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 20 

Purpose: This study investigated the categorical perception of Mandarin tones and 21 

consonant aspiration contrasts in babble noise among adults and adolescents aged 12-22 

14 years, and explored the association between working memory and categorical 23 

perception.  24 

Method: Twenty-four adults and twenty adolescents with Mandarin as their native 25 

language were recruited. Their performances of phonemic identification and 26 

discrimination in babble noise and quiet conditions, digit span tasks, and nonword 27 

repetition were assessed. 28 

Results: Results indicated that, firstly, in the noise condition, both adults and 29 

adolescents showed wider boundary widths and lower between-category accuracies 30 

when perceiving aspiration of consonants than in the quiet condition, and the 31 

categorical boundary of tone perception in adolescents showed a transitional tendency 32 

towards Tone 1. Secondly, discrimination of consonant aspiration in adolescents 33 

needed to be further developed. Lastly, the accuracy of nonword repetition in 34 

adolescents was lower than that in adults, and adults with better auditory verbal working 35 

memory had better performance on tone perception. 36 

Conclusions: Our results provided evidence that tone perception is acquired easier than 37 

consonant aspiration perception, and tone perception is more robust and less susceptible 38 

to noise interference. Categorical perception performance relates to the capacity and 39 

utilization of auditory verbal working memory in some ways.   40 
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Introduction 41 

Categorical perception (CP) of speech refers to the ability that people could map 42 

continuous and infinite sounds into finite phonemic categories that the specific 43 

language allows. Previous studies have well-documented the characteristics of CP: a 44 

steep rise or fall in identification curve near the boundary between different phonemic 45 

categories (Liberman et al., 1957), and better discrimination ability of between-46 

category phonemes than that of within-category ones (Xu et al., 2006).  47 

CP of Mandarin lexical tones and aspiration of consonants 48 

Earlier studies on CP have focused on segmental features in Indo-European 49 

languages (e.g., Liberman et al., 1957, 1961), and recent studies have paid attention to 50 

suprasegmental features, for example, lexical tone (e.g., Peng et al., 2010; Xu et al., 51 

2006). Mandarin is a tone language that typically uses fundamental frequency (F0) 52 

contour to provide contrasts in word meaning. The function of tones to distinguish 53 

lexical meanings is analogous to segments such as voiced/voiceless consonants, except 54 

that the tone can be carried by more than one segment. Mandarin Chinese phonemically 55 

distinguishes four citation tones with different pitch contours: high-level tone (Tone 1), 56 

mid-rising tone (Tone 2), low-falling-rising tone (Tone 3), and high-falling tone (Tone 57 

4). The same syllable expresses different meanings depending upon the tones. For 58 

example, the meaning of Mandarin /pa/ with Tone 1 is “八 eight”, with Tone 2 means 59 

“拔 to pull”, with Tones 3 and 4 are “把 to hold” and “爸 father”, respectively. The 60 

importance of F0 as a primary cue to the perception of Mandarin tones is supported by 61 

a variety of studies (e.g., Gandour, 1978; Wang, 1967). For example, Massaro, Tseng, 62 

and Cohen (1985) reported that both F0 height and F0 contour were important in tone 63 

perception. Many studies have shown that the perception of Mandarin lexical tones is 64 

typically categorical and is influenced by language experience (cross-language or cross-65 
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dialect) (Peng et al., 2010; Wang, 1976; Xu et al., 2006). For example, Wang (1976) 66 

investigated CP of level tone and rising tone among native-Mandarin and native-67 

English speakers, and found two different types of perceptual boundary (i.e., 68 

psychophysical boundary vs. linguistic boundary). For native-English listeners who 69 

lack tonal language experience, they were more likely to distinguish the “real level tone” 70 

and the rest according to their psychophysical experience. Therefore, their boundary 71 

position of tone perception was closer to the level tone. While for native-Mandarin 72 

speakers with tonal language experience, they could distinguish tones according to their 73 

mental linguistic categories. 74 

Like lexical tone, consonant aspiration is also a distinctive feature in Mandarin. In 75 

English, voiced and voiceless consonants are distinct because of voice onset time (VOT) 76 

(Lisker & Abramson, 1964), and the perception of English consonants varying in VOT 77 

was essentially categorical (Liberman et al., 1961). The perceptual characteristics of the 78 

