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A B S T R A C T

Purpose: Individuals with congenital amusia exhibit degraded speech percep-
tion. This study examined whether adult Chinese Mandarin listeners with amusia
were still able to extract the statistical regularities of Mandarin speech sounds,
despite their degraded speech perception.
Method: Using the gating paradigm with monosyllabic syllable–tone words, we
tested 19 Mandarin-speaking amusics and 19 musically intact controls. Listeners
heard increasingly longer fragments of the acoustic signal across eight duration-
blocked gates. The stimuli varied in syllable token frequency and syllable–tone
co-occurrence probability. The correct syllable–tone word, correct syllable-only,
correct tone-only, and correct syllable–incorrect tone responses were compared
respectively between the two groups using mixed-effects models.
Results: Amusics were less accurate than controls in terms of the correct word,
correct syllable-only, and correct tone-only responses. Amusics, however, showed
consistent patterns of top-down processing, as indicated by more accurate
responses to high-frequency syllables, high-probability tones, and tone errors all
in manners similar to those of the control listeners.
Conclusions: Amusics are able to learn syllable and tone statistical regularities
from the language input. This extends previous work by showing that amusics
can track phonological segment and pitch cues despite their degraded speech
perception. The observed speech deficits in amusics are therefore not due to an
abnormal statistical learning mechanism. These results support rehabilitation pro-
grams aimed at improving amusics’ sensitivity to pitch.

Congenital amusia (amusia hereafter) is the condition
in which individuals lack musical abilities common to most
individuals, such as singing and recognizing music (Peretz,
2001). Amusia is an innate lifelong neurogenetic disorder
present in an estimated 1.5%–4% of the general population
(Kalmus & Fry, 1980; Peretz & Vuvan, 2017). Individuals
with amusia (amusics hereafter) have difficulties perceiving
fine-grained musical pitch differences, detecting mistuned
melodies, and memorizing familiar tunes (Peretz et al., 2002,

2008). For many amusics, listening to a musical performance
is akin to listening to foreign speech (Allen, 1878). In this
study, we build on previous research related to amusics’ per-
ception of Mandarin speech—a language that requires pitch
perception for lexical meaning—in order to examine to what
degree amusics are able to track and make use of the statisti-
cal patterns of Mandarin speech sounds.

Amusia Affects Both Music Processing and
Speech Processing

Early studies argued that amusia was domain spe-
cific and interfered with music processing alone (e.g.,
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Ayotte et al., 2002; Hyde & Peretz, 2003; Peretz & Hyde,
2003). Ayotte et al. (2002) modified melodies by changing
the pitch of one note by one semitone lower or higher and
presented these melodies to amusics and typical listeners
with normal hearing. Participants were asked whether a
“wrong note” was contained in the melody. Amusics per-
formed close to chance and well below typical listeners in
terms of percentage of hits minus false alarms. The au-
thors proposed that the observed impairments were not at-
tributed to amusics’ hearing loss, lack of musical expo-
sure, or general cognitive slowing because of the matched
sample demographics between amusics and typical lis-
teners. The deficient music perception has been replicated
by an array of studies (Loui et al., 2009; Peretz et al.,
2008, 2009), with further results demonstrating that amu-
sics are characterized as having elevated thresholds for
pitch changes and directions (Foxton et al., 2004; Hyde &
Peretz, 2004; F. Liu et al., 2015) and impaired short-term
memory of pitch (Tillmann et al., 2015, 2016; Williamson
& Stewart, 2010).

In contrast with these studies that argued amusia is
domain specific, a growing body of recent studies has
shown that amusia can affect other domains, particularly
speech perception (e.g., Nan et al., 2010; Patel et al.,
2005; Vuvan et al., 2015; C. Zhang, Peng, et al., 2017; C.
Zhang, Shao, et al. 2017). For example, Nguyen et al.
(2009) tested French-speaking amusics and typical listeners
and found that amusics were less accurate in Chinese lexi-
cal tone discrimination relative to typical listeners. In the
study by Jiang et al. (2012), native Mandarin-speaking
amusics and controls were tested in their categorical per-
ception of lexical tones. Interestingly, although amusics
barely reported that they encountered difficulties in daily
communication using lexical tones, they showed less accu-
rate identification and discrimination of lexical tones as
compared to the musically intact counterparts. Chen and
Peng (2018) further tested categorical perception of tone
by enlarging the pitch interval between stimulus steps for
Mandarin-speaking amusics and typical listeners. Results
demonstrated that amusics had a higher sensitivity (d 0) for
between-category comparisons than for within-category
comparisons, indicating that amusics largely preserved
their capacities to perceive lexical tones categorically; nev-
ertheless, amusics’ performance was overall poorer than
that of controls (i.e., a broader boundary width and a re-
duced between-category sensitivity). These results imply
that amusics can use lexical tones as necessary to access
their mental lexicon; however, their overall perception of
tone is poorer than that of typical Mandarin listeners
(Chen & Peng, 2020).

Amusics’ reduced behavioral performance in laboratory-
based studies stems from their degraded speech perception
(F. Liu et al., 2021). Recent studies have shown that the ef-
fects of amusia are present not only at the suprasegmental

level but also at the segmental level in speech. C. Zhang,
Shao, et al. (2017) tested Cantonese-speaking amusics using
various stimuli, including lexical tones, vowels, and stop
consonants in order to explore whether amusics show defi-
cits in the processing of segments in a manner similar to
that of lexical tones. The results revealed that, in compari-
son to typical listeners, amusics exhibited poorer perfor-
mance when listening to lexical tones and vowels but com-
parable performance when listening to stop consonants—
which primarily involve processing the cue of voice onset
time. Likewise, the degraded vowel perception in amusics
was observed in two subsequent studies (Li et al., 2019; W.
Tang et al., 2018). Besides, F. Liu et al. (2015) showed that,
in spoken sentences with both natural pitch information
and neutralized/flattened pitch information, amusics had a
lower accuracy in comprehension tasks as compared to typ-
ical listeners. In summary, amusia affects speech processing
of both suprasegments and segments, which require the per-
ception of frequency or spectral information within the
acoustic signal (C. Zhang, Shao, et al., 2017).

