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Lower-level acoustics underlie higher-level
phonological categories in lexical tone perception

Fei Chen and Gang Penga)
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Hong Kong Special Administrative Region

chenfeianthony@gmail.com, gpengjack@gmail.com

Abstract: The pitch-processing deficit associated with congenital amusia
has been shown to be transferable to lexical tone processing. However, it
remains unclear whether the tone perception difficulties of amusics are
merely due to the domain-general deficit in acoustic processing or addi-
tionally caused by impaired higher-level phonological operations.
Answers to this question can shed light on the influence of lower-level
acoustic processing on higher-level phonological processing. Using a mod-
ified categorical perception paradigm, the present study indicates that the
acoustic processing deficit systematically extends to higher-level phonolog-
ical processing. These findings suggest that lower-level acoustics underlie
higher-level phonological categories in lexical tone perception.
VC 2018 Acoustical Society of America
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1. Introduction

According to neuroscience models for language processing, lexical tone perception gen-
erally involves two different neural pathways in a hierarchical manner performing
lower-level acoustic processing and higher-level phonological processing, respectively
(Zhang et al., 2011). Thus, listeners’ speech perception performance can be modulated
by their experience with each type of processing (Chandrasekaran et al., 2009).
Categorical perception (CP) of speech sounds reflects a fundamental property of
speech. The contrast between acoustic processing and phonological processing could be
observed as the contrast between within-category and between-category variations by
adopting a modified CP paradigm (Zhang et al., 2011), which directly dissociates the
acoustic and phonological processing of lexical tones for native participants. A typical
CP pattern of speech sounds, which is characterized by a sharper identification bound-
ary and a higher between-category discrimination accuracy with age, occurs only in
native speakers and develops gradually due to accumulated higher-level phonological
inputs (Peng et al., 2010; Chen et al., 2017).

Investigations into the relative influence of the acoustic and phonological proc-
essing strategies can shed light on the perceptual mechanisms involved in speech per-
ception. Pitch perception offers a chance to examine this issue due to its important
role in both the music and speech domains. In music, contour and interval are the two
main types of pitch information which are used to form melodies. For lexical tone per-
ception, differences in pitch height and direction lead to a change of lexical meanings
for tone language speakers. Compared to non-musicians, individuals with extensive
musical training early in life tend to be more sensitive to the pitch information of
music, pure tones, and speech sounds, reflecting a domain-transfer ability of lower-
level acoustic processing (Wong et al., 2007; Zhao and Kuhl, 2015). It is important to
explore whether and how the enhanced acoustic sensitivity facilitates higher-order pho-
nological categories, which can help uncover the influence of the lower-level acoustic
processing on the higher-level phonological processing. The CP of lexical tones in
Mandarin-speaking musicians provides an optimal window for investigating this topic
since both processing strategies are engaged in CP tasks. As expected, previous findings
showed that within-category discrimination accuracy was enhanced in Mandarin-
speaking musicians due to facilitated acoustic processing skill. However, their perfor-
mance in terms of both identification steepness and between-category discrimination
accuracy was similar to that of Chinese non-musicians (Wu et al., 2015). These results
indicate that higher-level perceptual sensitivity to the phonological contrasts of
the native language is robust and less likely to be facilitated by improvement in the
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lower-level acoustic processing, a view that is also supported by physiological findings
in a neuroimaging study (Elmer et al., 2012).

Exploring the influence of lower-level acoustic processing on higher-level phono-
logical processing can also be turned in the other direction: whether and how reduced
acoustic sensitivity could negatively influence phonological processing in native speakers.
Some individuals with inborn musical deficits suffer from lifelong problems in perceiving
and producing music in the absence of hearing loss or brain injury. This developmental
disorder is termed congenital amusia (amusia hereinafter). Accumulating evidence has
suggested that the perceptual deficit in musical melody in tone-language speakers with
amusia transfers to pitch perception in speech, such as aberrant lexical tone perception
either at a group level (Jiang et al., 2012; Zhang et al., 2017) or in a subgroup of amu-
sics (Huang et al., 2015a; Huang et al., 2015b; Nan et al., 2010). However, it is still
unclear whether the negative domain-transfer effects of musical processing deficit on
native lexical tone perception can be attributed to amusics’ lower sensitivity to acoustic
pitch information and/or reduced internal processing of phonological categories.

