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Purpose: This study investigated the categorical perception of Mandarin tones and
consonant aspiration contrasts in babble noise among adults and adolescents aged 12-
14 years, and explored the association between working memory and categorical

perception.

Method: Twenty-four adults and twenty adolescents with Mandarin as their native
language were recruited. Their performances of phonemic identification and
discrimination in babble noise and quiet conditions, digit span tasks, and nonword

repetition were assessed.

Results: Results indicated that, firstly, in the noise condition, both adults and
adolescents showed wider boundary widths and lower between-category accuracies
when perceiving aspiration of consonants than in the quiet condition, and the
categorical boundary of tone perception in adolescents showed a transitional tendency
towards Tone 1. Secondly, discrimination of consonant aspiration in adolescents
needed to be further developed. Lastly, the accuracy of nonword repetition in
adolescents was lower than that in adults, and adults with better auditory verbal working

memory had better performance on tone perception.

Conclusions: Our results provided evidence that tone perception is acquired easier than
consonant aspiration perception, and tone perception is more robust and less susceptible
to noise interference. Categorical perception performance relates to the capacity and

utilization of auditory verbal working memory in some ways.
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Introduction

Categorical perception (CP) of speech refers to the ability that people could map
continuous and infinite sounds into finite phonemic categories that the specific
language allows. Previous studies have well-documented the characteristics of CP: a
steep rise or fall in identification curve near the boundary between different phonemic
categories (Liberman et al., 1957), and better discrimination ability of between-
category phonemes than that of within-category ones (Xu et al., 2006).

CP of Mandarin lexical tones and aspiration of consonants

Earlier studies on CP have focused on segmental features in Indo-European
languages (e.g., Liberman et al., 1957, 1961), and recent studies have paid attention to
suprasegmental features, for example, lexical tone (e.g., Peng et al., 2010; Xu et al.,
2006). Mandarin is a tone language that typically uses fundamental frequency (FO)
contour to provide contrasts in word meaning. The function of tones to distinguish
lexical meanings is analogous to segments such as voiced/voiceless consonants, except
that the tone can be carried by more than one segment. Mandarin Chinese phonemically
distinguishes four citation tones with different pitch contours: high-level tone (Tone 1),
mid-rising tone (Tone 2), low-falling-rising tone (Tone 3), and high-falling tone (Tone
4). The same syllable expresses different meanings depending upon the tones. For
example, the meaning of Mandarin /pa/ with Tone 1 is “/\ eight”, with Tone 2 means
“4% to pull”, with Tones 3 and 4 are “ft to hold” and “¥ father”, respectively. The
importance of FO as a primary cue to the perception of Mandarin tones is supported by
a variety of studies (e.g., Gandour, 1978; Wang, 1967). For example, Massaro, Tseng,
and Cohen (1985) reported that both FO height and FO contour were important in tone
perception. Many studies have shown that the perception of Mandarin lexical tones is

typically categorical and is influenced by language experience (cross-language or cross-
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dialect) (Peng et al., 2010; Wang, 1976; Xu et al., 2006). For example, Wang (1976)
investigated CP of level tone and rising tone among native-Mandarin and native-
English speakers, and found two different types of perceptual boundary (i.e.,
psychophysical boundary vs. linguistic boundary). For native-English listeners who
lack tonal language experience, they were more likely to distinguish the “real level tone”
and the rest according to their psychophysical experience. Therefore, their boundary
position of tone perception was closer to the level tone. While for native-Mandarin
speakers with tonal language experience, they could distinguish tones according to their
mental linguistic categories.

Like lexical tone, consonant aspiration is also a distinctive feature in Mandarin. In
English, voiced and voiceless consonants are distinct because of voice onset time (VOT)
(Lisker & Abramson, 1964), and the perception of English consonants varying in VOT
was essentially categorical (Liberman et al., 1961). The perceptual characteristics of the
VOT have been documented to be related to specific languages (Lisker & Abramson,
1970). Different from English, the temporal cue of VOT is utilized to identify the
aspiration of consonants, which is an important distinctive feature in Mandarin. There
are six pairs of unaspirated and aspirated consonants that can distinguish lexical

meanings. For example, the meaning of Mandarin /pa/ with Tone 1 is “/\ eight”, while
the aspirated one /p"a/ with Tone 1 means “J\ grovel”. Numerous studies have shown

that VOT is an important perceptual cue for the distinction between aspirated and
unaspirated consonants such as /p/ and /p"/ (Lisker & Abramson, 1964, 1967). Many
investigations showed that the perception pattern of VOT in Mandarin speakers is
highly categorical (Wang & Shangguan, 2004; Xi et al., 2009). Given that lexical tones
and aspiration of stops were two representative distinctive features of Mandarin and

were perceived categorically, they were chosen in this study to investigate the age-
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related differences of CP of Mandarin segments and suprasegments in babble noise.
Effects of babble noise on CP

Speech perception is always accompanied by background noise in daily life,
especially speech noise, instead of in acoustically ideal conditions in the lab. A
considerable number of studies have shown noise-associated deterioration in speech
recognition for adult listeners, especially under the babble noise which contains
phonetic, linguistic, and semantic cues. Babble noise disrupts the CP of speech from
spectral energy and language information, and distracts attention and working memory
(WM) needed for CP of target speech as well (Brungart et al., 2001; Schneider et al.,
2007). Therefore, investigating the CP in babble noise could help to reveal the
development of CP in real life, and the utilization of WM involved. In view of the sparse
literature about the effect of babble noise on the perception of Mandarin tones and
consonants, the first goal of this study was to examine how the babble noise influenced
listeners’ CP of Mandarin tones and aspiration of consonants involving both
identification and discrimination functions.