Possible Origins of the Impairments Across
Domains in Amusia

There have been two prevailing theories to explain
the deficits of amusia in the extant literature. First, adopt-
ing a meta-analytic approach, Vuvan et al. (2015) devel-
oped an acoustic account. In their meta-analysis, the authors
analyzed the effect size from the amusia literature involving
the performance gap between amusics and controls across
music and language domains. The performance gap was in-
deed moderated by the size of the pitch shifts in the stimuli.
Huang, Nan, et al. (2015) found that Chinese-speaking
amusics showed significantly larger just-noticeable differ-
ences (JNDs) than the matched counterparts in lexical tone
perception (see C. Liu, 2013, for discussion of JNDs of lexi-
cal tones). The elevated pitch thresholds are thus connected
to amusics’ poorer processing of pitch-related materials in
both music and speech.

Researchers also consider amusia to involve short-
term memory of pitch. Due to the sequential nature of
stimulus presentation, most psychophysical paradigms re-
quire participants to memorize the stimulus of one presen-
tation and compare it with another presentation (Tillmann
et al., 2016). Consequently, amusics’ deficits in pitch pro-
cessing can be attributable to a weakened or faulty memory
trace. For example, Gosselin et al. (2009) found that amu-
sics’ performance decreased when the to-be-remembered
musical tone sequence was increased from three to five
tones and the to-be-compared musical tones were inserted
with irrelevant tones. Control listeners showed no such per-
formance decrease. In a related study, Tillmann et al.
(2014) made use of the gating paradigm (Grosjean, 1980,
1996)—the paradigm we use in this study—to examine
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amusics’ memory of music. In this paradigm, listeners are
presented with increasingly longer fragments of a stimulus
and asked to make a behavioral response. Tillmann et al.
played amusics fragments of familiar and unfamiliar instru-
mental musical pieces and asked listeners to rate their fa-
miliarity with the perceived music. This allowed for an ex-
amination of whether amusics had encoded music in mem-
ory, in spite of their limited musical pitch processing. The
results revealed that, for familiar musical pieces, amusics
responded slower for longer fragments of musical pieces
than the matched controls did, which indicated that amu-
sics needed more time to access their long-term memory as
compared to the matched controls. Nevertheless, the amu-
sics performed consistently with the control listeners, sug-
gesting that amusics store musical pieces in long-term
memory.

In addition to the acoustic account and memory ac-
count, there is one more potential factor that may be re-
lated to amusics’ learning capacities: the inability to track
the statistics of a language’s speech sounds. In other
words, the reduced performance shown by amusics raises
the question as to whether their innate statistical learning
mechanism functions well given that they are afflicted
with amusia (Peretz et al., 2012). This issue lies at the
heart of this study. A large body of work by Saffran et al.
(e.g., Saffran, 2003; Saffran et al., 1996) lends support for
an innate statistical learning mechanism used to help ac-
quire music and language. This account states that the sta-
tistical regularities present in the environment can be ex-
tracted by learners via mere exposure. Evidence for this
claim has been found in infants acquiring their first lan-
guage (L1) and even adults acquiring their second lan-
guage (L2) (Saffran et al., 1999; T. Wang et al., 2020).

This line of research was examined by Peretz et al.
(2012), who tested whether amusics could learn the statis-
tical regularities involved in music and language. French-
speaking adults with and without amusia were played
three-syllable nonsense words or three-tone motifs with
the identical statistical structure (i.e., the same transitional
probability) and then tested on their learning. The results
showed that, as compared to typical listeners, amusics
could learn nonsense words but systematically failed in
learning musical motifs. This suggests that amusics are un-
able to track the statistical information in the acoustic in-
put of music but can track the statistical information in
language. In a related study, Loui and Schlaug (2012) cre-
ated a novel musical system for participants, known as the
Bohlen–Pierce scale. Musical systems, in general, are
based on the octave with a 2:1 frequency ratio, whereas
the Bohlen–Pierce scale is based on the “tritave” with a
3:1 frequency ratio. The stimuli from the Bohlen–Pierce
scale were presented auditorily to the listeners. The results
showed that unlike typical listeners, amusics did not learn
the frequency structure stemming from the new musical

scale. Taken together, Peretz et al. and Loui and Schlaug
indicate that amusics demonstrate a certain insensitivity to
the statistical learning of musical pitch but may be able to
learn the statistical patterns of speech.

Notably, since the pitch information of the words in
Peretz et al. (2012) and Omigie and Stewart (2011) did
not involve listeners’ phonological processing abilities, it
remains unclear as to whether amusics’ statistical learning
mechanism involving lexical tones is preserved given amu-
sics’ impaired lexical tone perception. This study further
explores amusics’ abilities to compute the statistics of
speech involving the co-occurrence of syllables with lexical
tones. A growing body of research has shown that adult
native and even nonnative L2 Mandarin listeners are sen-
sitive to a variety of statistical information in the speech
signal including syllable token frequency and syllable–tone
co-occurrence probabilities (e.g., Lee & Wiener, 2020;
Wiener & Ito, 2015, 2016; Wiener et al., 2018, 2021;
Wiener & Turnbull, 2016). This type of statistical learning
could be challenging for amusics because they need to si-
multaneously process frequency information (i.e., lexical
tones) and probability information (i.e., syllable–tone
combinations) as they track the statistical properties in the
input of a tone language.

This Study

The stimuli tested in Omigie and Stewart (2011) or
Peretz et al. (2012) were artificial words that did not con-
tain phonologically or lexically meaningful pitch informa-
tion. This study uses the tone language Mandarin Chinese
in which pitch information carries a lexical role (Gandour,
1983; P. Tang et al., 2019). Standard Mandarin has four
lexical tones that differ in pitch contour and pitch height:
Tone 1 (level), Tone 2 (rising), Tone 3 (falling–rising), and
Tone 4 (falling). Lexical tones are phonemically contras-
tive with the primary acoustic cue being fundamental fre-
quency (F0; the physical correlate of pitch; Chao, 1965), with
tonal variations representing different words (H. Zhang et al.,
2020). For example, the monosyllable “ma” with Tone 1
represents “mother,” but with Tone 4, it means “to scold.”
The occurrence of lexical tones in our auditory stimuli thus
made it possible to examine the functioning of amusics’ sta-
tistical learning when they processed segments with lexical
tones, both of which have been found to be reduced in the
perception of Mandarin speech relative to healthy adult lis-
teners (Chen & Peng, 2018; Jiang et al., 2012; C. Zhang,
Shao, et al., 2017).