VOT have been documented to be related to specific languages (Lisker & Abramson, 79 

1970). Different from English, the temporal cue of VOT is utilized to identify the 80 

aspiration of consonants, which is an important distinctive feature in Mandarin. There 81 

are six pairs of unaspirated and aspirated consonants that can distinguish lexical 82 

meanings. For example, the meaning of Mandarin /pa/ with Tone 1 is “八 eight”, while 83 

the aspirated one /pha/ with Tone 1 means “趴 grovel”. Numerous studies have shown 84 

that VOT is an important perceptual cue for the distinction between aspirated and 85 

unaspirated consonants such as /p/ and /ph/ (Lisker & Abramson, 1964, 1967). Many 86 

investigations showed that the perception pattern of VOT in Mandarin speakers is 87 

highly categorical (Wang & Shangguan, 2004; Xi et al., 2009). Given that lexical tones 88 

and aspiration of stops were two representative distinctive features of Mandarin and 89 

were perceived categorically, they were chosen in this study to investigate the age-90 
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related differences of CP of Mandarin segments and suprasegments in babble noise. 91 

Effects of babble noise on CP 92 

Speech perception is always accompanied by background noise in daily life, 93 

especially speech noise, instead of in acoustically ideal conditions in the lab. A 94 

considerable number of studies have shown noise-associated deterioration in speech 95 

recognition for adult listeners, especially under the babble noise which contains 96 

phonetic, linguistic, and semantic cues. Babble noise disrupts the CP of speech from 97 

spectral energy and language information, and distracts attention and working memory 98 

(WM) needed for CP of target speech as well (Brungart et al., 2001; Schneider et al., 99 

2007). Therefore, investigating the CP in babble noise could help to reveal the 100 

development of CP in real life, and the utilization of WM involved. In view of the sparse 101 

literature about the effect of babble noise on the perception of Mandarin tones and 102 

consonants, the first goal of this study was to examine how the babble noise influenced 103 

listeners’ CP of Mandarin tones and aspiration of consonants involving both 104 

identification and discrimination functions.  105 

Different noise types (e.g., white noise and babble noise) with diverse masking 106 

types modulate the difficulty of speech perception (Brungart et al., 2001; Lecumberri 107 

& Cooke, 2006). Nonspeech noise (e.g., white noise) mainly masks the energy in the 108 

same critical bands and produces disturbance at the auditory periphery. For example, 109 

Turner et al. (1992) investigated the detection and recognition of stop consonants in 110 

white noise, and found recognition was largely determined by the audibility of speech 111 

in normal-hearing listeners. And results also indicated the strong effect of noise on 112 

consonants recognition, which only achieved above-chance accuracy (16.67%) at the 113 

SNR of -5 to 0 dB. Besides masking energy, speech noise (e.g., babble noise) interferes 114 

with the processing of the target signal at phonetic and/or semantic levels because of 115 
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the similar-sound-pattern distracter. Especially, babble noise which contains phonetic, 116 

linguistic, and semantic cues has comparative interference with speech perception in 117 

both auditory and cognitive aspects. The effects of babble noise on the recognition of 118 

lexical tones and consonants had been reported in several studies. For example, Dees et 119 

al. (2007) investigated the recognition of tones carried by different vowels in white 120 

noise with signal-to-noise ratios (SNR) of -15 dB and -20 dB and babble noise with the 121 

SNR of -5 dB and -20 dB among native Mandarin speakers and English speakers 122 

without exposure to tonal languages. Results showed that firstly both groups performed 123 

better in the condition with higher SNR. In addition, native Mandarin speakers overall 124 

performed better than English speakers in white noise conditions, but Mandarin-125 

speaking listeners were more likely to be affected by babble noise. Moreover, the 126 

interference of babble noise was greater than white noise in both groups. These findings 127 

indicated that babble noise had a stronger interference effect than white noise on 128 

listeners’ perception of lexical tones by masking information transmission. Similar 129 

results were also found in the studies about consonants where the recognition accuracy 130 

of 57 CV syllables decreased with the gradual reduction of SNR by 12 dB, 6 dB, and 0 131 

dB, and was below 30% in babble noise at the 0dB SNR (Gordon-Salant, 1985). 132 

Listeners also were found to suffer more in babble noise than in white noise and to 133 

compete with speech noise when identifying the consonant of VCV combinations 134 

(Lecumberri & Cooke, 2006). Since previous studies have generally suggested that 135 

babble noise impedes the recognition of tones and consonants because of information 136 

masking, it is hypothesized that babble noise could impair the CP of Mandarin tones 137 

and consonant aspirations by masking F0 and VOT information. There would be a 138 

shallower identification slope and poorer discrimination performance across categories 139 

in the babble noise condition than in the quiet condition. 140 
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Perceptual development of lexical tones and consonants 141 

