = 0.57, p = 0.87; second syllable:
F(12,147) = 0.80,p = 0.65].

All stimuli were recorded by a female native Mandarin speaker
who was born and brought up in Beijing with a normal speech
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rate. The recording was conducted with a Sennheiser MKH416T
microphone in the Leiden University Phonetics Lab using Adobe
Audition (44.1 kHz, 16 bit). The average duration of all stimuli
was 774 ms. For each tone pair, ten real words and ten non-words
were used. In total, we had 320 experimental trials: 12 tone
pairs x 10 word-non-word pairs x 2 word types (real word/non-
word) + 4 segmental conditions x 10 word-non-word pairs x 2
word types (real word/non-word).

Procedure

The same groups of participants as in Experiment 1 were tested.
All three groups received instructions in their native language.
They were asked to decide whether the word they heard was a real
word in Mandarin or not as quickly as possible by pressing the
button “1” (for real word) or “2” (for nonce word), respectively,
on the keyboard. The participants were informed that the non-
words were very similar to real words but with a difference in
tone or initial consonant on the first syllable. The order of the 320
stimuli was randomized for each participant. Before the real test,
there was a warm-up session, in which two pairs of word/non-
words differing in the initial consonant of the first syllable were
presented, to help the participants get familiar with the associated
buttons (1 vs. 2). None of these words was used in the main
experiment. During the warm-up phase, the participants received
a “Correct” or “Incorrect” message on the screen as feedback.
The main experiment consisted of four blocks of 80 trials. Each
trial began with the presentation of a fixation cross on the
screen for 500 ms. The stimulus was presented 500 ms after the
disappearance of the cross. After the participant’s response, there
was no longer feedback and the next trial started after a 1,500 ms
pause. The total experimental lasted about 30 min.

Results

The response to each trial was classified as a hit (H) (correctly
recognizing a real word), a false alarm (F) (mistakenly classifying
a non-word as real word), a miss (failing to recognize a real
word), or a correct rejection (correctly rejecting a non-word).
For each participant, an A’ (A prime) score was calculated
for each tone pair across items with the formula A =05+

[sign(H—F)m%] (Stanislaw and Todorov, 1999).

A’ is a bias-free estimate of sensitivity to word-non-word
classification, which takes account of both hit rate and false-
alarm rate. The range of an A’ score is from 0.5, which indicates
real words cannot be distinguished from non-words, to 1, which
suggests perfect performance in word-non-word classification
(Stanislaw and Todorov, 1999; Macmillan and Creelman, 2004).

Analyses of A" scores were performed with a linear mixed-
effects model using R and the Ime4 package (Bates et al., 2014).
A model was constructed with Participant Group (i.e., native
Mandarin listeners, beginning Dutch learners, and advanced
Dutch learners), Word Pairs (i.e., twelve tone pairs and four
segmental conditions) and their interaction as fixed effects.
Intercepts for Participant was used as random effect. Treatment
coding was used for this model.

The raw reaction times for correct responses was converted to
logarithmic RT to achieve better normalcy. The analysis of log RT

TABLE 3 | Summary of mixed effects models for A’ score and RT.

Fixed effects A’ score RT (log)

df 2 P df  x2 P
Participant group 2 76.12  <0.001 2 5472  <0.001
Tone pair 12 102.78 <0.001 12 12.64 n.s.
Participant group x Tone pair 24 1744  <0.001 24 101.58 <0.001
Random effects
1| Participant 507.38  <0.001 2381 <0.001
1] ltem 847.64  <0.001

was also performed with a linear mixed effect model using R and
the Ime4 package (Bates et al., 2014). A model was constructed
with Participant Group, Tone Pairs, and their interaction as fixed
effects (fixed factors are indicated with capital initial letters).
Intercepts for participants as well as by-participant random slope
for the effect of participant group were entered as random effects.
Treatment coding was used for this model.

For both models of accuracy and reaction time, post-
hoc comparisons of differences between different levels within
each effect were conducted using the Multcomp package with
Bonferroni adjustment in R (Hothorn et al., 2008). The average A’
scores for each participant group are shown in Figure 2. The log-
transformed RTs and the statistical results for the three groups in
different conditions are presented in Figure 3 and Table 3.

For A’ scores (see Table 3), there was a significant main effect
of Participant Group and Tone Pair, and a significant interaction.
For RT, there was a significant main effect of Participant Group
and a significant interaction between Participant Group and Tone
Pair. The effect of Tone Pair was not significant for RT.

In the segmental control condition, the A’ scores of
all three groups significantly differed from each other (all
p-values < 0.5). Specifically, the advanced learners showed a
significant improvement compared with the beginning learners,
but still did not perform like native Mandarins (see Figure 2).
The mean RTs of beginner and advanced learners did not differ
from each other in the control condition, but both learner groups
responded significantly more slowly than native Mandarin
listeners (BL vs. NM: Est. = —1.08, z = —8.03, p < 0.001; AL vs.
NM: Est. = —1.15, z = —8.94, p < 0.001) (see Figure 3).

In the tonal condition, the three groups demonstrated a
similar pattern in A’ scores compared to that in the segmental
control condition, with the native group showing the highest
scores, the beginning learners the lowest, and the advanced
learners in between. The advanced learners showed a significant
improvement in most tone pairs compared to the beginning
learners (all p-values < 0.002), except for the pairs of T2-to-T3
and T3-to-T2, indicating that the sensitivity to T2 and T3 was
still very low and resistant to improvement. The A’ scores of
the native Mandarins were significantly higher than those of the
advanced learners in most tone pairs (all p-values < 0.001), except
for the pair of T2-to-T4 (Est. = —0.01, z = —0.39, p = 1), T1-to-
T3 (Est. = 0.06, z = 1.58, p = 0.343) and T1-to-T4 (Est. = 0.09,
z = 2.24, p = 0.075). For RT, both learner groups responded
significantly more slowly than the native Mandarins in all tone
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pairs (all p-values < 0.001). The RTs of the two learner groups
did not show significant difference (all p-values > 0.05).