Different noise types (e.g., white noise and babble noise) with diverse masking
types modulate the difficulty of speech perception (Brungart et al., 2001; Lecumberri
& Cooke, 2006). Nonspeech noise (e.g., white noise) mainly masks the energy in the
same critical bands and produces disturbance at the auditory periphery. For example,
Turner et al. (1992) investigated the detection and recognition of stop consonants in
white noise, and found recognition was largely determined by the audibility of speech
in normal-hearing listeners. And results also indicated the strong effect of noise on
consonants recognition, which only achieved above-chance accuracy (16.67%) at the
SNR of -5 to 0 dB. Besides masking energy, speech noise (e.g., babble noise) interferes

with the processing of the target signal at phonetic and/or semantic levels because of
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the similar-sound-pattern distracter. Especially, babble noise which contains phonetic,
linguistic, and semantic cues has comparative interference with speech perception in
both auditory and cognitive aspects. The effects of babble noise on the recognition of
lexical tones and consonants had been reported in several studies. For example, Dees et
al. (2007) investigated the recognition of tones carried by different vowels in white
noise with signal-to-noise ratios (SNR) of -15 dB and -20 dB and babble noise with the
SNR of -5 dB and -20 dB among native Mandarin speakers and English speakers
without exposure to tonal languages. Results showed that firstly both groups performed
better in the condition with higher SNR. In addition, native Mandarin speakers overall
performed better than English speakers in white noise conditions, but Mandarin-
speaking listeners were more likely to be affected by babble noise. Moreover, the
interference of babble noise was greater than white noise in both groups. These findings
indicated that babble noise had a stronger interference effect than white noise on
listeners’ perception of lexical tones by masking information transmission. Similar
results were also found in the studies about consonants where the recognition accuracy
of 57 CV syllables decreased with the gradual reduction of SNR by 12 dB, 6 dB, and 0
dB, and was below 30% in babble noise at the 0dB SNR (Gordon-Salant, 1985).
Listeners also were found to suffer more in babble noise than in white noise and to
compete with speech noise when identifying the consonant of VCV combinations
(Lecumberri & Cooke, 2006). Since previous studies have generally suggested that
babble noise impedes the recognition of tones and consonants because of information
masking, it is hypothesized that babble noise could impair the CP of Mandarin tones
and consonant aspirations by masking FO and VOT information. There would be a
shallower identification slope and poorer discrimination performance across categories

in the babble noise condition than in the quiet condition.
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Perceptual development of lexical tones and consonants

The development of CP has been extensively studied, which indicated that CP of
tones and aspiration of consonants were found less categorical in children compared to
adults (Chen et al., 2017; Feng, 2022; Hazan & Barrett, 2000; Ma et al., 2021; Xi et al.,
2009). Previous studies suggested that speech perception developed significantly
between childhood and later adolescence, and matured during the period from 12 to
early 20s of age (Feng, 2022; Hazan & Barrett, 2000; Medina et al., 2010; Westerhausen
et al., 2015). Considering that CP of speech develops and possibly reaches maturity
during adolescence, it is important to understand the trajectory of development in
adolescents. The second goal of the current study was to investigate the age-related
differences in the CP of Mandarin tones and aspiration of consonants between adults
and adolescents, and particularly, how age interacted with babble noise.

Previous literature has shown that it takes newborns six to twelve months to
primarily form the concept of the phonological category with the increased native
language experience after birth (Kuhl et al., 2006). And speech perception ability is
continuously developed till reaching a peak in the early 20s (Westerhausen et al., 2015).
Simon and Fourcin (1978) explored the perception of VOT and the first-formant
transition of synthetic speech-like consonants in French-speaking and English-speaking
children. Results showed that there were three stages in the development of children’s
labeling behavior: scattered labeling, progressive labeling, and categorical labeling.
Categorical labeling only becomes the dominant pattern at the ages of five to six for the
English-speaking children, and one or two years later for the French-speaking children.
The study of Hazan and Barrett (2000) further revealed that 12-year-old children still
do not acquire the same abilities of CP to identify consonants as adults by investigating

the identification of continua of /g/-/k/, /d/-/g/, /s/-/z/, and /s/-/[/. Results showed that
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the slope of the identification curve increased significantly with age between six and 12
years. Medina et al. (2010) found the steepness of the identification function increases
significantly between 9-year-old children and 17-year-old adolescents, but not between
17-year-old adolescents and adults, by investigating the identification and
discrimination of /da/-/ta/ continuum in French.

In terms of the CP of Mandarin phonemic categories, Xi et al. (2009) examined
the development of CP by testing the behavioral identification performance of 51
children aged five to seven years. Results showed that children's perception of tones
and aspiration of consonants were categorical, but the perceptual developmental
trajectories of the two phonological categories were different. Children aged six years
had obtained an adult-like ability to identify tones, while consonant aspiration
perception among children aged seven years was still worse than adults. Similar results
involving both identification and discrimination were found in Ma et al. (2021), where
the identification and discrimination reached the adult-like level at age six and five
respectively for lexical tones, but still not for aspiration of stops at age six. Feng (2022)
further expanded the age range to four to 14 years old. Results showed that six-year-old
children could perceive tones categorically as adults, and the identification of aspiration
in ten-year-old children had reached the adult-like level, but their ability to discriminate
aspiration became mature at the age of 14. The different perceptual developmental
trajectories between lexical tones and aspiration of consonants were consistent with the
phonological saliency hypothesis (Zhu & Dodd, 2000), which proposed that
phonological saliency determined the acquisition order of syllable components. The
degree of phonological saliency was determined by the combination of the status of the
component in the syllable structure, the capacity in differentiating lexical meaning, and

the number of permissible choices within the component. Therefore, tones had a higher
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saliency and were acquired earlier than the aspiration of consonants, because of its
necessity for forming syllables and fewer alternative phonemes in Mandarin.