The development of CP has been extensively studied, which indicated that CP of 142 

tones and aspiration of consonants were found less categorical in children compared to 143 

adults (Chen et al., 2017; Feng, 2022; Hazan & Barrett, 2000; Ma et al., 2021; Xi et al., 144 

2009). Previous studies suggested that speech perception developed significantly 145 

between childhood and later adolescence, and matured during the period from 12 to 146 

early 20s of age (Feng, 2022; Hazan & Barrett, 2000; Medina et al., 2010; Westerhausen 147 

et al., 2015). Considering that CP of speech develops and possibly reaches maturity 148 

during adolescence, it is important to understand the trajectory of development in 149 

adolescents. The second goal of the current study was to investigate the age-related 150 

differences in the CP of Mandarin tones and aspiration of consonants between adults 151 

and adolescents, and particularly, how age interacted with babble noise.  152 

Previous literature has shown that it takes newborns six to twelve months to 153 

primarily form the concept of the phonological category with the increased native 154 

language experience after birth (Kuhl et al., 2006). And speech perception ability is 155 

continuously developed till reaching a peak in the early 20s (Westerhausen et al., 2015). 156 

Simon and Fourcin (1978) explored the perception of VOT and the first-formant 157 

transition of synthetic speech-like consonants in French-speaking and English-speaking 158 

children. Results showed that there were three stages in the development of children’s 159 

labeling behavior: scattered labeling, progressive labeling, and categorical labeling. 160 

Categorical labeling only becomes the dominant pattern at the ages of five to six for the 161 

English-speaking children, and one or two years later for the French-speaking children. 162 

The study of Hazan and Barrett (2000) further revealed that 12-year-old children still 163 

do not acquire the same abilities of CP to identify consonants as adults by investigating 164 

the identification of continua of /g/-/k/, /d/-/g/, /s/-/z/, and /s/-/ʃ/. Results showed that 165 
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the slope of the identification curve increased significantly with age between six and 12 166 

years. Medina et al. (2010) found the steepness of the identification function increases 167 

significantly between 9-year-old children and 17-year-old adolescents, but not between 168 

17-year-old adolescents and adults, by investigating the identification and 169 

discrimination of /də/-/tə/ continuum in French.  170 

In terms of the CP of Mandarin phonemic categories, Xi et al. (2009) examined 171 

the development of CP by testing the behavioral identification performance of 51 172 

children aged five to seven years. Results showed that children's perception of tones 173 

and aspiration of consonants were categorical, but the perceptual developmental 174 

trajectories of the two phonological categories were different. Children aged six years 175 

had obtained an adult-like ability to identify tones, while consonant aspiration 176 

perception among children aged seven years was still worse than adults. Similar results 177 

involving both identification and discrimination were found in Ma et al. (2021), where 178 

the identification and discrimination reached the adult-like level at age six and five 179 

respectively for lexical tones, but still not for aspiration of stops at age six. Feng (2022) 180 

further expanded the age range to four to 14 years old. Results showed that six-year-old 181 

children could perceive tones categorically as adults, and the identification of aspiration 182 

in ten-year-old children had reached the adult-like level, but their ability to discriminate 183 

aspiration became mature at the age of 14. The different perceptual developmental 184 

trajectories between lexical tones and aspiration of consonants were consistent with the 185 

phonological saliency hypothesis (Zhu & Dodd, 2000), which proposed that 186 

phonological saliency determined the acquisition order of syllable components. The 187 

degree of phonological saliency was determined by the combination of the status of the 188 

component in the syllable structure, the capacity in differentiating lexical meaning, and 189 

the number of permissible choices within the component. Therefore, tones had a higher 190 
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saliency and were acquired earlier than the aspiration of consonants, because of its 191 