Native Mandarin listeners showed high sensitivity in both
the segmental control and the tonal condition, and there was
no significant difference between these two conditions in both
A’ scores and RT. Within the tonal condition, the overall A’
score was high across tone pairs. Among tone pairs, T4-to-
T1 was the one with the lowest sensitivity score, significantly
lower than that of T3-to-T2, T1-to-T2, T2-to-T1, T3-to-T4 and
T4-to-T3 (all p-values < 0.05). T3-to-T2 was the one with the
highest sensitivity score, significantly higher than that of T4-to-
T1 (Est. = —0.13, z = —4.391, p < 0.001), T2-to-T3 (Est. = 0.11,
z =3.80, p < 0.5) and T2-to-T4 (Est. = 0.11, z = 3.64, p < 0.05).
For each two tones, only T2 and T3 showed directional difference
in sensitivity with A" scores for T3-to-T2 significantly higher than
for T2-to-T3. This suggests that when T3 was produced as T2,
native Mandarin listeners were more likely to make a correct
response than the other way round. In the initial position (before
a T1 in the following position), the category of T3 was better-
established than T2. For native Mandarin listeners, the RT was
not significantly different across tone pairs.

For beginning learners, their A’ score in the segmental
control condition was on average higher than in the tone
condition, confirmed by pairwise comparisons of the A’ score
in the segmental condition against that in the tone pairs T2-to-
T3, T3-to-T2, T1-to-T4, T2-to-T1, T3-to-T4 and T4-to-T3 (all
p-values < 0.05). Across tone pairs, comparable patterns were
observed in terms of both the A’ score and RT.

For advanced learners, the A" score of the segmental control
condition was comparable to the score for most pairs in the
tone condition, only significantly higher than that of T2-to-T3
(Est. = —0.20, z = —6.68, p < 0.001), T3-to-T2 (Est. = —0.20,
z = —6.45, p < 0.01) and significantly lower than T2-to-T4
(Est.=0.11,z=3.51, p < 0.05). The RT of the segmental condition
was shorter than that of tone pair T1-to-T3 (Est. = —0.27,
z = —3.657, p < 0.05). Across the tone pairs, post hoc tests
demonstrated that the A" scores of T2-to-T3 and T3-to-T2 were
significantly lower than of other tone pairs (all p-values < 0.01).
The RT of T2-to-T3 was significantly longer than T1-to-T2
(Est. = 0.34, z = 3.58, p < 0.05), T1-to-T3 (Est. = 0.39, z = 4.09,
p < 0.01), T1-to-T4 (Est. = 0.33, z = 3.49, p < 0.05) and T2-
to-T4 (Est. = —0.34, z = —3.53 p < 0.05). The response to
T3-to-T2 was significantly slower than the response to T1-to-T2
(Est.=0.33,z=3.45, p < 0.05) and T1-to-T3 (Est. = 0.38,z=3.97,
p < 0.01). These patterns suggest that compared to beginning
learners, sensitivity to tone information in lexical access was
better for advanced learners, but this improvement was not
equal across tone pairs, with the confusion between T2 and T3
most resistant. The sensitivity scores of T2-to-T3 and T3-to-T2
were comparable, indicating that these two tones were mutually
confusable, but the symmetry did not hold for other tone pairs.
There was a significant difference in the A’ score between T1-
to-T2 and T2-to-T1 (Est. = —0.11, z = —3.45, p < 0.05), T1-
to-T4 and T4-to-T1 (Est. = —0.13, z = —4.17, p < 0.01) as well
as between T1-to-T3 and T3-to-T1 (Est. = —0.15, z = —4.93,
p < 0.01), suggesting that it was easier for advanced learners
to correctly recognize real words with T1, and to correctly

reject non-words with T1 substituted by T2, T3 or T4 than vice
versa. There was a similar asymmetry with T4 evident in the
significant differences between A’ scores of T2-to-T4 and T4-to-
T2 (Est. = —0.11, z = —3.66, p < 0.05), T3-to-T4 and T4-to-T3
(Est. = —0.15, z = —4.919, p < 0.01), as well as T1-to-T4 and
T4-to-T1 (Est. = —0.13, z = 4.17, p < 0.01). It was more difficult
for advanced learners to make a correct response when T4 was
substituted by another tone than the other way round. A trend of
shorter RTs was also observed in T1-to-T2, T1-to-T3, and T1-
to-T4 than to T2-to-T1, T3-to-T1 and T4-to-T1, respectively,
without reaching statistical significance. It is worth noting that
these asymmetric patterns for T1 vs. other tones and T4 vs. other
tones were only found for advanced learners.

DISCUSSION

In the present study, we investigated the sensitivity to and
utilization of lexical tones in both sub-lexical and lexical
processing by Dutch learners of Mandarin, with a sequence
recall task and a lexical decision task. Generally speaking, in the
sequence recall task, the advanced learners exhibited a significant
better performance compared to beginners. In the lexical decision
task, advanced learners also performed significantly better in
correctly identifying real words and rejecting non-words which
were minimally different from real words in tones. These results
suggest that language learning experience facilitates the forming
of new tonal categories, and tonal information can be integrated
in lexical representation by experienced learners.

In both tasks, however, we also observed that the performance
of the advanced learners was still significantly lower than that
of native speakers. Moreover, the RTs were much longer for
advanced learners than for native Mandarin listeners in all
conditions in the lexical decision task. We take this as evidence
that their lexical representations of tones are still in development;
the encoding of lexical tones is not as robust and distinctive
as that of native Mandarin listeners and consequently, the
utilization of tones for lexical processing is not yet automatic
and accurate, which is compatible with the findings of Pelzl et al.
(2019).