In this study, a modified CP paradigm was employed to compare the behav-
ioral performance of Mandarin-speaking amusics and non-amusics in terms of their
fine-grained perception of a continuum ranging from Mandarin Tone 1 (high-level
tone) to Tone 2 (mid-rising tone). Moreover, since lexical tones are defined primarily
in terms of pitch contour, it is natural to ask whether native Mandarin amusics
respond to the pitch contours of nonspeech sounds in the same way as controls. Both
natural speech and nonlinguistic analogues were used as the perceptual materials. We
hypothesized that amusics would be less accurate in discriminating the within-category
pairs due to their inferior skills in acoustic processing. Moreover, if higher-level phono-
logical perception—developed early in native Mandarin-speaking amusics—is robust
enough to resist the influence of impaired acoustic sensitivity, the sharpness of the
identification curve and the between-category accuracy in the amusic group would be
similar to that in the control group. Alternatively, if lower-level acoustics lay the foun-
dation of the higher-level phonological categories in lexical tone processing, the amusic
participants would perform systematically worse in all the CP measurements.

2. Method

2.1 Participants

Thirty amusic participants and 30 musically-intact control participants matched in
terms of chronological age, gender, and level of education were recruited for the exper-
iment. Although no power analysis was performed for calculation of sample size, the
sample size of the amusic and control participants in the current study was more than
twice that of subjects in previous studies on lexical tone perception in amusics (cf.
Huang et al., 2015a; Jiang et al., 2012; Zhang et al., 2017). To identify the presence or
absence of amusia, the online Montreal Battery of Evaluation of Amusia (http://
www.brams.org/amusia-public/?lang¼en) was used in the screening stage, with the cut-
off average score set to 71% (Peretz et al., 2008). The demographic characteristics of
the participants are presented in Table 1. All the participants were native Mandarin
speakers with normal hearing, and none of them had received formal musical training.
Approval of the study was granted by the Behavioral Research Ethics Committee of
the Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences.

2.2 Materials and procedure

The Mandarin monosyllable /i/ with the high-level tone (Tone 1, around 290 Hz) was
recorded by a native female speaker (22 050 Hz sampling rate, 16-bit resolution). On

Table 1. Participants’ characteristics and scores of the Online Identification Test of Congenital Amusia. The
results (p-value) of independent-samples t-tests are also reported.

Controls Amusics p-value

No. of participants 30 (16 M, 14 F) 30 (15 M, 15 F) N/A
Age (SD) 23.10 years (4.04) 22.13 years (2.37) p¼ 0.26

Online Identification Test of Congenital Amusia
Out-of-key (SD) 87.67% (8.66) 65.80% (11.18) p< 0.001
Offbeat (SD) 83.13% (8.31) 65.63% (10.69) p< 0.001
Mistuned (SD) 78.47% (12.70) 54.77% (9.21) p< 0.001
Mean score (SD) 83.36% (6.44) 62.20% (5.28) p< 0.001
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the basis of the natural speech template with Tone 1, the 11 300-ms tone stimuli were
resynthesized by Praat, and the procedures for synthesizing these stimuli followed those
described in Peng et al. (2010). Figure 1 shows the schematic diagram of the pitch con-
tours of the tone continuum from typical Tone 2 (stimulus #1, meaning “aunt”) to
Tone 1 (stimulus #11, meaning “clothes”), with an equal step size of 6 Hz. Moreover,
to investigate the influence of acoustic pitch differences on discrimination performance,
two sets of discrimination stimuli were chosen, each with an 18-Hz onset difference
(3-step discrimination) and a 24-Hz difference between the pair (4-step discrimination),
respectively. The rationale for adopting both 18 - and 24-Hz step sizes was based on
just-noticeable differences (JNDs) in tone contour changes in controls (Liu, 2013) and
two amusia subgroups: pure amusia and tone agnosia (Huang et al., 2015a; Huang
et al., 2015b). To rule out a possible confounding effect of the step size, the larger
acoustic difference in the present discrimination task was specifically manipulated to be
24 Hz, higher than the JNDs of all the participants. Using triangle waves (cf. Chen
and Peng, 2016), an equal number of nonspeech analogues were constructed with
exactly the same F0 contour as that in the speech materials. To further match the loud-
ness level, the intensity level of the nonspeech stimuli was set to 80 dB, 15 dB higher
than that of the speech counterparts. Three native listeners rated that the nonspeech
stimuli [80 dB sound pressure level (SPL)] sounded similar in loudness level to the
speech stimuli (65 dB SPL).