This study involves presenting increasingly longer
speech fragments or “gates” of a spoken Mandarin syllable–
tone word and asking the listener to report the perceived
word. Figure 1 shows how at each successive gate more
acoustic information is presented to the listener. Gating,
therefore, allows for an estimation of the amount of acoustic
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information needed to correctly identify segments, tones,
and their combination as words. Importantly, in early gates
when the acoustic information is limited or insufficient for
correct identification, gating forces listeners to draw on
their prior experience with the language and predict likely
syllables, tones, and their combination, that is, draw on
their knowledge of the statistical distribution of Mandarin
speech. Wiener and Ito (2016) employed the gating para-
digm to test native Mandarin listeners using monosyllabic
words that consisted of high and low syllable token fre-
quencies paired with a tone that was either most or least
likely to co-occur with the syllable based on a spoken word
corpus (SUBTLEX-CH: Cai & Brysbaert, 2010). Partici-
pants heard eight gates of increasing length beginning with
the onset only (Gate 1), followed by 40-ms increments
(Gates 2–7) until the full word (Gate 8). After each stimulus
was played, participants were asked to type the perceived
word using the Pinyin romanization system, which specified
the syllable and tone number (e.g., “ma3”). Results indi-
cated that participants identified high token–frequency
syllables more accurately than low token–frequency sylla-
bles. Importantly, the authors analyzed responses that con-
tained the correct syllable but incorrect tone, that is,
enough acoustic information for segmental identification but
not suprasegmental identification. In these errors, listeners
could use either limited F0 to report acoustically similar
tones (e.g., Tone 1 and Tone 4 both start with relatively
high F0 onsets) or their knowledge of the most likely tone
given the syllable (e.g., the syllable “kao” is most probable

as “kao3” and least probable as “kao1”). The authors
found that listeners responded with more probable tones on
low-frequency syllables, given that these syllables tend to al-
most always occur with a high-probability tone. The au-
thors argued that healthy adult listeners immediately made
use of the statistical regularities (i.e., syllable frequency in-
formation and tonal probability information) at an early
stage of word recognition in order to overcome fragmented
speech.

To summarize, we designed the current gating study
to examine whether amusics are able to extract the statisti-
cal regularities of monosyllabic syllable–tone words given
their degraded speech perception as compared to that of
typical individuals whose statistical learning mechanism
remains intact. It was hypothesized that amusics would
perform similarly to the matched controls as a result of
their possibly spared implicit knowledge of the native lan-
guage (Chen & Peng, 2018; Peretz et al., 2012; Tillmann
et al., 2014), specifically with respect to syllable frequency
information, but with a reduced accuracy in overall spo-
ken word recognition due to amusics’ degraded perception
of lexical tones and vowels (W. Tang et al., 2018;
Tillmann et al., 2011; C. Zhang, Shao, et al., 2017). It
may also be the case that, in early gates, amusics may rely
on syllable–tone co-occurrence probabilities to a larger de-
gree than matched controls given their degraded pitch per-
ception. That is, amusics may turn to greater knowledge-
based processing of likely syllable–tone combinations to
overcome their reduced acoustic-based processing of tone.

Figure 1. The schematic illustration of the gating experiment as instantiated by the monosyllabic word “qi1.” The first gate is the syllable
onset, and the last gate contains the entire word, with the intermediate gates gradually increasing at the incremental size of 40 ms herein.
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Method

Participants

Nineteen Mandarin-speaking amusic participants
and 19 musically intact listeners were recruited. Initially,
each group encompassed 20 participants; however, two
were dropped from the experiment as a result of their un-
availability. Because amusics are relatively rare in the gen-
eral population (Peretz & Vuvan, 2017), over 300 individ-
uals from the student body in universities of Mainland
China were screened based on their own reports experiencing
music in their daily routines (Hyde & Peretz, 2004). These in-
dividuals were then tested using the online Montréal Battery
of Evaluation of Amusia without repeat under the experi-
menter’s supervision, with amusics identified using the cut-
off average score set to 71% (Peretz et al., 2008). The online
diagnostic protocols have been widely adopted among tone
language speakers in the extant literature (Chen & Peng,
2018, 2020; Shao & Zhang, 2018; X. Wang & Peng, 2014;
Wong et al., 2012; C. Zhang, Peng, et al., 2017; C. Zhang,
Shao, et al. 2017), which consist of three subtests measur-
ing listeners’ abilities of pitch processing (out-of-key and
mistuned subtests) and rhythm processing (offbeat sub-
test). The mean global accuracy was 65.26 (3.21) for amu-
sics and 88.21 (3.38) for typical listeners, with standard
deviation (SD) presenting in parentheses. The results of
the independent-samples t tests further confirmed that both
the global score and the scores of the composite subtests
were significantly lower for amusic listeners than those for
normal participants (ps < .001). Although our amusics were
unaware that they had amusia, they did report having diffi-
culties in singing instead of in speech, which is in line with
previous studies showing mild and severe impairments in
speech and music, respectively (F. Liu et al., 2021; Peretz
et al., 2008; Tillmann et al., 2015).

The amusic group (Mage = 19.47 ± 0.96 years,
range: 18–21, 12 women) and the control group (Mage =
19.42 ± 0.90 years, range: 18–22, 11 women) were all non-
musicians and right-handed according to a handedness
questionnaire adapted from a modified Chinese version of
the Edinburgh Handedness Inventory (Oldfield, 1971). In
addition, the digit span tests in either forward or reverse
order were used to index participants’ working memory,
which were derived from Wechsler Adult Intelligence
Scale–Revised by China (Gong, 1992). The amusic group
did not differ from the nonamusic group in working mem-
ory or age based on the independent-samples t tests (both
ps > .05), confirming that the two groups had comparable
general memory (Tillmann et al., 2016; Williamson &
Stewart, 2010; Yang et al., 2014). Because listeners needed
to type their responses for the auditory stimuli, a short in-
terview with each participant was carried out prior to test-
ing. All participants were confirmed to be native speakers

of Mandarin Chinese, had learned the Pinyin system and
the four lexical tones very early in life, and thus had the
relevant knowledge of Mandarin’s syllable–tone combina-
tions. None of the participants reported having hearing
loss, brain injuries, or neurological disabilities among them-
selves or their family members. The two groups in this study
were matched in sex, age, education, handedness, musical
training background, and working memory (see Table 1).
The experiment was approved by the ethics review board at
the College of Foreign Languages of Hunan University.
Each participant gave the written consent and was paid for
their participation.