Importantly, our results also revealed differences in
distinguishing different tone contrasts at sub-lexical and
lexical levels. In the sub-lexical sequence recall task, the tone
pair of T2 and T3 remained the most difficult contrast for both
groups of learners, although the advanced learners improved
significantly compared to the beginners. In the lexical decision
task, these two tones were mutually confusable for both groups of
learners and proved resistant to improvement. Burnham (1986)
proposed that phonetic contrasts can vary on a continuum from
“fragile” to “robust,” and the salience of the phonetic contrast can
be used to account for the relative difficulty for naive non-native
listeners and L2 learners in their discrimination of non-native
contrasts. Psycho-acoustically salient contrasts are learned at
a very early stage in L1 acquisition and can be perceived with
ease by non-native listeners. Less salient contrasts, however,
are developed later in L1 acquisition and are also difficult to
learn for L2 learners. The contrast of T2 and T3 in the current
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study is clearly a case of these less salient contrasts. Despite that
the advanced learners have progressed significantly compared
to beginners in discriminating T2 and T3 in a cognitively
demanding sequence-recall task, their performance in utilizing
this contrast to identify real word is still as poor as beginners,
indicating different levels of acquisition of a tonal system. That is,
being able to differentiate a tonal contrast does not automatically
lead to a robust and precise representation of the tones in
learners’ lexical memory. It takes a longer time for learners to
learn such a “fragile” contrast and utilize the tonal information
for lexical processing.

Interestingly, we also observed that, for some tones, there
are uni-directional perceptual difficulties for L2 speakers.
Specifically, in the lexical decision experiment, advanced learners
were significantly more accurate in recognizing real words with
T1 and rejecting non-words in which T1 was produced as one of
the other three tones than the other way round, which suggests
that the category of T1 had been relatively well established when
compared to the other three tones. On the other hand, they gave
less correct identification when T4 was produced as T1, T2, or
T3, suggesting that the category of T4 was relatively less well-
established when compared to the other three tones in pairs.
One possible explanation is that all words we used in the lexical
decision task have T1 in the second syllable, and the encoding
and decoding of T1 may have benefited from the repeated
exposure of the correct usage of T1 in this task. The similarity
between subsequent syllables in words with T1T1 combination
may also help with the correct identification of T1 on the
first syllable. More likely, our results are related to two aspects
of the prosodic features of the learners’ native language. The
first concerns the perceptual dimensions of pitch movements.
Gandour (1983) investigated the perceptual dimension of lexical
tones and the influence of different language backgrounds on
tonal perception. His results suggest that compared to tone-
language speakers, English speakers are more sensitive to pitch
height than to pitch direction, which has been confirmed by
later findings in e.g., Maddox et al. (2013) and Chandrasekaran
et al. (2016). In particular, Hao (2018a) showed that English
speakers are very sensitive to the FO onset in the identification
of T1. Given the similar functions and characteristics of pitch
movements in English and Dutch, it is possible that the excellent
performance (i.e., both the identification of correct T1 and
rejection of incorrect T1) in the lexical decision task with T1
(a high-level tone)-words by our advanced Dutch learners of
Mandarin may in part be due to their enhanced sensitivity
to pitch height.

The second, in relation to the failed detection of a
mispronounced T4 (when replaced by the other three tones),
concerns the role of tonal categories in the intonation system
of Dutch. Previous studies have indicated that the acquisition
of L2 sound categories can be influenced by learners’ L1 sound
systems. In a series of cross-linguistic studies, So and Best
(2010, 2014) asked native English and French speakers to match
Mandarin tones with the given intonation categories in their
L1s (“statement,” “question,” “flat-pitch,” and “exclamation”).
The results suggested that tone categories can be assimilated
into listeners’ L1 prosodic systems to some extent, however,

there did not seem to be a simple one-to-one mapping pattern
between lexical tones and intonation categories. For Dutch
learners of Mandarin, the pitch fall in T4 is similar to the
falling pitch accent in Dutch, which may be considered the most
common form of pitch accent in Dutch (Gussenhoven, 2005).
This similarity may make T4 less marked for Dutch learners,
and consequently, the contrasts of T4 with other lexical tones
become weakened.

Besides the perceptual difficulty and L1 prosodic interference,
another potential source of difficulty in the lexical decision task
is that learners may forget the tones of the disyllabic words
or did not establish the specific syllable-tone association when
the word was learned. In that way, it will be hard for them to
reject non-words with wrong tones. According to information-
theoretic methods (Garner and Miller, 1988; Tong et al., 2008),
in the context of word recognition, the ability of a given signal to
constrain recognition is related to its probability of occurring in
a corresponding communication system. Due to the small tone
inventory compared to that of the segments, each tone occurs
more frequently and associates with more words in Mandarin
Chinese than consonants and rimes, which makes tone less
informative and poorer at constraining word recognition (Tong
etal., 2008; Zou et al., 2021). Therefore, L2 learners may make less
effort on the learning of this unfamiliar suprasegmental contrast
which is less informative in constraining word identification
compared to segments. In addition, the frequency of segment plus
tone combination in learners’ experience also plays an important
role in tone processing. It has been found that learners were
better at recognizing new words that were homophonous with
previously learned words (Liu and Wiener, 2020, 2021) and it
could be the case that learners may be more automatic in tone
processing with frequently used words. This factor still needs to
be examined in future studies.

For native speakers, in the sequence recall task, T2-T3 was the
most difficult pair with the lowest accuracy. In the lexical decision
task, although the A’ scores were very high across all tone pairs for
native Mandarin listeners, there was an asymmetry in accuracy
for the contrast of T2 and T3. Native speakers performed better
in recognizing real words with T3 and rejecting non-words in
which T3 was produced as T2 than vice versa. This suggests
that the category of T3 (a low tone) in word initial position is
more robustly and less ambiguously encoded compared to T2
(a rising tone), likely due to the fact that an initial low falling
pitch contour (as the realization of T3 before T1) can only be
perceived as T3 by native listeners, but an initial rising pitch
contour could be attributed to two different lexical tones: T2 or
the sandhi form of T3 (According to the tone sandhi rule, T3
becomes a rising tone which sounds like T2 when followed by
another T3; see Yuan and Chen (2014) for further details and
references therein). This may hinder the participants in making
correct responses when T2 is followed by another syllable. These
results are also in line with findings on the neural activation of T2
and T3 words in native Mandarin speakers (Li and Chen, 2015).
Further experiments with more participants and stimuli can help
to consolidate the findings.