The literature above documented the effect of babble noise on adult listeners’
perception of lexical tones and consonant contrasts, and tried to uncover the perceptual
development of lexical tones and consonants. However, few studies investigated the
perceptual performance of lexical tones and consonants among adolescents over the age
of 12. Moreover, the effects of noise on the CP of tones and consonants in adolescents
remain unclear. In consequence, it remains unknown about the age-related differences
in CP of lexical tones and aspiration of consonants between adults and adolescents, and
the interaction effect of age and noise. According to the results of previous studies, the
development of categorical precision (slope of the identification curve and magnitude
of the discrimination peak) of VOT perception is completed sometime during the period
from 12 to 17 years of age (Feng, 2022; Hazan & Barrett, 2000; Medina et al., 2010),
and the six-year-old children could perceive tones categorically as adults in the quiet
condition (Chen, 2017; Feng, 2022). Therefore, the adolescents aged 12-14 were chosen
in this study to investigate the age-related differences of the CP of Mandarin tones and
aspiration of consonants in babble noise, which may help to better understand the real
development of CP of lexical tones and consonant aspiration in real life. In the quiet
condition, adolescents aged 12 years had obtained an adult-like ability to identify
lexical tones, while their consonant perception was still in development. And cross-
linguistic studies of noise suggest that lacking experience of the native language may
lead to less robustness in phonemic category learning, which is susceptible to noise
(Lecumberri & Cooke, 2006; Xu et al., 2018). On this account, it is assumed that, for
adolescents aged 12-14 years, CP of Mandarin tones was comparable with adults, while

CP of consonant aspiration was poorer than that of adults and the gap would become
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larger in the babble noise condition.
The role of working memory in CP

Considering that babble noise produces the energetic and informational
interference, and attention and WM distractions in the processing of CP (Brungart et al.,
2001; Schneider et al., 2007), the third purpose of this study was to examine the
difference in working memory capacity (WMC) between adults and adolescents, and
assess the relationship between speech perception in the quiet or noise conditions and
components of auditory verbal working memory (AVWM).

WM is considered to support language acquisition and subsequent processing via
the maintenance, storage, and processing of ambient language sounds (Baddeley, 1992,
2000; Gathercole & Baddeley, 1989). Previous studies suggest that cognitive
development may represent a cascade in which age-related increases in processing
speed mediate most of the developmental increases in WMC (Fry & Hale, 1996; 2000).
However, the relationship between developmental differences in WMC and speech
perception, an important high-level cognitive ability, remains unclear and needs further
investigation. In addition, it has been well documented that WM is always deployed
when speech is presented against a noisy background, especially when the masker
consists of speech (Koelewijn et al., 2012; Zekveld et al., 2013). WM was thought to
compensate for the ambiguity as a result of degraded phonological representations, and
help predictive coding before or during the early portions of a spoken stimulus in
adverse listening conditions (Rénnberg et al., 2011; 2013). Previous studies based on
the perception of sentences and words suggested that listeners with larger WMC tended
to have a better perceptual performance in noise (e.g. Ingvalson et al., 2015; Millman
& Mattys, 2017). For example, Millman and Mattys (2017) found that listeners with

greater phonological WMC were better able to correctly identify sentences in

10
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modulated noise backgrounds. Previous research has focused on adults, however, less
is known about the underage group. Moreover, how WM contributes to CP in noise
remains unclear.

WMC has been assessed with various auditory and visual tests in previous studies,
often pertaining to different components of WM. Standardized tests of AVWM include
forward digit span task (FDS), backward digit span task (BDS), and non-word repetition
(NWR), which were considered in terms of a gradient of processing demands (Daneman
& Merikle, 1996). FDS requires minimum processing demand for temporarily
maintaining verbal information, whereas BDS requires more executive control for
manipulation of the digit sequence (Alloway et al., 2004; Gathercole et al., 2004). In
the WM models, short-term memory generally refers to maintaining information
temporarily, while complex WM involves both information storage and processing
(Baddeley, 2000; Zebib et al., 2019). Therefore, FDS and BDS assessed short-term
memory (temporarily storing information), and complex working memory (storage and
manipulation by the executive control), respectively (Hamann, 2017). And NWR, with
the maximum processing demand, measures more than the phonological component of
WM and, to some extent, long-term memory (Gathercole, 1995; Gathercole & Adams,
1994). Recently, NWR was considered as an indicator of sub-lexical knowledge, which
was the representation of ‘chunks’ of phonemes in the long-term memory (Jones et al.,
2014; Szewczyk, 2018).