Stimuli

The auditory stimuli in this study were adapted
from previous studies by Wiener et al. (Wiener & Ito,
2015, 2016; Wiener et al., 2019). All experimental items
were legal Chinese monosyllabic words in line with W. S. Y.
Wang’s (1973) analysis of Mandarin phonology. As Figure
2 shows, a Mandarin monosyllabic word requires both the
syllable and lexical tone; responses contradicting the
structure were judged to be illegal. Two statistical char-
acteristics of the stimuli were manipulated: syllable token
frequency and syllable–tone co-occurrence probability.
Following Wiener and Ito (2015, 2016), all token occur-
rences of a particular syllable (irrespective of tone) in
SUBTLEX-CH (Cai & Brysbaert, 2010) were computed
with the median common log frequency being 4.4; next,
syllables with a log frequency above 4.8 were considered
high token frequency (F+), whereas those below 4.0 were
considered low token frequency (F−). In total, 24 sylla-
bles were chosen: 12 F+ with a mean log frequency at
5.08 and 12 F− with a mean log frequency at 3.84.

Tonal probability was calculated by dividing the token
count for a given syllable–tone word by the token count of
that particular syllable irrespective of tone; subsequently, the
most probable (P+) tone was identified if it emerged in more

Table 1. Demographic characteristics of amusics and controls.

Subject information Amusics Controls

No. of participants (M/F) 19 (7/12) 19 (8/11)
Age in years, M (SD) 19.47 (0.96) 19.42 (0.90)
Working memory, M (SD) 13.95 (0.97) 14.53 (0.96)
Online identification test

of congenital amusia,
M (SD)

Out of key 68.84 (6.17) 91.68 (6.47)
Offbeat 71.37 (10.75) 83.42 (8.09)
Mistuned 54.58 (6.51) 89.11 (7.79)
Global score 65.26 (3.21) 88.21 (3.38)

Note. M = male; F = female.
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than 50% of the syllables’ utterances in the SUBTLEX-CH
corpus, whereas the least probable (P−) tone occurred in
less than 20% of the syllables’ utterances in the corpus.
Thus, for each of the 24 syllables, the P+ and P− tones were
respectively assigned to each syllable resulting in 48 words.

The 48 items were recorded by a female native
speaker from Beijing, China, at 44.1 kHz in a soundproof
booth (see the Appendix). Five additional native speakers
who did not take part in the current experiment confirmed
the naturalness of the words and their constituent segments
and lexical tones with 100% agreement. Each of these
words was fragmented into eight gates using Praat
(Boersma & Weenink, 2018). The first gate (Gate 1)
encompassed the consonant onset up to the beginning of
the first regular periodicity of the vowel. The last gate
(Gate 8) contained the full word. Gates 2–7 were developed
with six 40-ms gradual increments on the rime (see Figure 1).
In summary, there were 384 auditory stimuli in this study
(48 words × 8 gates).

Procedure

Participants were instructed that they would listen to
Chinese words, which could be either fragments or the full
syllable–tone combinations. This was done to avoid the
possible floor effect especially in early gates. Although all
participants were interviewed prior to testing, an additional
pretest training took place. This training involved clarifying
that the four lexical tones were represented as the numbers
1, 2, 3, and 4 (hence, listeners felt comfortable typing the

tones using the keyboard), along with the initials and finals
separately, which could be combined to form Chinese
monosyllabic words (see Figure 2). The training materials
involved paper handouts that listed the Mandarin speech
elements with no syllable–tone combinations given. The lis-
teners were told that they could move to the next phase af-
ter they reviewed these speech elements at their own pace.
All participants finished their training within 15 min.

In the testing phase, each participant was seated in
a quiet room and wore headphones to listen to the stimuli,
which were presented randomly at each duration-blocked
gate using E-Prime 2.0 (Psychology Software Tools, n.d.).
The order of gates was fixed from the shortest gate to the
longest one (i.e., from Gate 1 to Gate 8). Participants
were asked to type Chinese Pinyin and the tone number
such as “wu2.” Chinese characters were avoided because
there are polyphonic characters with multiple pronuncia-
tions, including different tones (e.g., “奇” has two differ-
ent syllable–tone combinations of “ji1” and “qi2”), which
could contaminate the final results (see Wiener & Ito,
2016, for discussion). Participants could familiarize them-
selves with the procedure by doing practice trials prior to
the experiment. The practice trials did not contain the
words presented in the main experiment. In total, the ex-
periment lasted approximately 40 min.

Data Analysis

Responses containing illegal syllable–tone combina-
tions (nonwords, e.g., “sho3” and “gong2”) were excluded
(2%, cf. 4% in Wiener & Ito, 2016). Given the relatively
limited number of participants tested, we followed the ap-
proach by Wiener et al. (Wiener & Ito, 2015, 2016; Wiener
& Lee, 2020; Wiener et al., 2019) to increase statistical
power by combining responses from two consecutive gates
into one “window” (i.e., Window 1 by Gates 1 and 2, Win-
dow 2 by Gates 3 and 4, Window 3 by Gates 5 and 6, and
Window 4 by Gates 7 and 8). In other words, both patterns
of accuracy and correct syllable–incorrect tone errors were
analyzed across four windows, with each window contain-
ing data from two consecutive gates.

First, we examined the accuracy of the syllable–tone
word (e.g., the response “wu2” to the stimulus “wu2”),
syllable-only (e.g., “da3” to “da2”), and tone-only (e.g.,
“gong4” to “hong4”) responses. Response to each trial was
coded as 0 or 1 (incorrect or correct, respectively) for each par-
ticipant. Second, we examined correct syllable–incorrect tone
errors. Following Wiener and Ito (2016), these errors were
classified as either acoustic-based errors or probability-based
errors. Acoustic-based errors stemmed from reporting an
acoustically similar tone given the two tones’ similar F0 on-
sets. For example, Tones 2 and 3 start in the low register and
confuse listeners due to their initial acoustic ambiguity (Moore
& Jongman, 1997). As an example, the response “shou2” to

Figure 2. The structure of the monosyllabic word in Mandarin Chinese
with optional elements contained in parentheses (Chen et al., 2017;
Gandour, 1983; W. S. Y. Wang, 1973). V = vowel; C = consonant.
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the stimulus “shou3” was coded as an acoustic-based error.
Probability-based errors stemmed from reporting the statisti-
cally more probable tone given the perceived syllable. These
errors occurred despite the two tones’ acoustic dissimilarity.
For instance, the response “tie3” to the stimulus “tie1” was
regarded as a probability-based error given that these tones
started in opposite registers and were not acoustically similar.
Notably, there existed responses that did not match these two
types of error (e.g., “zhu3” to “zhu4”) or happened to be the
case of belonging to these two types of error simultaneously
(e.g., “bin1” to “bin4”). These responses were excluded (3%).
The empirical log of the error ratio was calculated with the
formula (log[(probability error + 0.5)/(acoustic error + 0.5)])
for each participant at each gate as a function of syllable fre-
quency (i.e., F+ and F−). A positive log ratio indicated that
an individual made more probability-based errors than
acoustic-based errors, whereas a negative value suggested that
a listener made more acoustic-based errors than probability-
based errors.