It should be noted that, finding L2 Mandarin learners for lab-
based studies is a major challenge, especially advanced learners.
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Given that the levels for tone and segmental pairs were 6 and
13 for the two experiments, the sample size of the current
study was small. Although the main findings of the current
study fit coherently into the literature, further research with
larger samples of participants is certainly needed to confirm
current findings.

CONCLUSION

With a sequence recall task and an auditory lexical decision
task, this study explored the patterns and levels of difficulty
in distinguishing and utilizing lexical tones during sub-lexical
and lexical processing for non-tone language learners. In
the sub-lexical sequence-recall task, significant improvement
for advanced Dutch learners of Mandarin was observed in
all lexical tone pairs compared to beginners. In the lexical
decision task, T2 and T3 was mutually confusable for L2
learners, but no significant improvement was found between
beginners and advanced learners, indicating that it does
take a long process to acquire such a difficult phonemic
contrast which is also difficult for native speakers in LI
acquisition. During the process of tone learning, advanced
learners gradually developed a stronger sensitivity to T1; the
establishment of the T4 category, on the other hand, seems
less robust, resulting in the least sensitivity that learners
showed for T4 replacement (by other lexical tones). The
perceptual difficulty of T4 for Dutch learners can be attributed
to the interference from L1 suprasegmental features (i.e., the
falling contour in Dutch intonation) on the acquisition of
the lexical tone contrasts in Mandarin. Results of our study
thus make a unique contribution to the growing body of
literature aimed to understand the role of second language
learning experience and native language sound system in the
developmental trajectory of L2 acquisition, as well as the role
of different levels of proficiency in distinguishing and utilizing
newly learned sound category contrast for different levels of L2
speech processing.

REFERENCES

Bates, D., Maechler, M., Bolker, B., and Walker, S. (2014). Ime4: Linear Mixed-
Effects Models Using Eigen and S4. R Package Version 1.1-7. Available Online
at: http://CRAN.R- project.org/package=lme4 (accessed April 7, 2022).

Bent, T. (2005). Perception and Production of Non-Native Prosodic Categories.
Doctoral dissertation. Evanston, IL: Northwestern University.

Blicher, D. L., Diehl, R. L., and Cohen, L. B. (1990). Effects of syllable duration on
the perception of the mandarin tone 2/tone 3 distinction: evidence of auditory
enhancement. J. Phon. 18, 37-49. doi: 10.1016/s0095-4470(19)30357-2

Bowles, A. R., Chang, C. B., and Karuzis, V. P. (2016). Pitch ability as an aptitude
for tone learning. Lang. Learn. 66, 774-808. doi: 10.1111/lang.12159

Braun, B., Galts, T., and Kabak, B. (2014). Lexical encoding of L2 tones: the
role of L1 stress, pitch accent and intonation. Second Lang. Res. 30, 323-350.
doi: 10.1177/0267658313510926

Braun, B., and Johnson, E. K. (2011). Question or tone 22 How language experience
and linguistic function guide pitch processing. J. Phon. 39, 585-594. doi: 10.
1016/j.wocn.2011.06.002

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies are part of the language research carried out at
the Leiden University Center for Linguistics, which is reviewed
and approved by the Commissie Wetenschappelijke Integriteit
at Leiden University. The participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

TZ designed and carried out the experiments, analyzed the data,
and drafted the first version of the manuscript. YC and JC made
substantial contributions to the design of the study, interpretation
of the data, and drafting of the final manuscript. All authors
provided critical feedback and helped to shape the research.

FUNDING

This work was supported by the Ministry of Education of
China (Social Science and Humanities Research, grant number
19YJC740127) as well as the Supporting Fund for Young
Researchers from Beijing Foreign Studies University (grant
number 201500120032).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyg.
2022.891756/full#supplementary- material

Burnham, D. K. (1986). Developmental loss of speech perception: exposure to
and experience with a first language. Appl. Psycholinguist. 7, 207-239. doi:
10.1097/MAO.0b013e31827b4b81

Cai, Q., and Brysbaert, M. (2010). SUBTLEX-CH: Chinese word and character
frequencies based on film subtitles. PLoS One 5:e10729. doi: 10.1371/journal.
pone.0010729

Chandrasekaran, B., Reetzke, R., Yi, H. G., Roeder, J., Xie, Z., and Maddox,
W. T. (2016). Experience-dependent plasticity in the neural weighting of pitch
dimensions: a machine learning approach. J. Acoust. Soc. Am. 139, 2014-2014.
doi: 10.1121/1.4949927

Chandrasekaran, B., Sampath, P. D., and Wong, P. C. (2010). Individual variability
in cue-weighting and lexical tone learning. J. Acoust. Soc. Am. 128, 456-465.
doi: 10.1121/1.3445785

Chao, Y. R. (1956). Tone, Intonation, Singsong, Chanting, Recitatives, Tome
Composition, and a Tone Composition in Chinese. Mouton: The Hague.

Chen, Y., and Gussenhoven, C. (2008). Emphasis and tonal implementation
in standard Chinese. J. Phon. 36, 724-746. doi: 10.1016/j.wocn.2008.0
6.003

Frontiers in Psychology | www.frontiersin.org

June 2022 | Volume 13 | Article 891756


https://www.frontiersin.org/articles/10.3389/fpsyg.2022.891756/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.891756/full#supplementary-material
http://CRAN.R-project.org/package=lme4
https://doi.org/10.1016/s0095-4470(19)30357-2
https://doi.org/10.1111/lang.12159
https://doi.org/10.1177/0267658313510926
https://doi.org/10.1016/j.wocn.2011.06.002
https://doi.org/10.1016/j.wocn.2011.06.002
https://doi.org/10.1097/MAO.0b013e31827b4b81
https://doi.org/10.1097/MAO.0b013e31827b4b81
https://doi.org/10.1371/journal.pone.0010729
https://doi.org/10.1371/journal.pone.0010729
https://doi.org/10.1121/1.4949927
https://doi.org/10.1121/1.3445785
https://doi.org/10.1016/j.wocn.2008.06.003
https://doi.org/10.1016/j.wocn.2008.06.003
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Zou et al.