FDS, BDS, and NWR have been widely used in speech recognition, such as words
and sentence recognition, however, any relationship between different sub-components
of AVWM and CP remains ill-defined. Xu et al. (2006) proposed a multistore model of
CP consisting of unanalyzed and analyzed sensory memory, short-term and long-term

categorical memory, which are inputs for decision-making. Information is encoded
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hierarchically but short-term categorical memory and analyzed sensory memory can be
processed in parallel. However, the measurement corresponding to each memory
component in this model has not emerged. The multistore model of CP could
correspond to the components of generalized WM: short-term memory (sensory and

short-term categorical information storage), long-term memory (long-term categorical
representations), and complex memory (information encoding and decision-making).

Therefore, the FDS, BDS, and NWR, which were frequently used to measure short-
term memory, complex memory, and long-term memory respectively, were chosen in
this study to clarify the role of sub-components of AVWM in CP of adolescents and
adults in the quiet and babble noise conditions via these different tests.

Taken together, the current work attempted to address the following three research
questions: (a) how does babble noise affect adult and adolescent listeners’ CP of
Mandarin tones and aspiration of consonants? (b) how does age interact with noise to
affect CP of Mandarin tones and aspiration of consonants? and (c) whether there is a
difference in WMC between adults and adolescents? and whether adult and adolescent
listeners’ CP of Mandarin tones and aspiration of consonants in the quiet or babble noise

conditions were associated with their AVWM?

Method

Participants

Twenty-four adults (13 males, 21-33 years old, mean = 25.1, SD = 3.01) and
twenty adolescents (14 males, 12-14 years old, mean = 13.5, SD = 0.79) with Mandarin
as their native language were recruited from northern China for this study. All
participants were right-handed and had no formal musical experience or a history of

speech or hearing impairment. Informed consent approved by the Behavioral Research
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Ethics Committee of Shenzhen Institute of Advanced Technology, Chinese Academy

of Sciences was obtained from all adult participants and adolescents’ parents.

Materials

Tone 1 - Tone 2 pair had been investigated in many studies, and was well-
documented to be perceived categorically in native listeners (e.g., Wang, 1976; Xi et
al., 2009). Therefore, Tone 1 - Tone 2 pair was chosen for the investigation of lexical
tone perception in the current study. Speech samples, including the Mandarin syllable
/pa/ with Tone 1, the syllable /pa/ with Tone 2, and the syllable /p"a/ with Tone 1, were
recorded by a female native Mandarin speaker using Praat (Boersma & Weenink, 2019),
with a sampling rate of 44,100 Hz and 16-bit resolution. The 7-stimuli continuum of
tones from Tone 2 (mid-rising tone) to Tone 1 (high-level tone) and the 7-stimuli
continuum of consonant aspiration from /pa/ to /p"a/ with Tone 1 were synthesized
using TANDEM-STRAIGHT software (Kawahara et al., 2009). For example, the tone
continuum was generated based on the natural Tone 1 and Tone 2 sounds, after FO
extraction and editing, aperiodicity and STRAIGHT spectrum extraction, assigning
temporal and frequency anchors, and morphing rate manipulation. The step sizes of
tone and aspiration continua were 12 Hz and 8 ms, respectively. Schematic diagrams
of the pitch contours in the tone continuum and VOT in the aspiration continuum are

shown in Figures 1 (A) and (B).
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Figure 1. (A) Schematic diagram of pitch contours in tone continuum; (B) Schematic
diagram of VOT patterns in aspiration continuum.

Each stimulus of the noisy continua was resynthesized by mixing the
corresponding clean speech stimulus with a frozen piece of babble noise with identical
duration and SPL, resulting in an SNR of 0 dB. The babble noise was generated from
the recording of six talkers’ (3 males) simultaneous speech. They were asked to read
some sentences matched in length and composed of common words in Chinese, which
were selected from some books, journals, and newspapers. As the duration of babble
noise is as short as 300 ms, it was hardly recognizable to listeners. To make the loudness
and duration of all stimuli comparable, each stimulus was fixed at 70 dB SPL by
modulating the root-mean-square amplitude of each sound, and was adjusted to 300 ms
through PSOLA in Praat. Before the experiment, the volume was adjusted to a
comfortable level for each participant. There are two reasons for the selection of 0 dB
SNR in this study. Firstly, previous studies have shown that noise at 0 dB SNR had
significant interference on speech perception (Gordon-Salant, 1985; Turner et al.,
1992). Meanwhile, it is reported that the CP of consonants in 12-year-olds was still
immature (Hazan and Barrett, 2000). Therefore, the teen-friendly SNR at 0 dB was
selected in this study.

Tasks to measure different sub-components of AVWM included FDS, BDS, and
NWR. There were two trials at each length, from two numbers (e.g., 3-7) to eight

numbers (e.g., 4-6-2-4-7-9-0-2-1) for both FDS and BDS tasks. None of the lists contain
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easily memorable sequences (e.g., 1-2-3). There was a nonword list consisting of 20
trials at the length of one word (e.g., rai in Pinyin), two words (e.g., bong nua), and
three words (e.g., 1€ fdo shong). All of the nonwords were nonsense syllables which

were phonotactically illegal in Mandarin.

Procedure

The CP test included the identification task and the discrimination task. Both tasks
were performed on a laptop through E-prime 2.0 (http://www.pstnet.com/eprime.cfim).
The stimuli were presented to participants randomly through a headphone (Sennheiser
HD280 Pro). Participants were asked to press key ‘1’ on the keyboard when they heard
/pa/ with Tone 1 and press key ‘2’ when they heard /pa/ with Tone 2, or press key ‘1’
when they heard /pa/ and press key ‘2’ when they heard /p"a/ in the tone or consonant
aspiration identification tasks, respectively. Each stimulus was repeated five times.