All statistical analyses were conducted using general-
ized (accuracy) or linear (error log ratio) mixed-effects
models with the lme4 package (Bates et al., 2015) in R (R
Core Team, 2014). Specifically, for the analysis of accuracy,
the models based on the four windows were built with group
(amusics and controls), syllable frequency (F+ and F−), and
tonal probability (P+ and P−) acting as fixed factors; for the
analysis of error log ratio, the models were built with group
(amusics and controls), tonal probability (P+ and P−), and
window (Windows 1, 2, 3, and 4) acting as fixed factors.
Two-way and three-way interaction terms were also included

as fixed effects in the models. When fitting the models, work-
ing memory was always regarded as the controlled covariate.
By-subject and by-item random intercepts and slopes for all
possible fixed factors were included in the initial model (Barr
et al., 2013). For both accuracy and error analyses, a simpli-
fied model that excluded a specific fixed factor was com-
pared to the initial model using the analysis of variance func-
tion in lmerTest package (Kuznetsova et al., 2017). Pairwise
comparisons were computed with Tukey adjustment using
the lsmeans package (Lenth, 2016).

Results

Accuracy Results

Figure 3 depicts the mean syllable–tone word accu-
racy, syllable accuracy, and tone accuracy by amusics and
typical listeners at different gates, with error bars showing 1
standard error (SE). Both groups responded more accurately
as more acoustic information was available. Tones were
most accurately identified, followed by syllables and com-
plete syllable–tone combinations.

Correct Syllable–Tone Combinations
Figure 4 plots the mean correct syllable–tone re-

sponses among amusics and controls faceted by syllable fre-
quency and tonal probability at different windows. Both
groups exhibited a trend of rising accuracy when exposed to
more of the acoustic signal. The mean accuracy by

Figure 3. Mean correct tone, syllable, and syllable–tone responses by amusics and typical listeners (error bar = ±1 SE). ST Combinations = syllable–
tone combinations.
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amusics was slightly lower than that of the matched coun-
terparts. The mixed-effects models revealed that, at Win-
dow 1, there was a significant effect of syllable frequency,
χ2(1) = 21.78, p < .001, indicating that both groups identi-
fied high token–frequency (F+) syllables more accurately
than low token–frequency (F−) syllables regardless of
tonal probability. Additionally, a significant effect of
tonal probability, χ2(1) = 5.16, p < .05, and a significant
two-way interaction between group and tonal probability,
χ2(1) = 3.96, p < .05, were found at Window 1. Further
analysis of this interaction revealed that, in comparison to
controls (M = 0.45, SD = 0.50), amusics (M = 0.38,
SD = 0.49) had marginally lower accuracy (β = −0.39,
SE = 0.21, t = −1.88, p = .06) when the syllables carried
low-probability (P−) tones. Controls more accurately identi-
fied syllables with high-probability (P+) tones than syllables
with P− tones (β = 1.20, SE = 0.44, t = 2.73, p < .01). Amu-
sics exhibited a similar trend for tonal probability (β = 0.82,
SE = 0.44, t = 1.87, p = .06).

At Window 2, there were significant main effects of
group, χ2(1) = 4.49, p < .05, and syllable frequency,
χ2(1) = 19.77, p < .001, which revealed that, independent
of tonal probability, amusics (M = 0.57, SD = 0.50) had a
lower accuracy than controls (M = 0.63, SD = 0.48), and
F+ syllables were more accurately recognized than F−

syllables for both groups. At Window 3, significant main
effects of group, χ2(1) = 3.88, p < .05 (amusics:
M = 0.74, SD = 0.44; controls: M = 0.78, SD = 0.41),
and syllable frequency, χ2(1) = 18.33, p < .001, were found
in line with those results from the first two windows.
Additionally, a significant two-way interaction between
syllable frequency and tonal probability, χ2(1) = 8.79,
p < .01, was found. Further analysis of this interaction
revealed that, as compared to P− tones, P+ tones were
more accurately identified when they co-occurred with F−
syllables (β = 1.63, SE = 0.60, t = 2.71, p < .01). F+ sylla-
bles were more accurately identified than F− syllables by
both groups when they co-occurred with P− tones
(β = 3.46, SE = 0.64, t = 5.37, p < .001). At Window 4,
significant main effects of group, χ2(1) = 12.29, p < .001
(amusics: M = 0.84, SD = 0.37; controls: M = 0.89,
SD = 0.31), and syllable frequency, χ2(1) = 18.49,
p < .001, and a significant two-way interaction between
syllable frequency and tonal probability, χ2(1) = 5.58,
p < .05, were found. Further analysis of this interaction re-
vealed that, as compared to P− tones, P+ tones were more
accurately recognized on F− syllables (β = 0.97, SE = 0.47,
t = 2.09, p < .05). The F+ syllables were more accurately
recognized with P− tones than F− syllables (β = 2.48,
SE = 0.50, t = 4.96, p < .001).

Figure 4. Mean correct syllable–tone responses by syllable frequency and tonal probability by amusics and typical listeners at each window.
ST Combinations = syllable–tone combinations.
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In summary, the correct syllable–tone word results
revealed that, at all four windows of analysis, amusics
were less accurate than the control listeners and that both
groups were more accurate in identifying F+ syllables
than F− syllables. At Window 1, the control listeners were
more accurate at P+ tones than P− tones, irrespective of
syllable frequency. The amusics only showed a marginal
trend for tonal probability. In Windows 3 and 4, both
groups were more accurate at identifying P+ tones (as
compared to P− tones) on F− syllables and P− tones on
F+ syllables (as compared to F− syllables). We next ex-
amine the correct tone-only responses.