All 60 amusic and control participants were first asked to conduct an identifica-
tion task. Each participant gave their responses by clicking the corresponding button
labeled “Tone 1” or “Tone 2.” The 11 stimuli of each speech or nonspeech continuum
were repeated nine times, making a total of 99 identification trials in one block.
Listeners completed two blocks of tone identification, speech and nonspeech, with the
order of the two blocks randomized. Afterwards, half of the amusic and control partici-
pants (15 subjects in each group) performed the 3-step discrimination task and the other
half performed the 4-step discrimination task. These two discrimination tasks shared the
same experimental procedure, except for the different stimulus pairs used. For example,
in the 3-step discrimination task, seven testing pairs were utilized: four pairs (different
pairs) consisting of two different stimuli in either forward (1–4, 4–7) or reverse order
(4–1, 7–4), and three pairs (same pairs) each paired with itself (1–1, 4–4, 7–7). These
seven pairs were repeated randomly nine times, making a total of 63 pairs in each block,
with a 500 ms inter-stimulus interval. The two blocks of tone discrimination (speech and
nonspeech) were also presented to each participant separately and randomly. After each
pair was presented, the participants needed to judge whether the two stimuli were the
same or different and to respond quickly by pressing the corresponding key. The differ-
ences between the current study and the previous CP studies in Mandarin-speaking amu-
sics (Huang et al., 2015a; Jiang et al., 2012) include sample size, step size, and the num-
ber of comparison units. Also, different from Huang et al. (2015a), the amusics in this
study were not divided into two subgroups of pure amusia and tone agnosia.

2.3 Data analyses

The identification score was calculated as the percentage of responses with which par-
ticipants identified a particular sound as being either Tone 1 or Tone 2. Boundary

Fig. 1. (A) The 11 identification stimuli along the tone continuum ranging from Tone 2 to Tone 1, with a step
size of 6 Hz. (B) The stimuli in the 3-step discrimination task. (C) The stimuli in the 4-step discrimination task.
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position and boundary width were obtained by using Probit analyses (Finney, 1971).
The boundary position, defined as the corresponding 50% crossover point in a contin-
uum, and the boundary width, defined as the linear distance in the stimulus step
between the 25th and 75th percentiles, was analyzed. The boundary position indicates
the perceptual boundary straddling the two categories, and the boundary width is an
index of the sharpness of the response shift around the categorical boundary.

To calculate the obtained discrimination scores, we divided the seven discrimi-
nation pairs into two comparison units (units 1–4 and 4–7, or units 1–5 and 5–9), each
consisting of pairs of four types (AB, BA, AA, and BB). Then, the discrimination
accuracy was analyzed using the sensitivity index d0 (Macmillan and Creelman, 2008),
which was computed as the z-score of the hit rate (“different” responses to different
pairs: AB and BA) minus that of the false alarm rate (different responses to identical
pairs: AA and BB) for each comparison unit. Moreover, in regard to the boundary
position, we further subdivided the two comparison units into a between-category com-
parison unit and a within-category unit for each subject.

3. Results

3.1 Identification results

Figure 2 shows the identification curves for the amusics and the controls. All the data
on position and width values in speech and nonspeech continua satisfied the homoge-
neity of variance and normality assumptions (p> 0.05). The mean boundary positions
[standard deviations (SDs)] were 5.24 (0.83) and 5.26 (0.65) in speech and 5.47 (0.84)
and 5.23 (1.01) in nonspeech for the controls and the amusics, respectively. The bound-
ary position was analyzed by a two-way analysis of variance (ANOVA), with group
(control vs amusic) as a between-subject factor and stimulus type (speech vs nonspeech)
as a within-subject factor. Greenhouse–Geisser corrections were conducted when
appropriate. Neither main effects nor the interaction effect were significant (p> 0.05),
indicating that the boundary position straddling the two categories remained constant
between the two subject groups and between different stimulus types.

To compare the higher-level phonological performance of the amusic and con-
trol groups in the identification task, the index of boundary width—reflecting the steep-
ness of the category boundary—was calculated. The mean boundary widths (SDs)
were 1.44 (0.61) and 1.86 (0.75) in speech and 1.43 (0.53) and 2.17 (1.28) in nonspeech
for the controls and the amusics, respectively. A two-way ANOVA revealed that nei-
ther the main effect of stimulus type (F(1, 58)¼ 1.56, p¼ 0.22, gp

2¼ 0.02) nor the inter-
action between group and stimulus type (F(1, 58)¼ 1.77, p¼ 0.19, gp

2¼ 0.03) reached
significance. Nevertheless, the ANOVA yielded a significant main effect for group on
boundary width (F(1, 58)¼ 10.39, p< 0.01, gp

2¼ 0.15). This finding indicated that the
control participants exhibited a much narrower width (i.e., a sharper slope) compared
to the amusics pooled across speech and nonspeech continua (see Fig. 2). The post hoc
power to detect the effect of group was 0.89 with an alpha of 0.05.