The AX paradigm was used in the discrimination task. The speech stimuli were
presented in pairs with a 500 ms inter-stimulus interval. Participants were asked to
judge whether the two speech stimuli they heard were the same or not by pressing ‘1’
for the same and pressing ‘2’ for different on the keyboard. There were 10 stimuli pairs
in the discrimination task, including six pairs which consisted of two different stimuli
separated by two steps in either forward (1-3, 3-5, 5-7,) or reverse order (3-1, 5-3, 7-5),
and four pairs which consisted of four stimuli each paired with itself (1-1, 3-3, 5-5, 7-
7). Each stimuli pair was repeated four times and released in random order.

For AVWM tests, the participants heard a string of numbers and were asked to
repeat it forward or backward immediately in digit span tasks. The testing session began
with span lists of two numbers in length and only increased in length when at least one

of the two sequences was correctly recalled. Besides, participants were asked to repeat

15


http://www.pstnet.com/eprime.cfm

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

the nonwords immediately in the NWR task. All of the nonwords were required to be
recalled. The responses of listeners were verbal and the whole process was recorded by
Praat for further data analysis.

There was a practice session before all tasks, making sure that participants
understood the tasks and were familiar with the procedure. The order of four continua
(i.e., tone and aspiration continua in the noise or quiet conditions) was counterbalanced

across all participants. The experiment was completed in a quiet lab.

Data analysis

In the identification task, the identification score of each particular stimulus was
defined as the average percentage of responses as Tone 1. The boundary position and
boundary width of each participant were calculated using Probit analyses (Finney,
1971). The boundary position was defined as the 50th percentile and the boundary width
was defined as the linear distance between the 25th and 75th percentiles. The narrow
boundary width refers to a clear distinction between phonological categories.

In the discrimination task, the discrimination accuracy of each comparison unit was
obtained by the formula: P = P (‘S’|S) x P (S) + P (‘D’|D) x P (D), where P (S)
represents the percentage of the same stimuli pairs (e.g., 1-1, 3-3) and P (D) represents
the percentage of different stimuli pairs (e.g., 1-3, 3-1). P (‘S’|S) and P (‘D’|D) represent
the percentage of ‘the same’ and ‘different’ responses to the same and different stimuli
pairs, respectively (Xu et al, 2006). Between-category discrimination accuracy was
defined as the mean value of discrimination accuracy between two stimuli pairs that
stretch over the boundary position, and discrimination accuracy of within-category was

defined as the mean value of discrimination accuracy of residual stimulus pairs.
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In the digit span tasks, the score was defined as the repetition accuracy of digit
combinations. Accuracies of FDS and BDS were calculated separately. In the NWR
tasks, in view of the structure of Chinese syllables composed of initial, thymes, and
lexical tone, the score was defined as the mean of repetition accuracy of tones, initial

consonants, and rhymes of nonwords.

Results

Identification and discrimination of tones

The identification curves of tones among adults and adolescents in both quiet and
noise conditions are shown in Figure 2 (A). The between- and within-category
accuracies of tone discrimination in the two groups are shown in Figure 2 (B). The

boundary position and width are shown in Table 1.
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Figure 2. (A) Identification curves of tone perception; (B) Between-category and
within-category accuracy of tone discrimination; (C) Identification curves of aspiration
perception; (D) Between-category and within-category accuracy of aspiration

discrimination. Error bars = +1 SD.
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Table 1. Boundary position and width of tone and aspiration identification.
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Tone identification Aspiration identification

Adults Adolescents Adults Adolescents

Quiet Noise Quiet Noise Quiet Noise Quiet Noise

Boundary 480 470 442 481 249 266 275 290
position (SD)  (0.50) (0.56) (0.43) (0.44) (0.14) (0.59) (0.33) (0.92)

Boundary 051 064 063 061 046 1.00 084 1.6l
width (SD)  (0.04) (0.32) (0.33) (0.34) (0.08) (0.66) (0.38) (1.59)

Results of 2 (group) % 2 (condition) repeated measures ANOVA showed a
marginal significant main effect of condition (F (1,42) = 4.02, p = .052) and a
significant interaction effect between group and condition (F (1,42) = 4.37, p = .043)
on boundary position. Simple main effect analysis indicated that there was no
significant difference in the adult group between the quiet and noise conditions (p =
.95), while the boundary position of adolescents in the babble noise condition
significantly moved to Tone 1 (p = .008), indicating that more sound stimuli were
perceived as Tone 2 under the interference of noise. The main effect of group on
boundary position was not significant (p = .074). There were neither significant main
effects of condition (p = .76) and group (p = .51), nor an interaction effect on boundary
width (p =.54), which indicated that there was no significant difference in the boundary
width of tone perception between adults and adolescents, and babble noise at an SNR
of 0 dB exerted no significant influence on the boundary width in both groups.

For tone discrimination, the results of 2 (group) % 2 (condition) % 2 (category type)
repeated measures ANOVA showed a significant main effect of category type (F (1,
42)=55.46, p <.001), and a significant interaction effect between group and category
type (F (1,42)=4.37, p=.043). Simple main effect analysis showed that there was no
significant difference in the accuracy of between-category discrimination between
adults and adolescents (p = .47), while within-category discrimination accuracy of
adolescents (mean = 0.69) was significantly higher than that of adults (mean = 0.63) (p

=.011). There were neither significant main effect of condition (p = .36) and group (p
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= 47), two-way interaction effect of condition and group (p = .69), condition and

category type (p = .87), nor three-way interaction effect of condition, group and

category type (p = .45).