Perception of L2 Tone Contrasts

Chen, Y., and Xu, Y. (2006). Production of weak elements in speech-evidence
from f0 patterns of neutral tone in standard Chinese. Phonetica 63, 47-75.
doi: 10.1159/000091406

Cheng, Y. Y., Wu, H. C, Tzeng, Y. L., Yang, M. T., Zhao, L. L., and Lee, C. Y. (2013).
The development of mismatch responses to Mandarin lexical tones in early
infancy. Dev. Neuropsychol. 38, 281-300. doi: 10.1080/87565641.2013.799672

Connell, K. S. (2017). The use of Segmental and Suprasegmental Information in
Lexical Access: a First-and-Second-Language Chinese Investigation. Doctoral
dissertation. Lawrence: University of Kansas.

Duanmu, S. (2000). The Phonology of Standard Chinese. Oxford: Oxford University
Press.

Dupoux, E., Pallier, C., Sebastian, N., and Mehler, J. (1997). A destressing “deafness”
in French? J. Mem. Lang. 36, 406-421. doi: 10.1006/jmla.1996.2500

Dupoux, E., Peperkamp, S., and Sebastian-Gallés, N. (2001). A robust method
to study stress “deafness”. J. Acoust. Soc. Am. 110, 1606-1618. doi: 10.1121/1.
1380437

Dupoux, E., Sebastidn-Gallés, N., Navarrete, E., and Peperkamp, S. (2008).
Persistent stress ‘deafness’ the case of French learners of Spanish. Cognition
106, 682-706. doi: 10.1016/j.cognition.2007.04.001

Flemming, E. (2011). “La grammaire de la coarticulation.” in La Coarticulation:
des Indices a la Représentation, eds M. Embarki and C. Dodane (Paris:
LHarmattan), 189-211.

Fon, J., and Chiang, W. Y. (1999). What does Chao have to say about tones. . Chin.
Linguist. 27, 15-37.

Gandour, J. T. (1983). Tone perception in far Eastern languages. J. Phon. 11,
149-175. doi: 10.1016/s0095-4470(19)30813-7

Gandour, J. T., and Harshman, R. A. (1978). Crosslanguage differences in tone
perception: a multidimensional scaling investigation. Lang. Speech 21, 1-33.
doi: 10.1177/002383097802100101

Gao, J., Shi, R, and Li, A. (2011). “Lexical tone representations of Mandarin-
speaking toddlers,” in Poster Presented at the International Congress of Phonetic
Sciences, Hong Kong. doi: 10.1016/j.heares.2014.02.005

Garding, E., Kratochvil, P., and Svantesson, J. (1986). Tone 4 and tone 3
discrimination in modern standard Chinese. Lang. Speech 29, 281-293. doi:
10.1177/002383098602900307

Garner, W. R, and Miller, A. (1988). “The contribution of information theory to
psychology,” in The Making of Cognitive Science: Essays in Honour of George, ed.
W. Hirst (Cambridge: Cambridge University Press).

Goh, W. D,, Sudrez, L., Yap, M. J., and Tan, S. H. (2009). Distributional analyses
in auditory lexical decision: neighborhood density and word-frequency effects.
Psychon. Bull. Rev. 16, 882-887. doi: 10.3758/PBR.16.5.882

Gottfried, T. L., and Suiter, T. L. (1997). Effect of linguistic experience on the
identification of mandarin Chinese vowels and tones. J. Phon. 25, 207-231.
doi: 10.1006/jpho.1997.0042

Guion, S. G., and Pederson, E. (2007). Investigating the role of attention in phonetic
learning. Lang. Exp. Second Lang. Speech Learn. 17, 57-77. doi: 10.1075/111t.17.
09gui

Gussenhoven, C. (2005). “Transcription of dutch intonation,” in Prosodic Typology:
The Phonology of Intonation and Phrasing, ed. S. A. Jun (Oxford: Oxford
University Press), 118-145. doi: 10.1093/acprof:0s0/9780199249633.003.0005

Han, J. L, and Tsukada, K. (2020). Lexical representation of mandarin tones by
non-tonal second-language learners. J. Acoust. Soc. Am. 148, EL46-EL50. doi:
10.1121/10.0001586

Hao, Y. C. (2012). Second language acquisition of Mandarin Chinese tones by tonal
and non-tonal language speakers. J. Phon. 40, 269-279. doi: 10.1016/j.wocn.
2011.11.001

Hao, Y. C. (2018a). Contextual effect in second language perception and
production of Mandarin tones. Speech Commun. 97, 32-42. doi: 10.1016/j.
specom.2017.12.015

Hao, Y. C. (2018b). Second language perception of mandarin vowels and tones.
Lang. Speech 61, 135-152. doi: 10.1177/0023830917717759

Hao, Y. C, and de Jong, K. (2016). Imitation of second language sounds in
relation to L2 perception and production. J. Phon. 54, 151-168. doi: 10.1177/
0023830918803978

Ho, A. T. (1976). The acoustic variation of Mandarin tones. Phonetica 33, 353-367.
doi: 10.1159/000259792

Hothorn, T., Bretz, F., and Westfall, P. (2008). Simultaneous inference in general
parametric models. Biom. J. 50, 346-363. doi: 10.1002/bimj.200810425

Howie, J. M. (1976). Acoustic Studies of Mandarin Vowels and Tones. Cambridge:
Cambridge University Press.