3.2 Discrimination results

The d0 values of the between-category and within-category comparison units under dif-
ferent conditions are displayed in Fig. 3. The d0 values satisfied the homogeneity of
variance and normality assumptions (p> 0.05). A four-way repeated-measure ANOVA
was conducted on the sensitivity index d0, with stimulus type (speech vs nonspeech) and
category type (within-category vs between-category) as two within-subject factors and
group (control vs amusic) and step size (3-step vs 4-step) as two between-subject

Fig. 2. The identification curves in two groups, where the solid lines with round dots represent Tone 2 responses
in controls and the dashed lines with square dots represent Tone 2 responses in amusics.
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factors. There were significant main effects of group, F(1, 56)¼ 17.06, p< 0.001,
gp

2¼ 0.23, and step size, F(1, 56)¼ 5.66, p< 0.05, gp
2¼ 0.09, on d0 values. The post hoc

power to detect the effect of group and step size with an alpha of 0.05 was 0.98 and
0.65, respectively. The presence of the significant main effect of group on d0 values and
the absence of its interaction with the other three factors (p> 0.05) indicated that amu-
sics were systematically inferior to the controls in discriminating both within-category
and between-category pitch differences embedded in both speech and nonspeech.

In addition, a significant main effect of category type, F(1, 56)¼ 12.37, p< 0.01,
gp

2¼ 0.18, and category type� stimulus type interaction, F(1, 56)¼ 4.46, p< 0.05,
gp

2¼ 0.07, were observed. Next, a simple main effect analysis of the category type
� stimulus type interaction was conducted with Bonferroni adjustment. These results
indicated that for both groups, the d0 value of the between-category unit tended to be
higher than that of the within-category unit in the speech stimuli (F(1, 56)¼ 19.46,
p< 0.001, gp

2¼ 0.26, post hoc power¼ 0.99), while the d0 values of the two category
types were not different from each other in the nonspeech stimuli (F(1, 56)¼ 2.50,
p¼ 0.12, gp

2¼ 0.04). Furthermore, for the between-category unit, the d0 value in speech
(mean¼ 2.26) was similar to that in nonspeech (mean¼ 2.23) for both groups,
F(1, 56)¼ 0.03, p¼ 0.87, gp

2¼ 0.001. However, nonspeech (mean¼ 1.91) yielded a much
higher d0 value of within-category unit than speech (mean¼ 1.47) for both groups,
F(1, 56)¼ 8.32, p< 0.01, gp

2¼ 0.13, post hoc power¼ 0.81.

4. Discussion

It has been well established that pitch-processing deficits in music do stretch into a
broader domain of influence, such as an inferior performance in the perception of
pitch-based lexical tone (e.g., Jiang et al., 2012; Zhang et al., 2017) in tone-language
speakers with amusia. The current study links and extends previous results by directly
investigating whether and how the acoustic processing deficit in amusia extends to the
higher-level phonological perception of native tone categories. The sharpness of the
identification boundary reflects the listeners’ native language experiences and is influ-
enced by their long-term phonological memory (Peng et al., 2010; Xu et al., 2006).
The present identification results show that the amusic group exhibited a much shal-
lower identification boundary compared with the musically intact controls. Moreover,
the participants with amusia performed systematically worse across the board, regard-
less of the between- and within-category discrimination sensitivity, in both the 3- and
4-step discrimination tasks. Since the acoustic distance in the 24-Hz discrimination

Fig. 3. The d0 of the between- and within-category units for the control and amusic participants under different
conditions: (A) 3-step, Speech, (B) 3-step, Nonspeech, (C) 4-step, Speech, (D) 4-step, Nonspeech. Error bars:
61 standard error.
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task was even higher than the JNDs of tone agnostics (above 20 Hz) (Huang et al.,
2015a; Huang et al., 2015b), it is more likely that the inferior discrimination perfor-
mance of amusics might happen at a whole-group level. On the basis of the above find-
ings, the domain-transferred acoustic processing deficit in amusics (reflected by an infe-
rior within-category discrimination sensitivity) does negatively influence the identification
and discrimination of phonological contrasts in both speech and nonspeech stimuli
(reflected by a broader boundary width and a reduced between-category sensitivity).