Identification and discrimination of consonant aspiration

Figure 2 (C) shows the identification curves of consonant aspiration among adults
and adolescents in both quiet and noise conditions. Figure 2 (D) shows the between-
and within-category discrimination accuracies among the two groups in both quiet and
noise conditions. The boundary position and width are shown in Table 1.

Results of 2 (group) x 2 (condition) repeated measures ANOVA showed that there
was no significant main effect of group (p = .22) and condition (p = .89), nor the
interaction effect on boundary position of aspiration identification (p = .07). But there
was a significant main effect of condition on boundary width (F (1,42) = 11.23, p =
.002). There was no significant main effect of group (p = .14), nor the interaction effect
(p = .61) on the boundary width of aspiration identification. These indicated that there
was no significant difference in boundary position and width between adults and
adolescents, but babble noise had a significant negative effect on both groups, reflected
by a wider boundary width of aspiration identification.

For aspiration discrimination, the results of 2 (group) x 2 (condition) x 2 (category
type) repeated measures ANOVA revealed a significant main effect of condition (F
(1,42)=11.19, p=.002) and category type (F (1,42)=70.12, p <.001), and a significant
interaction between category type and group (F (1,42) = 11.08, p =.002). Simple main
effect analysis indicated that between-category discrimination accuracy in adults was
significantly higher than that in adolescents (p = .006), while within-category

discrimination accuracy in adults was significantly lower than that in adolescents (p =
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.004). In addition, there was a significant interaction between category type and
condition (F (1,42) = 5.56, p = .023). Simple main effect analysis indicated that the
discrimination accuracy of between-category phonemes in the quiet condition was
significantly higher than that in the noise condition (p = .002), while within-category
discrimination accuracy in both conditions were not significantly different (p = .83).
There were neither significant main effect of group (p =.11), two-way interaction effect

of condition and group (p = .12), nor three-way interaction effect of condition, group

and category type (p = .13).

Digit span and nonword repetition

The distributions of accuracies of FDS, BDS, and NWR tasks of adults and
adolescents are presented in Figure 3 (A). Independent t-test indicated that there was a
significant difference between the nonword repetition accuracy of adults and
adolescents (¢ (35) = 2.848, p = .007), while the difference of FDS and BDS between

the two groups did not reach significance (ps > .05).
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Figure 3. (A) Recall accuracy of AVWM tasks; (B) Correlation between the boundary
width of tone perception in the quiet condition and recall accuracy of AVWM tasks in
adults; (C) Correlation between the boundary width of tone perception in the noise
condition and recall accuracy of AVWM tasks in adults; and (D) Correlation between
the accuracy of between-category tone discrimination in the quiet condition and recall
accuracy of AVWM tasks in adults.

Pearson correlation analysis indicated significant correlations between accuracies
of AVWM tasks and CP of tones among adults. There were negative correlations
between boundary width of tone perception in the quiet condition and accuracy of BDS
task (» = -.560, p = .004), or accuracy of NWR (» = -.514, p = .010). There were also
significant negative correlations between boundary width of tone perception in the
noise condition and accuracy of FDS task (» =-.406, p =.049), or accuracy of BDS task
(r=-.409, p = .047). Besides, there was a significant positive correlation between the
accuracy of the BDS task and the accuracy of between-category discrimination of tone
perception in the quiet condition (r = .462, p = .023). The corresponding scatterplots
are shown in Figure 3 (B), (C) and (D), respectively. However, there was no significant

correlation either between accuracies of AVWM tasks and CP of tones and aspiration
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of consonants among adolescents, or between accuracies of AVWM tasks and CP of

consonant aspiration among adults. The correlation results between the accuracy of

cognitive tests and CP performance are shown in Table 2.

Table 2. The correlation between accuracy of cognitive tests and CP performance.

Cognitive tests FDS BDS NWR
Boundary position r=-084 r=-.079 r=-.090
Boundary width r=-239  r=-560*%* r=-514*%
Quiet Accuracy of between-category r= 331 f= 462 r= 376
discrimination ’ ' '
Accuracy of within-category — 348 — 020 — %
Tone discrimination e " e
perception of —
Adults Boundary position r=.310 r=.037 r=-.286
Boundary width r=-406*% r=-409* r=-19%
Noise | /Accuracy ofbetween-category g5, _ 313 ,— 124
discrimination
Accuracy of within-category  _ 155 ._ o17  ,=_050
discrimination
Boundary position r=-393 r=-367 r=.163
Boundary width r=-420 r=-.048 r=-.295
Quict Accuracy of between-category r= 265 = 262 = 139
discrimination ) ' '
Accuracy of within-category _ _ _
Toqe discrimination r=.209 r=.202 r=-.164
perception of -
Adolescents Boundary position r=-195 r=.262 r=.271
Boundary width r=.070 r=.027 r=-.054
Noise Accuracy of between-category F=-007 =050 =227
discrimination ' ' ’
Accuracy Of. W}thlp—category r=.097 r=.112 r=.010
discrimination
Boundary position r=-264 r=.004 r=-.050
Boundary width r=-082 r=-.047 r=.000
Quiet | ACCUTACY OF BEWEON-CAUCEOY g3y =077 r=-192
1scrimination
o Accuracy of within-category _ _ _
Asplra_ltlon Jiscrimination r=-113  r=-.055 r=.104
perception of —
Adults Boundary position r=-.080 r=.122 r=-.070
Boundary width r=.056 r=-.117 r=.135
Noise Accuracy of between-category r= 275 F= 291 = 196
discrimination ’ ’ '
Accuracy Of. W}thlr.l-category r=-324 r=.012 r=-.196
discrimination
Aspiration | Quiet Boundary position r=.061 r=.069 r=-255
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502