Correct Tone-Only Responses
Figure 5 plots the mean correct tone responses irre-

spective of syllables by amusic and musically intact partici-
pants faceted by syllable frequency and tonal probability at
different windows. Similar to correct syllable–tone combi-
nations, both groups were more accurate given more of the
acoustic signal. The identification function of amusics gen-
erally remained lower than that of the controls. The mixed-
effects models revealed a significant effect of group,
χ2(1) = 4.86, p < .05, at Window 1, with amusics
(M = 0.59, SD = 0.49) performing less accurately than typ-
ical listeners (M = 0.64, SD = 0.48). Similarly, an effect of
group, χ2(1) = 4.89, p < .05, was found at Window 2 with

typical listeners (M = 0.86, SD = 0.34) outperforming amu-
sics (M = 0.80, SD = 0.40). There was no group difference
at Window 3, χ2(1) = 0.50, p = .48, and only a trend for
poorer performance by amusics (M = 0.95, SD = 0.22) than
controls (M = 0.98, SD = 0.15) at Window 4, χ2(1) = 3.59,
p = .06. No other effects were significant. In summary, the
typical listeners were more accurate at tone identification
than the amusics at Windows 1 and 2. We next examine
correct syllable-only responses.

Correct Syllable-Only Responses
Figure 6 plots the syllable accuracy regardless of

tones between amusics and musically intact listeners fac-
eted by syllable frequency and tonal probability at differ-
ent windows. Once again, both groups were more accu-
rate as more acoustic information was available in the
signal; moreover, amusics showed slightly lower accuracy
than controls. The mixed-effects models revealed that
amusics did not differ from controls at Window 1,
χ2(1) = 1.99, p = .159; however, a significant main effect
of syllable frequency, χ2(1) = 28.04, p < .001, was found,
indicating that both groups perceived F+ syllables more
accurately than F− syllables. At Window 2, significant
main effects of group, χ2(1) = 4.39, p < .05, and syllable
frequency, χ2(1) = 29.92, p < .001, were found, which in-
dicated that amusics (M = 0.67, SD = 0.47) had poorer

Figure 5. Mean correct tone-only responses by syllable frequency and tonal probability by amusics and typical listeners at each window.
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performance than controls (M = 0.71, SD = 0.45), but
both groups identified F+ syllables more accurately than
F− syllables independent of tonal probability. At Window
3, significant main effects of group, χ2(1) = 9.53, p < .01,
and syllable frequency, χ2(1) = 32.60, p < .001, and a signif-
icant interaction between group and syllable frequency,
χ2(1) = 4.21, p < .01, were found. Further analysis of this
interaction showed that amusics (M = 0.65, SD = 0.48)
were less accurate than controls (M = 0.70, SD = 0.46) at
identifying F− syllables (β = −0.49, SE = 0.24, t = −2.01,
p < .05). At Window 4, significant main effects of group,
χ2(1) = 6.47, p < .05, and syllable frequency, χ2(1) = 22.43,
p < .001, were found. Amusics (M = 0.87, SD = 0.33) iden-
tified syllables less accurately than typical listeners (M = 0.90,
SD = 0.30) regardless of syllable frequency. Both groups iden-
tified F+ syllables more accurately than F− syllables. In sum-
mary, both groups identified F+ syllables more accurately
than F− syllables across all four windows. In Windows 2, 3,
and 4, typical listeners were more accurate than amusics over-
all. In Window 3, typical listeners were more accurate at iden-
tifying F− syllables than amusics. We next examine incorrect
responses in which the correct syllable–incorrect tone cases
were reported.

Correct Syllable–Incorrect Tone Errors

Following Wiener et al. (Wiener & Ito, 2016; Wiener &
Lee, 2020; Wiener et al., 2019), we examine responses in which

participants heard sufficient acoustic information to correctly
identify the syllable, but not necessarily enough acoustic infor-
mation to accurately identify meaningful F0 for tone categori-
zation. In these instances, participants were forced to either use
the limited F0, which resulted in an acoustic-based error, or
rely on their knowledge of the most probable tone given the
perceived syllable, resulting in a probability-based error.

Figure 7 displays the mean log ratio of tone errors
faceted by syllable frequency for amusic and nonamusic
participants. Listeners of both groups made fewer acoustic-
based errors as more of the acoustic signal was available. The
mixed-effects models revealed no effect of group, χ2(1) = 1.17,
p = .28; however, significant effects of window, χ2(1) = 4.63,
p < .05, and syllable frequency, χ2(1) = 4.63, p < .05, as well
as their two-way interaction, χ2(1) = 4.63, p < .05, were found.
Further analysis revealed that both groups showed a signifi-
cantly more negative log ratio for F+ syllables compared to
F− syllables (β = −0.24, SE = 0.06, t = −3.87, p < .001) at
Window 1, indicative of participants’ more acoustic-based
errors when tones were combined with F+ syllables than F−
syllables. In addition, both groups made fewer acoustic-
based errors irrespective of syllable frequency between
Window 1 and other later Windows 2, 3, and 4 (respectively,
ps < .05), suggesting that the increased acoustic input re-
sulted in fewer acoustic-based errors. Taken together, the
results demonstrated that amusics and typical listeners
showed a comparable pattern of errors in that both groups
primarily made acoustic-based errors on F+ syllables in the

Figure 6. Mean correct syllable-only responses by syllable frequency and tonal probability by amusics and typical
listeners at each window.
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early gates and that these errors became less common with
more acoustic input.

Discussion

This study used the gating paradigm to test typical
Mandarin listeners and Mandarin listeners with amusia in their
perception of truncated Mandarin speech. The gating stimuli
were based on the spoken word corpus SUBTLEX-CH
(Cai & Brysbaert, 2010) and varied in syllable token frequency
and syllable–tone co-occurrence probability. We specifically
examined whether amusics, despite their degraded speech per-
ception, would make use of the statistical structure of Manda-
rin speech sounds and report more frequent syllables and more
probable tones similar to typical Mandarin listeners (Wiener
& Ito, 2016; Wiener & Lee, 2020; Wiener et al., 2019). We an-
alyzed syllable–tone word accuracy, syllable-only accuracy,
tone-only accuracy, and correct syllable–incorrect tone errors.
It was noted that the separation of syllable accuracy and tone
accuracy did not mean that segmental and suprasegmental
information were processed independently of each other in
spoken word recognition; it instead clarified whether amu-
sics’ language deficits existed in both levels of speech given
that Mandarin Chinese and other tone languages consist of
both meaningful tones and syllables (Gandour, 1983). We
report two key findings.