necessity for forming syllables and fewer alternative phonemes in Mandarin. 192 

The literature above documented the effect of babble noise on adult listeners’ 193 

perception of lexical tones and consonant contrasts, and tried to uncover the perceptual 194 

development of lexical tones and consonants. However, few studies investigated the 195 

perceptual performance of lexical tones and consonants among adolescents over the age 196 

of 12. Moreover, the effects of noise on the CP of tones and consonants in adolescents 197 

remain unclear. In consequence, it remains unknown about the age-related differences 198 

in CP of lexical tones and aspiration of consonants between adults and adolescents, and 199 

the interaction effect of age and noise. According to the results of previous studies, the 200 

development of categorical precision (slope of the identification curve and magnitude 201 

of the discrimination peak) of VOT perception is completed sometime during the period 202 

from 12 to 17 years of age (Feng, 2022; Hazan & Barrett, 2000; Medina et al., 2010), 203 

and the six-year-old children could perceive tones categorically as adults in the quiet 204 

condition (Chen, 2017; Feng, 2022). Therefore, the adolescents aged 12-14 were chosen 205 

in this study to investigate the age-related differences of the CP of Mandarin tones and 206 

aspiration of consonants in babble noise, which may help to better understand the real 207 

development of CP of lexical tones and consonant aspiration in real life. In the quiet 208 

condition, adolescents aged 12 years had obtained an adult-like ability to identify 209 

lexical tones, while their consonant perception was still in development. And cross-210 

linguistic studies of noise suggest that lacking experience of the native language may 211 

lead to less robustness in phonemic category learning, which is susceptible to noise 212 

(Lecumberri & Cooke, 2006; Xu et al., 2018). On this account, it is assumed that, for 213 

adolescents aged 12-14 years, CP of Mandarin tones was comparable with adults, while 214 

CP of consonant aspiration was poorer than that of adults and the gap would become 215 
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larger in the babble noise condition. 216 

The role of working memory in CP 217 

Considering that babble noise produces the energetic and informational 218 

interference, and attention and WM distractions in the processing of CP (Brungart et al., 219 

2001; Schneider et al., 2007), the third purpose of this study was to examine the 220 

difference in working memory capacity (WMC) between adults and adolescents, and 221 

assess the relationship between speech perception in the quiet or noise conditions and 222 

components of auditory verbal working memory (AVWM).  223 

WM is considered to support language acquisition and subsequent processing via 224 

the maintenance, storage, and processing of ambient language sounds (Baddeley, 1992, 225 

2000; Gathercole & Baddeley, 1989). Previous studies suggest that cognitive 226 

development may represent a cascade in which age-related increases in processing 227 

speed mediate most of the developmental increases in WMC (Fry & Hale, 1996; 2000). 228 

However, the relationship between developmental differences in WMC and speech 229 

perception, an important high-level cognitive ability, remains unclear and needs further 230 

investigation. In addition, it has been well documented that WM is always deployed 231 

when speech is presented against a noisy background, especially when the masker 232 

consists of speech (Koelewijn et al., 2012; Zekveld et al., 2013). WM was thought to 233 

compensate for the ambiguity as a result of degraded phonological representations, and 234 

help predictive coding before or during the early portions of a spoken stimulus in 235 

adverse listening conditions (Rönnberg et al., 2011; 2013). Previous studies based on 236 

the perception of sentences and words suggested that listeners with larger WMC tended 237 

to have a better perceptual performance in noise (e.g. Ingvalson et al., 2015; Millman 238 

& Mattys, 2017). For example, Millman and Mattys (2017) found that listeners with 239 

greater phonological WMC were better able to correctly identify sentences in 240 
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modulated noise backgrounds. Previous research has focused on adults, however, less 241 

is known about the underage group. Moreover, how WM contributes to CP in noise 242 

remains unclear. 243 

WMC has been assessed with various auditory and visual tests in previous studies, 244 

often pertaining to different components of WM. Standardized tests of AVWM include 245 

forward digit span task (FDS), backward digit span task (BDS), and non-word repetition 246 

(NWR), which were considered in terms of a gradient of processing demands (Daneman 247 