perception of Boundary width r=.181 r=.260 r=-.007

Adol t
dolescents Accuracy of between-category

discrimination r=-.031 r=.008 r=.312

Accuracy of within-category F= 201 F= 238 r=-057

discrimination
Boundary position r=.370 r=.060 r=-204
Boundary width r=-388 r=-110 r=.047
Noise Accuracy.ofbet.weefn-category r=.194 r=-.237 r=.303
discrimination

Accuracy of within-category

discrimination r=.162 r=-.070 r=.084

Note. CP = categorical perception, FDS = forward digit span task, BDS = backward digit span

task, NWR = non-word repetition, * 0.01 <p <0.05, ** p <0.01.

Discussion

In this study, we investigated the CP of Mandarin tones and consonant aspiration
contrasts in babble noise among adults and adolescents aged 12-14 years, and explored
the association between WM and CP. Results indicated that, firstly, in the noise
condition, both adults and adolescents showed wider boundary widths and lower
between-category accuracies when perceiving aspiration of consonants, and the
categorical boundary of tone perception in adolescents showed a transitional tendency
towards Tone 1. Secondly, discrimination of consonant aspiration in adolescents
needed to be further developed. Lastly, the accuracy of NWR in adolescents was lower
than that in adults, and adults with better AVWM had better performance on tone
perception. These results were discussed in detail as below.

Effect of babble noise on the CP of Mandarin tones and aspiration of consonants
In this study, we found a negative effect of babble noise on certain aspects of CP of
Mandarin tones and aspiration of consonants, which seemed to vary among different

groups. Babble noise weakened the capacity of adults and adolescents to perceive
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aspiration of consonants, reflected by wider boundary widths and lower between-
category accuracies, while babble noise influenced tone perception only in adolescents
who showed a boundary moving towards Tone 1 in the noise condition.

For tone perception, the obtained boundary position in adolescents moved towards
the ending of Tone 1 in the babble noise condition, while adults did not show the same
tendency. Babble noise interferes with the CP of adolescents from spectral energy and
language information, and distracts attention and working memory needed for CP of
target speech as well (Brungart et al., 2001; Schneider et al., 2007). The generalized
pulse-skipping hypothesis (Chiu et al., 2019; Feng et al., 2021) suggests that divided
attention and WM resources could cause a loss of pulses in auditory inputs, and further
reduce listeners' sensitivity to FO information. Therefore, for adolescents with immature
WM, they could not maintain a robust boundary position of tone perception in the noise
condition. On the other hand, the accuracy of NWR, which is an indicator of sub-lexical
knowledge, was lower in adolescents than that in adults. Therefore, it's also possible
that adolescents performed a psychophysical boundary trend in the noise condition, for
lacking abundant sub-lexical knowledge like adults. Otherwise, the babble noise
exerted no significant effect on either adolescents’ CP of tones in terms of boundary
width and discrimination accuracy or overall CP performance in adults. Tone
perception has been found to have robust noise resistance (Qi et al., 2017; Wang & Xu,
2020). According to Wang and Xu (2020), for example, the accuracy of tone
recognition was approximately 80% at -6 dB SNR in eight-talker babbles. Therefore, it
is likely that the SNR was not low enough to make a significant difference in CP of
tones between the quiet condition and the noise condition at 0 dB SNR in the current

study.
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Unlike the only adolescents’ moving boundary position of the CP of tones affected
by noise, babble noise impoverished both groups’ ability to perceive aspiration of
consonants, reflected by wider boundary width and lower accuracy of between-category
discrimination. Firstly, the duration of tones is longer (e.g., 300 ms in this study) than
that of aspiration (e.g., 5 - 53 ms in this study). That is to say, aspiration changes faster
and has lower clarity, therefore, perception of consonant aspiration was more difficult
than that of tones (Bao & Lin, 2014). Moreover, FO was noise-resistant relatively, while
aspiration itself could be regarded as a kind of noise and the transient noise burst is an
essential cue for perceiving VOT, which is easily masked by babble noise. Therefore,
under the masking of babble noise, people perceived aspiration of consonants in a more

adverse condition than tones, and were unable to obtain enough acoustic information.

Perceptual development of Mandarin lexical tones and aspiration of consonants

For the development of CP, Mandarin-speaking adolescents' perception of lexical
tones had reached maturity basically in terms of boundary position, boundary width,
and between-category discrimination, except for the moving boundary towards Tone 1
in the noise condition. And there was a significantly higher within-category accuracy
of tones in adolescents than adults. Xu et al. (2006) found that English listeners showed
better within-category discrimination sensitivity of pitch than Chinese, and pointed out
that the peakedness of discrimination was a result of both an enhancement of between-
category discrimination and a reduction of within-category discrimination. Therefore,
it was revealed that tone discrimination of adolescents was still in the process of further
development, for their higher within-category discrimination accuracy than adults.