Huang, T., and Johnson, K. (2010). Language specificity in speech perception:
perception of Mandarin tones by native and nonnative listeners. Phonetica 67,
243-267. doi: 10.1159/000327392

Khouw, E., and Ciocca, V. (2007). Perceptual correlates of Cantonese tones. J. Phon.
35, 104-117. doi: 10.1016/j.wocn.2005.10.003

Kiriloff, C. (1969). On the auditory perception of tones in Mandarin. Phonetica 20,
63-67. doi: 10.1159/000259274

Li, C. N, and Thompson, S. A. (1977). The acquisition of tone in Mandarin-
speaking children. J. Child Lang. 4, 185-199. doi: 10.1017/s0305000900001598

Li, X,, and Chen, Y. (2015). Representation and processing of lexical tone and
tonal variants: evidence from the mismatch negativity. PLoS One 10:¢0143097.
doi: 10.1371/journal.pone.0143097

Ling, W., and Griiter, T. (2022). From sounds to words: the relation between
phonological and lexical processing of tone in L2 Mandarin. Second Lang. Res.
38, 289-313. doi: 10.1177/0267658320941546

Liu, J., and Wiener, S. (2020). Homophones facilitate lexical development in a
second language. System 91:102249. doi: 10.1016/j.system.2020.102249

Liu, J., and Wiener, S. (2021). CFL learners Mandarin syllable-tone word
production: effects of task and prior phonological and lexical learning. Chin.
Second Lang. Res. 9, 31-52. doi: 10.1515/caslar-2021-0002

Ma, W., Zhou, P, Singh, L., and Gao, L. (2017). Spoken word recognition in young
tone language learners: age-dependent effects of segmental and suprasegmental
variation. Cognition 159, 139-155. doi: 10.1016/j.cognition.2016.11.011

Macmillan, N. A, and Creelman, C. D. (2004). Detection theory: A User’s Guide.
New York, NY: Psychology press.

Maddox, W. T., Chandrasekaran, B., Smayda, K., and Yi, H. (2013). Dual systems
of speech category learning across the lifespan. Psychol. Aging 28, 1042-1056.
doi: 10.1037/a0034969

Malins, J. G., and Joanisse, M. F. (2010). The roles of tonal and segmental
information in Mandarin spoken word recognition: an eyetracking study.
J. Mem. Lang. 62, 407-420. doi: 10.1016/j.jml1.2010.02.004

Malins, J. G., and Joanisse, M. F. (2012). Setting the tone: an ERP investigation
of the influences of phonological similarity on spoken word recognition
in Mandarin Chinese. Neuropsychologia 50, 2032-2043. doi: 10.1016/j.
neuropsychologia.2012.05.002

Moore, C. B, and Jongman, A. (1997). Speaker normalization in the perception of
Mandarin Chinese tones. J. Acoust. Soc. Am. 102, 1864-1877. doi: 10.1121/1.
420092

Morton, J., Crowder, R. G., and Prussin, H. A. (1971). Experiments with the
stimulus suffix effect. J. Exp. Psychol. 91, 169-190. doi: 10.1037/h0031844

Pelzl, E. (2019). What makes second language perception of Mandarin tones hard?:
anon-technical review of evidence from psycholinguistic research. Chin. Second
Lang. 54, 51-78. doi: 10.1075/cs1.18009.pel

Pelzl, E., Lau, E., Guo, T., and DeKeyser, R. (2021a). Advanced second language
learners of mandarin show persistent deficits for lexical tone encoding in
picture-to-word form matching. Front. Commun. 6:689423. doi: 10.3389/
fcomm.2021.689423

Pelzl, E., Lau, E. F,, Guo, T., and DeKeyser, R. (2021b). Even in the best-case
scenario L2 learners have persistent difficulty perceiving and utilizing tones in
Mandarin: findings from behavioral and event-related potentials experiments.
Stud. Second Lang. Acquis. 43, 268-296. doi: 10.1017/s02722631200
0039x

Pelzl, E.,, Lau, E. F,, Guo, T., and DeKeyser, R. (2019). Advanced second language
learners’ perception of lexical tone contrasts. Stud. Second Lang. Acquis. 41,
59-86. doi: 10.1017/s0272263117000444

Perrachione, T. K., Lee, J., Ha, L. Y., and Wong, P. C. (2011). Learning a novel
phonological contrast depends on interactions between individual differences
and training paradigm design. J. Acoust. Soc. Am. 130, 461-472. doi: 10.1121/1.
3593366

Qin, Z., Tremblay, A., and Zhang, J. (2019). Influence of within-category tonal
information in the recognition of Mandarin-Chinese words by native and non-
native listeners: an eye-tracking study. J. Phon. 73, 144-157. doi: 10.1016/j.
wocn.2019.01.002

Repp, B. H., and Lin, H. B. (1990). Integration of segmental and tonal information
in speech perception: a cross-linguistic study. J. Phon. 18, 481-495. doi: 10.1016/
$0095-4470(19)30410-3