& Merikle, 1996). FDS requires minimum processing demand for temporarily 248 

maintaining verbal information, whereas BDS requires more executive control for 249 

manipulation of the digit sequence (Alloway et al., 2004; Gathercole et al., 2004). In 250 

the WM models, short-term memory generally refers to maintaining information 251 

temporarily, while complex WM involves both information storage and processing 252 

(Baddeley, 2000; Zebib et al., 2019). Therefore, FDS and BDS assessed short-term 253 

memory (temporarily storing information), and complex working memory (storage and 254 

manipulation by the executive control), respectively (Hamann, 2017). And NWR, with 255 

the maximum processing demand, measures more than the phonological component of 256 

WM and, to some extent, long-term memory (Gathercole, 1995; Gathercole & Adams, 257 

1994). Recently, NWR was considered as an indicator of sub-lexical knowledge, which 258 

was the representation of ‘chunks’ of phonemes in the long-term memory (Jones et al., 259 

2014; Szewczyk, 2018).  260 

FDS, BDS, and NWR have been widely used in speech recognition, such as words 261 

and sentence recognition, however, any relationship between different sub-components 262 

of AVWM and CP remains ill-defined. Xu et al. (2006) proposed a multistore model of 263 

CP consisting of unanalyzed and analyzed sensory memory, short-term and long-term 264 

categorical memory, which are inputs for decision-making. Information is encoded 265 
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hierarchically but short-term categorical memory and analyzed sensory memory can be 266 

processed in parallel. However, the measurement corresponding to each memory 267 

component in this model has not emerged. The multistore model of CP could 268 

correspond to the components of generalized WM: short-term memory (sensory and 269 

short-term categorical information storage), long-term memory（long-term categorical 270 

representations), and complex memory（information encoding and decision-making). 271 

Therefore, the FDS, BDS, and NWR, which were frequently used to measure short-272 

term memory, complex memory, and long-term memory respectively, were chosen in 273 

this study to clarify the role of sub-components of AVWM in CP of adolescents and 274 

adults in the quiet and babble noise conditions via these different tests. 275 

Taken together, the current work attempted to address the following three research 276 

questions: (a) how does babble noise affect adult and adolescent listeners’ CP of 277 

Mandarin tones and aspiration of consonants? (b) how does age interact with noise to 278 

affect CP of Mandarin tones and aspiration of consonants? and (c) whether there is a 279 

difference in WMC between adults and adolescents? and whether adult and adolescent 280 

listeners’ CP of Mandarin tones and aspiration of consonants in the quiet or babble noise 281 

conditions were associated with their AVWM? 282 

Method 283 

Participants 284 

Twenty-four adults (13 males, 21-33 years old, mean = 25.1, SD = 3.01) and 285 

twenty adolescents (14 males, 12-14 years old, mean = 13.5, SD = 0.79) with Mandarin 286 

as their native language were recruited from northern China for this study. All 287 

participants were right-handed and had no formal musical experience or a history of 288 

speech or hearing impairment. Informed consent approved by the Behavioral Research 289 
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Ethics Committee of Shenzhen Institute of Advanced Technology, Chinese Academy 290 

of Sciences was obtained from all adult participants and adolescents’ parents. 291 

 292 

Materials 293 

Tone 1 - Tone 2 pair had been investigated in many studies, and was well-294 

documented to be perceived categorically in native listeners (e.g., Wang, 1976; Xi et 295 

al., 2009). Therefore, Tone 1 - Tone 2 pair was chosen for the investigation of lexical 296 

tone perception in the current study. Speech samples, including the Mandarin syllable 297 

/pa/ with Tone 1, the syllable /pa/ with Tone 2, and the syllable /pha/ with Tone 1, were 298 

recorded by a female native Mandarin speaker using Praat (Boersma & Weenink, 2019), 299 

with a sampling rate of 44,100 Hz and 16-bit resolution. The 7-stimuli continuum of 300 

tones from Tone 2 (mid-rising tone) to Tone 1 (high-level tone) and the 7-stimuli 301 

continuum of consonant aspiration from /pa/ to /pha/ with Tone 1 were synthesized 302 

using TANDEM-STRAIGHT software (Kawahara et al., 2009). For example, the tone 303 

continuum was generated based on the natural Tone 1 and Tone 2 sounds, after F0 304 

extraction and editing, aperiodicity and STRAIGHT spectrum extraction, assigning 305 

temporal and frequency anchors, and morphing rate manipulation. The step sizes of 306 

tone and aspiration continua were 12 Hz and 8 ms, respectively. Schematic diagrams 307 

of the pitch contours in the tone continuum and VOT in the aspiration continuum are 308 

shown in Figures 1 (A) and (B).  309 
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 310 