The identification of consonant aspiration in adolescents had reached the adult

level. However, the between-category accuracy was significantly lower in adolescents
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than adults, while the within-category accuracy was significantly higher in adolescents
than adults. The results indicated that both between- and within-category discrimination
skills still needed to be further developed, which was consistent with previous studies
about the development of the CP of consonants in 10-year-old children and 12-year-old
adolescents (e.g., Feng, 2022; Hazan & Barrett, 2000).

Comparing the perceptual results of tones and consonant aspiration, it could be
found that CP of tones developed easier than that of consonant aspiration, which was
also consistent with previous research. Feng (2022), for example, reported that the tone
perception ability of six-year-old children had not been significantly different from that
of adults, while the aspiration discrimination ability of ten-year-old children had not
been maturely developed. According to the acoustic characteristics of phonemes, as
mentioned above, compared with the tones, consonant aspiration shows a faster change
and lower resolution, therefore, its perception was more difficult than tones. Tone
perception tends to be easier to be acquired than aspiration perception for its clearer
acoustic pattern. Furthermore, according to the phonological saliency hypothesis (Zhu
& Dodd, 2000), the tone had a higher saliency than the aspiration of consonants in
Mandarin, because it is compulsory for every syllable and there are fewer alternative
phoneme choices than aspiration. Therefore, lexical tones could be acquired easier than

the aspiration of consonants as a result of the higher saliency of tones.

Relationship between working memory and CP

A significant difference between the NWR accuracy of adults and adolescents was
found in AVWM tasks, which might be the result of the gap in the phonological
component of WM and language experience between the two groups. Because NWR

was well-documented to be an indicator of sub-lexical knowledge, which was the
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representation of ‘chunks’ of phonemes in long-term memory (Szewczyk et al., 2018).
It also might provide evidence that tone perception of native Mandarin adolescents
perhaps perform a psychophysical boundary trend in the noise condition, for lacking
abundant sub-lexical knowledge like adults. In addition, NWR has the maximum
processing demand in AVWM tasks (Daneman & Merikle, 1996), therefore, the
difference in NWR accuracy revealed that the processing capacity of adolescents might
be lower than that of adults. Other than NWR, there was no significant difference in
FDS and BDS accuracy between adults and adolescents. There might be a ceiling effect
for both groups, because of the less processing demand of FDS and BDS than NWR.
For the correlations between CP and AVWM, it seemed that the roles of different
sub-components of AVWM varied in CP of tones and aspiration of consonants among
adults and adolescents in different conditions. Firstly, there was no significant
correlation between any sub-components of AVWM and CP in adolescents. The
processing capacity gap between adolescents and adults reflected by the NWR
performance difference may suggest the immaturity of adolescents in the utilization of
AVWM in speech perception. Secondly, with respect to adults, the correlation between
sub-components of AVWM and CP of consonant aspiration was not significant, while
accuracies of AVWM tasks were positively associated with performance in tone
perception in some ways. According to the cue-duration hypothesis in Fujisaki and
Kawashima (1970), the duration of the critical information of consonants was majorly
responsible for the inferior auditory short-term memory, which stores information for
subsequent speech processing. The acoustic cues (VOT) that distinguish aspiration of
consonants are relatively short in duration and presumably cannot be stored well in
memory, while the acoustic cues (F0) distinguish tones throughout the entire duration

of the stimulus.
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Thirdly, for CP of tones in adults, sub-components of AVWM contributed to its
identification and discrimination in different conditions differentially. The significant
correlations between the accuracy of BDS and performance of identifying tones in both
conditions, and performance of discriminating tones in the quiet condition indicated
that identification in both quiet and noise conditions and discrimination in the quiet
condition took advantage of complex working memory, especially the executive
component of AVWM (as assessed by BDS), which was necessary for encoding
information in different domains (Baddeley, 2000). Besides, those with better sub-
lexical knowledge (as assessed by NWR) and short-term memory (as assessed by FDS)
performed better in the quiet and noise conditions respectively. It is possible that speech
perception in the noise condition also needed to utilize short-term memory to store extra
information of babble noise, and noise masking made it more difficult to extract

categorical features and to link to long-term memory.

Limitation

Limit effect of babble noise on tone perception in this study may result from the 0
dB SNR. Therefore, CP, especially that of tone in more challenging babble with lower
SNR and more talkers needs to be investigated in future studies, to find more interaction
between noise and different age groups. In addition, adolescents over the age of 14
should also be considered in further research on the development of categorical speech
perception, especially CP of consonants, since the consonant discrimination in

adolescents aged 12-14 was still immature.
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Conclusion

In this study, we examined CP of Mandarin lexical tones and aspiration of
consonants in babble noise among native young adults and adolescents, and further
explored the association between different sub-components of AVWM and CP. Results
revealed that babble noise weakened the ability of adults and adolescents to perceive
aspiration of consonants with a wider boundary and lower between-category accuracy,
and influenced tone perception in adolescents who showed a moving boundary towards
Tone 1 in the noise condition. Our results also provided evidence that the CP of
consonant aspiration is acquired more difficultly than that of tones. Moreover, CP
performance relates to the capacity and utilization of AVWM in some ways. Better
AVWM might lead to better performance of tone perception in adults. Tone
identification of adults in both quiet and noise conditions and discrimination in the quiet
condition took advantage of complex working memory, especially the executive
component of AVWM. And better sub-lexical knowledge and short-term memory
contribute to better performances of tone identification in quiet and noise conditions,

respectively.
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