First, we corroborated the well-established findings that
amusics’ perception of both segments and suprasegmentals

was degraded relative to typical, musically intact listeners
(Jiang et al., 2012; Shao et al., 2019; C. Zhang, Peng, et al.,
2017). The amusics were less accurate than the typical lis-
teners in all of our statistical analyses. This finding held for
the first two windows of the tone-only analysis, indicating that
amusics particularly struggled to identify the tone when the
F0 information was limited (onset and up to 120 ms of the
vowel). For the syllable-only analysis, this finding held for
Windows 2, 3, and 4 (onset and 80 ms or more of the vowel).
This suggests that even when the full syllable was available to
listeners, amusics still struggled to process spectral cues (Li
et al., 2019; W. Tang et al., 2018). For the syllable–tone word
analysis, amusics were found to be less accurate than the con-
trol group in all four windows. These findings underscore the
difficulty amusics have with speech perception relative to typi-
cal listeners not only in lexical tones (Chen & Peng, 2018,
2020; Nguyen et al., 2009; C. Zhang et al., 2021) but also in
vowels and their combination of spectral and F0 cues (Li
et al., 2019; C. Zhang, Shao, et al., 2017).

Second, we found that in our syllable-only and syllable–
tone word accuracy analyses, amusics, like typical listeners,
made use of statistical information to correctly identify high-
frequency (F+) syllables more accurately than low-frequency
(F−) syllables. This pattern was observed in all four windows
for both groups and in both analyses involving the syllable.
This corroborates previous findings by Wiener et al. (Wiener
& Ito, 2016; Wiener & Lee, 2020; Wiener et al., 2019) and
strengthens the notion that the syllable plays an important
role in Mandarin speech perception (and production) for

Figure 7. Mean log ratio of tone errors by syllable frequency by amusics and typical listeners at each window (error
bar = ±1 SE).
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Mandarin listeners, including amusics (Chen et al., 2002; You
et al., 2012). Importantly, this finding demonstrates that even
though amusics struggle to accurately perceive the vowels
within Mandarin syllables, they are still able to track sylla-
bles’ frequency distribution. This finding is in line with previ-
ous studies by Omigie and Stewart (2011) and Peretz et al.
(2012), which showed that amusics were able to track transi-
tional probabilities between syllables spanning word bound-
aries. Crucially, whereas Omigie and Stewart removed all
pitch information from the syllables used and Peretz et al.
did not use F0 at a phonological level, we used stimuli con-
taining phonological F0 information. Thus, we advance pre-
vious work by showing that although amusics’ perception of
vowels is degraded relative to typical listeners, their statisti-
cal learning of vowels and syllables appears to be preserved
even when meaningful F0 information is present in the stim-
uli. It is therefore possible to posit that, in speech or lan-
guage processes, the degraded perception of one cue or di-
mension does not necessarily lead to the degraded statistical
computation for that cue or dimension. Further investigations,
however, are needed to fully support this tentative claim.

More importantly, we found novel evidence that
amusics track syllable–tone co-occurrence probabilities
similarly to typical listeners. Amusics showed a marginal
trend in the first window by identifying words with more
probable (P+) tones more accurately than words with less
probable (P−) tones. In Windows 3 and 4, amusics, like
typical listeners, identified P+ tones more accurately than
P− tones on low-frequency (F−) syllables and P− tones on
high-frequency (F+) syllables more accurately than P−
tones on F− syllables. This again corroborates previous
findings by Wiener et al. (Wiener & Ito, 2016; Wiener &
Lee, 2020; Wiener et al., 2019) and demonstrates that
amusics can track not only syllable token distributions but
also which tone is most likely given the particular consonant–
vowel structure (i.e., dimension-based statistical learning; see
Idemaru & Holt, 2011; Wiener et al., 2018, 2021). We also
found that both groups made similar acoustic-based errors
in their correct syllable–incorrect tone responses and that
these errors were primarily on F+ syllables given that these
syllables were easier to predict than F− syllables.

Taken together, the statistical learning mechanism
involved in language processing (and presumably acquisi-
tion, see Saffran et al., 1996, 1999) appears to be spared in
amusics given that amusics managed to track the statistical
regularities (i.e., syllable frequency and tonal probability)
embedded in Mandarin speech. This extends previous stud-
ies by Loui and Schlaug (2012) and Tillmann et al. (2014)
by demonstrating that this is the case even when pitch plays
a phonological role as it does in a tone language such as
Mandarin. Amusics performed the task by drawing on their
implicit knowledge derived from a lifetime of exposure to
the language (Tillmann et al., 2014, 2015, 2016). Specifi-
cally, amusics relied on their knowledge of Mandarin

syllable frequency and tonal probability in order to over-
come fragmented speech and report the correct syllable–
tone words. This implicit knowledge was combined with
their ability to use categorical perception to bridge lower
level acoustics with higher level phonological categories
involving segments and tone (e.g., Francis et al., 2003; Yu
et al., 2019; Zhu et al., 2021). Our results are in line with
Xu et al.’s (2006) model about categorical perception and
categorical memory (Ma et al., 2021; C. Zhang, Shao,
et al., 2017). Even though prior studies broadly reported
that amusics were impaired in their categorical perception
(e.g., Huang, Liu, et al., 2015; Jiang et al., 2012), none of
the studies specified that amusics were deprived of this ca-
pacity for categorical perception (Chen & Peng, 2018,
2020; F. Liu et al., 2021). Our findings strongly support
the claim that amusics can perceive tones in a categorical
manner, similar to that of musically intact controls.

The mechanisms involved in statistical learning of
speech and categorical perception appear to be preserved
in congenital amusics. Amusics’ degraded speech percep-
tion appears to be primarily ascribed to the central deficit
of impaired pitch processing (Peretz, 2016; Vuvan et al.,
2015; C. Zhang, Shao, et al., 2017). Lexical tones and
vowels have their respective primary acoustic cues of F0
and formants, but both are frequency-based sounds in the
context of speech; hence, the possible deficit in the process-
ing of spectral information results in amusics’ poorer per-
formance when listening to lexical tones and vowels as
compared to controls (C. Zhang, Shao, et al., 2017). Be-
cause amusia is a congenital and lifelong disorder (Peretz
et al., 2002, 2008), amusics are likely to struggle more than
normal infants in the process of shaping the language
boundaries between 6 and 12 months of age (Aslin &
Pisoni, 1980), which in turn can persist into adulthood with
inaccurate lexical representations (Kuhl, 2004). The finding
that amusics performed worse than controls even in the last
window containing the full acoustic signal was not entirely
unexpected but, rather, supports previous studies that
adopted auditory stimuli with sufficient and complete
acoustic information (e.g., Jiang et al., 2012; Nan et al.,
2010; Tillmann et al., 2011).