Frontiers in Psychology | www.frontiersin.org

June 2022 | Volume 13 | Article 891756


https://doi.org/10.1159/000091406
https://doi.org/10.1080/87565641.2013.799672
https://doi.org/10.1006/jmla.1996.2500
https://doi.org/10.1121/1.1380437
https://doi.org/10.1121/1.1380437
https://doi.org/10.1016/j.cognition.2007.04.001
https://doi.org/10.1016/s0095-4470(19)30813-7
https://doi.org/10.1177/002383097802100101
https://doi.org/10.1016/j.heares.2014.02.005
https://doi.org/10.1177/002383098602900307
https://doi.org/10.1177/002383098602900307
https://doi.org/10.3758/PBR.16.5.882
https://doi.org/10.1006/jpho.1997.0042
https://doi.org/10.1075/lllt.17.09gui
https://doi.org/10.1075/lllt.17.09gui
https://doi.org/10.1093/acprof:oso/9780199249633.003.0005
https://doi.org/10.1121/10.0001586
https://doi.org/10.1121/10.0001586
https://doi.org/10.1016/j.wocn.2011.11.001
https://doi.org/10.1016/j.wocn.2011.11.001
https://doi.org/10.1016/j.specom.2017.12.015
https://doi.org/10.1016/j.specom.2017.12.015
https://doi.org/10.1177/0023830917717759
https://doi.org/10.1177/0023830918803978
https://doi.org/10.1177/0023830918803978
https://doi.org/10.1159/000259792
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1159/000327392
https://doi.org/10.1016/j.wocn.2005.10.003
https://doi.org/10.1159/000259274
https://doi.org/10.1017/s0305000900001598
https://doi.org/10.1371/journal.pone.0143097
https://doi.org/10.1177/0267658320941546
https://doi.org/10.1016/j.system.2020.102249
https://doi.org/10.1515/caslar-2021-0002
https://doi.org/10.1016/j.cognition.2016.11.011
https://doi.org/10.1037/a0034969
https://doi.org/10.1016/j.jml.2010.02.004
https://doi.org/10.1016/j.neuropsychologia.2012.05.002
https://doi.org/10.1016/j.neuropsychologia.2012.05.002
https://doi.org/10.1121/1.420092
https://doi.org/10.1121/1.420092
https://doi.org/10.1037/h0031844
https://doi.org/10.1075/csl.18009.pel
https://doi.org/10.3389/fcomm.2021.689423
https://doi.org/10.3389/fcomm.2021.689423
https://doi.org/10.1017/s027226312000039x
https://doi.org/10.1017/s027226312000039x
https://doi.org/10.1017/s0272263117000444
https://doi.org/10.1121/1.3593366
https://doi.org/10.1121/1.3593366
https://doi.org/10.1016/j.wocn.2019.01.002
https://doi.org/10.1016/j.wocn.2019.01.002
https://doi.org/10.1016/s0095-4470(19)30410-3
https://doi.org/10.1016/s0095-4470(19)30410-3
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Zou et al.

Perception of L2 Tone Contrasts

Schirmer, A., Tang, S. L., Penney, T. B., Gunter, T. C., and Chen, H. C. (2005). Brain
responses to segmentally and tonally induced semantic violations in Cantonese.
J. Cogn. Neurosci. 17, 1-12. doi: 10.1162/0898929052880057

Schmitz, J., Diaz, B., Fernandez Rubio, K., and Sebastiin-Gallés, N. (2018).
Exploring the relationship between speech perception and production across
phonological processes, language familiarity, and sensory modalities. Lang.
Cogn. Neurosci. 33, 527-546. doi: 10.1080/23273798.2017.1390142

Sebastidn-Gallés, N., and Diaz, B. (2012). First and second language speech
perception: graded learning. Lang. Learn. 62, 131-147. doi: 10.1111/j.1467-
9922.2012.00709.x

Sereno, J. A., and Lee, H. (2015). The contribution of segmental and tonal
information in Mandarin spoken word processing. Lang. Speech 58, 131-151.
doi: 10.1177/0023830914522956

Shen, G., and Froud, K. (2016). Categorical perception of lexical tones by English
learners of Mandarin Chinese. J. Acoust. Soc. Am. 140, 4396-4403. doi: 10.1121/
1.4971765

Shen, G., and Froud, K. (2019). Electrophysiological correlates of categorical
perception of lexical tones by English learners of Mandarin Chinese: an ERP
study. Biling. Lang. Cogn. 22, 253-265.

Shen, X. S., and Lin, M. (1991). A perceptual study of Mandarin tones 2 and 3.
Lang. Speech 34, 145-156. doi: 10.1177/002383099103400202

Showalter, C. E., and Hayes-Harb, R. (2013). Unfamiliar orthographic information
and second language word learning: a novel lexicon study. Second Lang. Res. 29,
185-200. doi: 10.1177/0267658313480154

So, C. K., and Best, C. T. (2010). Cross-language perception of non-native tonal
contrasts: effects of native phonological and phonetic influences. Lang. Speech
53,273-293. doi: 10.1177/0023830909357156

So, C. K., and Best, C. T. (2014). Phonetic influences on English and French
listeners™ assimilation of Mandarin tones to native prosodic categories. Stud.
Second Lang. Acquis. 36,195-221. doi: 10.1017/s0272263114000047

Stanislaw, H., and Todorov, N. (1999). Calculation of signal detection theory
measures. Behav. Res. Methods Instrum. Comput. 31, 137-149. doi: 10.3758/
bf03207704

Strange, W., and Dittmann, S. (1984). Effects of discrimination training on the
perception of /r-1/ by Japanese adults learning English. Percept. Psychophys. 36,
131-145. doi: 10.3758/bf03202673

Sun, Y., Kyaw, W. T., Zhang, J., and Sagisaka, Y. (2018). Analysis of L2 learners’
progress of distinguishing mandarin tone 2 and tone 3. Interspeech 2018,
2549-2553.

Tong, Y., Francis, A. L., and Gandour, J. T. (2008). Processing dependencies
between segmental and suprasegmental features in mandarin Chinese. Lang.
Cogn. Process. 23, 689-708. doi: 10.1080/01690960701728261

Tsao, F.-M. (2008). The effect of acoustical similarity on lexical-tone perception of
one-year-old Mandarin-learning infants. Chin. J. Psychol. 50, 111-124.