By using computational strategies to uncover the statistical patterns in social
language input, it has been proved that the developmental trajectory of native phonologi-
cal categories starts early, from around 6 months in infants (Kuhl, 2004). Two studies
(Wu et al., 2015; Zhao and Kuhl, 2015) have shown that the facilitatory effect of acous-
tic processing in Mandarin-speaking musicians does not extend to the higher-order pho-
nological operation. Thus, it seems that the internal processing of phonological categories
is so robust that it is less likely to be affected by the lower-level processing. However, the
results of the present study offer a different and supplementary perspective regarding the
relative influence of the two strategies. As both the control and amusic groups consisted
of healthy Mandarin adults with comparable chronological ages, it was reasonable to
attribute their different CP performances to the different levels of acoustic processing
capacity per se. The current results imply that the lower-level acoustics lay the founda-
tion of higher-level phonological processing in lexical tone perception since the reduced
acoustic processing skill severely drags down the phonological processing skill in native
listeners. The discrepancy between the null effect of enhanced acoustic processing
induced by music training (Wu et al., 2015) and the significant detrimental effect of infe-
rior acoustic processing accompanied with amusia on phonological processing may be
partially explained by the following reasoning: The onset of musical instruction always
occurs much later than that of language-specific phonological perception (as early as
6 months). As congenital amusia is regarded as being inborn (Peretz, 2008), it is possible
that the reduced lower-level acoustic processing in this cohort interferes with the forma-
tion of native phonological categories from the very beginning.

Furthermore, although a wider boundary width and an inferior between-
category sensitivity were observed for the amusic group in this study, the cross-
boundary benefit was preserved in this group, as indicated by the higher sensitivity to
the between-category speech unit. This perceptual pattern in amusics is essentially dif-
ferent from that found in non-tone language speaking individuals who fail to show a
cross-boundary benefit in their discrimination of Mandarin lexical tones (Peng et al.,
2010; Xu et al., 2006). Consequently, long-term exposure to a native tone language
environment guarantees the CP pattern of lexical tones, although reduced, even in
amusics who show a phonological processing deficit. The preserved CP pattern of
higher sensitivity to between-category pairs in Mandarin-speaking amusics found in
this study is not consistent with the findings of a previous study (Jiang et al., 2012),
which indicated a similar sensitivity to between- and within-category discrimination
pairs in the Mandarin-speaking amusic group. It is important to note that the step size
of the discrimination pairs used in Jiang et al. (2012) was only 6 Hz, which falls in
the range of JNDs for F0 discrimination (4–8 Hz) among normal Mandarin-speaking
individuals (Liu, 2013). Given that the amusics showed a fine-grained pitch processing
deficit, the 6-Hz acoustic difference might be too small to reveal the categorical nature
in this group, with both the between- and within-category accuracies being close to
the chance level (Jiang et al., 2012). The essential characteristic of the CP pattern
re-emerged in the amusic group when the step size was greatly enlarged. Finally, in the
current experiment design, both the control and amusic groups showed no cross-
boundary benefit in the nonspeech context; this was caused by the much higher within-
category discrimination accuracy in the nonspeech material (also seen in Wu et al.,
2015). The pattern of nonspeech yielding higher within-category accuracy than speech
is generalizable to all native tone-language speakers, irrespective of whether they are
controls (Xu et al., 2006), musicians (Wu et al., 2015), or amusics (Zhang et al., 2017).

From the perspective of Fujisaki and Kawashima’s (1971) model, long-term pho-
netic memory is employed to conduct identification and between-category discrimination
tasks, while discriminating the acoustic difference of within-category discrimination pairs
requires the short-term auditory memory code. Due to the absence of memory capacity
testing in the current study, we cannot conclude whether the processing deficits of acous-
tic information as observed in this study are mainly caused by a compromised retrieval
of auditory code in short-term memory of amusics. The underlying memory mechanisms
during lexical tone perception in tone language speakers with amusia require further
investigations.
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To summarize, the current findings deepen our understanding of the two levels
of processing by indicating that impaired lower-level acoustic processing in amusia
extends to the higher-level phonological processing deficit in lexical tones. Thus, inter-
nal processing of native phonological categories may be negatively impacted by
impaired acoustic processing. The initial bottom-up acoustic analysis of speech sounds
lays the foundation of the top-down phonological processing of linguistic elements. We
conclude that lower-level acoustics underlie higher-level phonological categories in lexi-
cal tone perception.
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