We note that there is an alternative account for the
observed results: the potential anchoring deficit in amusia.
The anchoring deficit, associated with deficient adaptation
mechanisms, was initially proposed to explain the phono-
logical deficit in the developmental disorder of dyslexia
(Ahissar, 2007; Ahissar et al., 2006). Dyslexic patients
tend to have difficulties in constructing perceptual anchors
dynamically (Shao et al., 2019). Previous studies have
shown that amusics demonstrated overall lower accuracy
in experiments involving their perceptual adaptation of
speech, including lexical tone integration with a meaning-
ful (Shao & Zhang, 2018) or anomalous carrier sentence
(C. Zhang et al., 2018), lexical tone adaptation in a high-

64 Journal of Speech, Language, and Hearing Research • Vol. 65 • 53–69 • January 2022



or low-pitched context (F. Liu et al., 2021), and lexical
tone identification and discrimination with either different
talkers or different syllables (Shao et al., 2019). In contrast
to typical listeners, amusics show reduced connectivity be-
tween frontal and temporal regions in the brain, which is
a disconnection syndrome (Hyde et al., 2011) and inter-
feres with top-down processing from higher cortical levels
onto lower level auditory processes. In this study, the au-
ditory stimuli were presented in isolation with each token
involving different syllables and tones and successively
longer auditory fragments/gates. This could be considered
as a dynamic environment, which demanded perceptual
adaptation for participants (Shao et al., 2019). Future re-
search will need to examine whether amusics’ behavior
was the result of their deficient perceptual adaptation,
their impaired pitch processing, or the combination of
these two factors.

With respect to practical applications, a straightfor-
ward finding from our results is that amusics can acquire
an L2 even if the L2 is a tone language. Given that amu-
sics are able to track both syllable and tone regularities in
their native language (L1), amusics should be able to ac-
quire L2 syllable–tone words. Although this study is not
directly comparable to the gating study by Wiener et al.
(2019), which tested adult L1 English–L2 Mandarin class-
room learners, this study showed a similar trend in that
amusics and L2 learners reached similar levels of accuracy
by the last few gates. Future work on amusics’ acquisition
of tonal (and nontonal) L2s is desperately needed to better
understand the acquisition process.

Moreover, our finding of amusics’ preserved statisti-
cal learning mechanism is relevant for training programs
aimed at rehabilitating congenital amusia. Importantly,
combining our results with a prior gating study of music
by Tillmann et al. (2014), it is suggested that regimens
with pitch-related materials in either speech or music can
be part of a treatment to lessen amusics’ insensitivity to
pitch. Given that amusics can attend to cues other than
pitch in context (Nan et al., 2010) and the use of pitch in
speech is generally not as rigorous and accurate as it is in
music (Patel, 2014), amusics did not report that they had
difficulties in communication and any improved communi-
cation skills thereof may not be observed. However, the
lifelong deficit of impaired pitch-processing abilities can
be potentially softened. Based on our findings, amusics
are able to identify, discriminate, or acquire pitch infor-
mation via learning and exercises in the training phase,
through which their pitch thresholds are likely to be nar-
rowed down. There have been a handful of studies con-
cerning amusics’ treatment in the extant literature. For ex-
ample, from an educational perspective, Anderson et al.
(2012) conducted a training program lasting 7 weeks to re-
mediate amusia. The authors found improvements in both
perception and production skills even though this was

reported in three of five amusics. Although there can be
genetic factors contributing to amusia (Peretz & Vuvan,
2017), our study explicitly manifests the possibility for
amusics to learn and acquire pitch information despite
their degraded pitch-processing abilities. Future studies
are needed to conduct more translational research to
soften this disorder, which is meanwhile significant to ad-
vance the understanding of the nature of amusia.

We conclude by noting the limitations of the study.
First, our stimuli were recorded by only one speaker,
which followed Wiener and Ito’s (2016) approach. A de-
sign with more talkers may better clarify amusics’ statisti-
cal learning mechanism in the speech domain and clarify
to what degree perceptual adaptation (or the lack thereof)
affected the results. Second, our participants were tested
in Mainland China and were all largely monolingual
Mandarin speakers. This stands in contrast with Wiener
and Ito’s participants who were tested in the United States
and all functionally bilingual Mandarin–English speakers.
We assume language dominance, language mode, and L2
immersion all had an effect on Wiener and Ito’s partici-
pants’ cognition and behavior (Grosjean, 1988, 1996; Kroll
et al., 2015; Qin et al., 2021). At this point, the differences
between the typical listeners in the two studies were poten-
tially due to the population, testing environment, or the
combination of the two. Third, it remains unclear to what
degree amusics’ performance may be influenced by noise
typical to most speech communication. Presenting the stim-
uli in noise may yield dramatically different results. Fourth,
our study only examined the statistical learning of speech.
Saffran (2003) proposed that music and language share
the same statistical learning mechanism. Future studies
are needed to further clarify the domain generality or do-
main specificity of statistical learning involving both mu-
sic and language in a single study (Peretz, 2006; Peretz
et al., 2012).

In conclusion, individuals with amusia showed de-
graded speech perception of Mandarin syllables, tones,
and their combinations as syllable–tone words in line with
well-established amusia findings. However, despite this
deficit, amusics showed a reliable pattern of statistical
learning similar to that of typical, musically intact Manda-
rin listeners. This serves as novel evidence of amusics’ pre-
served statistical learning mechanism, particularly when
pitch plays a phonological role in a tone language.
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Appendix

Syllable–Tone Combinations

Condition Stimulus Condition Stimulus

F+P+ bao2 F+P− bao4
F+P+ da4 F+P− da2
F+P+ gong1 F+P− gong3
F+P+ ji1 F+P− ji3
F+P+ qi2 F+P− qi1
F+P+ ren2 F+P− ren4
F+P+ shou3 F+P− shou1
F+P+ si1 F+P− si3
F+P+ wu2 F+P− wu4
F+P+ xiao3 F+P− xiao4
F+P+ yan2 F+P− yan4
F+P+ zhu4 F+P− zhu2

Condition Stimulus Condition Stimulus

F−P+ bin1 F−P− bin4
F−P+ chai1 F−P− chai2
F−P+ feng1 F−P− feng3
F−P+ gua4 F−P− gua3
F−P+ hong2 F−P− hong4
F−P+ kao3 F−P− kao1
F−P+ leng3 F−P− leng4
F−P+ mao4 F−P− mao3
F−P+ niao3 F−P− niao4
F−P+ pang2 F−P− pang1
F−P+ tie3 F−P− tie1
F−P+ zhou1 F−P− zhou2
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