Figure 1. (A) Schematic diagram of pitch contours in tone continuum; (B) Schematic 311 
diagram of VOT patterns in aspiration continuum. 312 
 313 

Each stimulus of the noisy continua was resynthesized by mixing the 314 

corresponding clean speech stimulus with a frozen piece of babble noise with identical 315 

duration and SPL, resulting in an SNR of 0 dB. The babble noise was generated from 316 

the recording of six talkers’ (3 males) simultaneous speech. They were asked to read 317 

some sentences matched in length and composed of common words in Chinese, which 318 

were selected from some books, journals, and newspapers. As the duration of babble 319 

noise is as short as 300 ms, it was hardly recognizable to listeners. To make the loudness 320 

and duration of all stimuli comparable, each stimulus was fixed at 70 dB SPL by 321 

modulating the root-mean-square amplitude of each sound, and was adjusted to 300 ms 322 

through PSOLA in Praat. Before the experiment, the volume was adjusted to a 323 

comfortable level for each participant. There are two reasons for the selection of 0 dB 324 

SNR in this study. Firstly, previous studies have shown that noise at 0 dB SNR had 325 

significant interference on speech perception (Gordon-Salant, 1985; Turner et al., 326 

1992). Meanwhile, it is reported that the CP of consonants in 12-year-olds was still 327 

immature (Hazan and Barrett, 2000). Therefore, the teen-friendly SNR at 0 dB was 328 

selected in this study.  329 

Tasks to measure different sub-components of AVWM included FDS, BDS, and 330 

NWR. There were two trials at each length, from two numbers (e.g., 3-7) to eight 331 

numbers (e.g., 4-6-2-4-7-9-0-2-1) for both FDS and BDS tasks. None of the lists contain 332 
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easily memorable sequences (e.g., 1-2-3). There was a nonword list consisting of 20 333 

trials at the length of one word (e.g., rài in Pinyin), two words (e.g., bōng nuá), and 334 

three words (e.g., rĕi fáo shōng). All of the nonwords were nonsense syllables which 335 

were phonotactically illegal in Mandarin.  336 

 337 

Procedure 338 

The CP test included the identification task and the discrimination task. Both tasks 339 

were performed on a laptop through E-prime 2.0 (http://www.pstnet.com/eprime.cfm). 340 

The stimuli were presented to participants randomly through a headphone (Sennheiser 341 

HD280 Pro). Participants were asked to press key ‘1’ on the keyboard when they heard 342 

/pa/ with Tone 1 and press key ‘2’ when they heard /pa/ with Tone 2, or press key ‘1’ 343 

when they heard /pa/ and press key ‘2’ when they heard /pha/ in the tone or consonant 344 

aspiration identification tasks, respectively. Each stimulus was repeated five times. 345 

The AX paradigm was used in the discrimination task. The speech stimuli were 346 

presented in pairs with a 500 ms inter-stimulus interval. Participants were asked to 347 

judge whether the two speech stimuli they heard were the same or not by pressing ‘1’ 348 

for the same and pressing ‘2’ for different on the keyboard. There were 10 stimuli pairs 349 

in the discrimination task, including six pairs which consisted of two different stimuli 350 

separated by two steps in either forward (1-3, 3-5, 5-7,) or reverse order (3-1, 5-3, 7-5), 351 

and four pairs which consisted of four stimuli each paired with itself (1-1, 3-3, 5-5, 7-352 

7). Each stimuli pair was repeated four times and released in random order.  353 

For AVWM tests, the participants heard a string of numbers and were asked to 354 

repeat it forward or backward immediately in digit span tasks. The testing session began 355 

with span lists of two numbers in length and only increased in length when at least one 356 

of the two sequences was correctly recalled. Besides, participants were asked to repeat 357 

http://www.pstnet.com/eprime.cfm
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the nonwords immediately in the NWR task. All of the nonwords were required to be 358 

recalled. The responses of listeners were verbal and the whole process was recorded by 359 