Wang, Y., Spence, M. M., Jongman, A., and Sereno, J. A. (1999). Training American
listeners to perceive Mandarin tones. J. Acoust. Soc. Am. 106, 3649-3658. doi:
10.1121/1.428217

Werker, J. F., and Logan, J. (1985). Cross-language evidence for three factors in
speech perception. Percept. Psychophys. 37, 35-44. doi: 10.3758/bf03207136

Werker, J. F., and Tees, R. C. (1984). Phonemic and phonetic factors in adult cross-
language speech perception. J. Acoust. Soc. Am. 75, 1866-1878. doi: 10.1121/1.
390988

Whalen, D. H., and Xu, Y. (1992). Information for mandarin tones in the amplitude
contour and in brief segments. Phonetica 49, 25-47. doi: 10.1159/000261901

Wiener, S., Ito, K., and Speer, S. R. (2018). Early L2 spoken word recognition
combines input-based and knowledge-based processing. Lang. Speech 61, 632
656. doi: 10.1177/0023830918761762

Wiener, S., and Turnbull, R. (2016). Constraints of tones, vowels and consonants
on lexical selection in mandarin Chinese. Lang. Speech 59, 59-82. doi: 10.1177/
0023830915578000

Wong, F. C., Chandrasekaran, B., Garibaldi, K., and Wong, P. C. (2011). White
matter anisotropy in the ventral language pathway predicts sound-to-word
learning success. J. Neurosci. 31, 8780-8785. doi: 10.1523/JNEUROSCI.0999-
11.2011

Wong, P., Schwartz, R. G., and Jenkins, J. J. (2005). Perception and production of
lexical tones by 3-year-old, Mandarin-speaking children. J. Speech Lang. Hear.
Res. 48, 1065-1079. doi: 10.1044/1092-4388(2005/074)

Wong, P. C., and Perrachione, T. K. (2007). Learning pitch patterns in lexical
identification by native English-speaking adults. Appl. Psycholinguist. 28, 565-
585. doi: 10.1017/s0142716407070312

Xu, Y. (1997). Contextual tonal variations in Mandarin. J. Phon. 25, 61-83. doi:
10.1097/AUD.0b013e3181a7elc2

Yang, C., and Chan, M. K. M. (2010). The perception of Mandarin Chinese tones
and intonation. J. Chin. Lang. Teach. Assoc. 45, 7-36.

Ye, Y., and Connine, C. M. (1999). Processing spoken Chinese: the role of
tone information. Lang. Cogn. Process. 14, 609-630.d0i:10.1080/0169096993
86202

Yuan, J. H., and Chen, Y. (2014). 3%P tone Sandhi in standard Chinese: a corpus
approach. J. Chin. Linguist. 42, 218-237.

Zhang, X., Samuel, A. G., and Liu, S. (2012). The perception and representation
of segmental and prosodic Mandarin contrasts in native speakers of Cantonese.
J. Mem. Lang. 66, 438-457. doi: 10.1016/j.jml.2011.12.006

Zhao, J., Guo, J., Zhou, F., and Shu, H. (2011). Time course of Chinese monosyllabic
spoken word recognition: evidence from ERP analyses. Neuropsychologia 49,
1761-1770. doi: 10.1016/j.neuropsychologia.2011.02.054

Zou, T., Chen, Y., and Caspers, J. (2017). The developmental trajectories
of attention distribution and segment-tone integration in Dutch learners
of Mandarin tones. Biling. Lang. Cogn. 20, 1017-1029. doi: 10.1017/
51366728916000791

Zou, T., Liu, Y., and Zhong, H. (2021). The roles of consonant, rime, and tone
in mandarin spoken word recognition: an eye-tracking study. Front. Psychol.
12:740444. doi: 10.3389/fpsyg.2021.740444

Zou, T., Zhang, J., and Cao, W. (2012). “A comparison study on F0 distribution
of tone 2 and tone 3 in Mandarin disyllables by native speakers and Japanese
learners,” in Proceedings of the 8" International Symposium on Chinese Spoken
Language Processing, Hong Kong, 431-435.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zou, Caspers and Chen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Psychology | www.frontiersin.org

June 2022 | Volume 13 | Article 891756


https://doi.org/10.1162/0898929052880057
https://doi.org/10.1080/23273798.2017.1390142
https://doi.org/10.1111/j.1467-9922.2012.00709.x
https://doi.org/10.1111/j.1467-9922.2012.00709.x
https://doi.org/10.1177/0023830914522956
https://doi.org/10.1121/1.4971765
https://doi.org/10.1121/1.4971765
https://doi.org/10.1177/002383099103400202
https://doi.org/10.1177/0267658313480154
https://doi.org/10.1177/0023830909357156
https://doi.org/10.1017/s0272263114000047
https://doi.org/10.3758/bf03207704
https://doi.org/10.3758/bf03207704
https://doi.org/10.3758/bf03202673
https://doi.org/10.1080/01690960701728261
https://doi.org/10.1121/1.428217
https://doi.org/10.1121/1.428217
https://doi.org/10.3758/bf03207136
https://doi.org/10.1121/1.390988
https://doi.org/10.1121/1.390988
https://doi.org/10.1159/000261901
https://doi.org/10.1177/0023830918761762
https://doi.org/10.1177/0023830915578000
https://doi.org/10.1177/0023830915578000
https://doi.org/10.1523/JNEUROSCI.0999-11.2011
https://doi.org/10.1523/JNEUROSCI.0999-11.2011
https://doi.org/10.1044/1092-4388(2005/074)
https://doi.org/10.1017/s0142716407070312
https://doi.org/10.1097/AUD.0b013e3181a7e1c2
https://doi.org/10.1097/AUD.0b013e3181a7e1c2
https://doi.org/ 10.1080/016909699386202
https://doi.org/ 10.1080/016909699386202
https://doi.org/10.1016/j.jml.2011.12.006
https://doi.org/10.1016/j.neuropsychologia.2011.02.054
https://doi.org/10.1017/s1366728916000791
https://doi.org/10.1017/s1366728916000791
https://doi.org/10.3389/fpsyg.2021.740444
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Perception of Different Tone Contrasts at Sub-Lexical and Lexical Levels by Dutch Learners of Mandarin Chinese
	Introduction
	Distinguishing Tone Contrasts in Native Mandarin Speakers
	Distinguishing Tone Contrasts in Second Language Learners of Mandarin
	The Present Study

	Experiment 1: Sequence Recall Task
	Participants
	Materials and Design
	Procedure
	Results

	Experiment 2: Lexical Decision Task
	Materials and Design
	Procedure
	Results

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