Praat for further data analysis. 360 

There was a practice session before all tasks, making sure that participants 361 

understood the tasks and were familiar with the procedure. The order of four continua 362 

(i.e., tone and aspiration continua in the noise or quiet conditions) was counterbalanced 363 

across all participants. The experiment was completed in a quiet lab. 364 

 365 

Data analysis 366 

In the identification task, the identification score of each particular stimulus was 367 

defined as the average percentage of responses as Tone 1. The boundary position and 368 

boundary width of each participant were calculated using Probit analyses (Finney, 369 

1971). The boundary position was defined as the 50th percentile and the boundary width 370 

was defined as the linear distance between the 25th and 75th percentiles. The narrow 371 

boundary width refers to a clear distinction between phonological categories. 372 

In the discrimination task, the discrimination accuracy of each comparison unit was 373 

obtained by the formula: P = P (‘S’|S) × P (S) + P (‘D’|D) × P (D), where P (S) 374 

represents the percentage of the same stimuli pairs (e.g., 1-1, 3-3) and P (D) represents 375 

the percentage of different stimuli pairs (e.g., 1-3, 3-1). P (‘S’|S) and P (‘D’|D) represent 376 

the percentage of ‘the same’ and ‘different’ responses to the same and different stimuli 377 

pairs, respectively (Xu et al, 2006). Between-category discrimination accuracy was 378 

defined as the mean value of discrimination accuracy between two stimuli pairs that 379 

stretch over the boundary position, and discrimination accuracy of within-category was 380 

defined as the mean value of discrimination accuracy of residual stimulus pairs. 381 
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In the digit span tasks, the score was defined as the repetition accuracy of digit 382 

combinations. Accuracies of FDS and BDS were calculated separately. In the NWR 383 

tasks, in view of the structure of Chinese syllables composed of initial, rhymes, and 384 

lexical tone, the score was defined as the mean of repetition accuracy of tones, initial 385 

consonants, and rhymes of nonwords.   386 

Results 387 

Identification and discrimination of tones 388 

The identification curves of tones among adults and adolescents in both quiet and 389 

noise conditions are shown in Figure 2 (A). The between- and within-category 390 

accuracies of tone discrimination in the two groups are shown in Figure 2 (B). The 391 

boundary position and width are shown in Table 1. 392 

 393 

Figure 2. (A) Identification curves of tone perception; (B) Between-category and 394 
within-category accuracy of tone discrimination; (C) Identification curves of aspiration 395 
perception; (D) Between-category and within-category accuracy of aspiration 396 
discrimination. Error bars = ±1 SD. 397 
 398 
Table 1. Boundary position and width of tone and aspiration identification. 399 
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 Tone identification Aspiration identification 
 Adults Adolescents Adults Adolescents 
 Quiet Noise Quiet Noise Quiet Noise Quiet Noise 

Boundary 
position (SD) 

4.80 
(0.50) 

4.70 
(0.56) 

4.42 
(0.43) 

4.81 
(0.44) 

2.49 
(0.14) 

2.66 
(0.59) 

2.75 
(0.33) 

2.90 
(0.92) 

Boundary 
width (SD) 

0.51 
(0.04) 

0.64 
(0.32) 

0.63 
(0.33) 

0.61 
(0.34) 

0.46 
(0.08) 

1.00 
(0.66) 

0.84 
(0.38) 

1.61 
(1.59) 

 400 
Results of 2 (group) × 2 (condition) repeated measures ANOVA showed a 401 

marginal significant main effect of condition (F (1,42) = 4.02, p = .052) and a 402 

significant interaction effect between group and condition (F (1,42) = 4.37, p = .043) 403 

on boundary position. Simple main effect analysis indicated that there was no 404 

significant difference in the adult group between the quiet and noise conditions (p = 405 

.95), while the boundary position of adolescents in the babble noise condition 406 

significantly moved to Tone 1 (p = .008), indicating that more sound stimuli were 407 

perceived as Tone 2 under the interference of noise. The main effect of group on 408 

boundary position was not significant (p = .074). There were neither significant main 409 

effects of condition (p = .76) and group (p = .51), nor an interaction effect on boundary 410 

width (p = .54), which indicated that there was no significant difference in the boundary 411 

width of tone perception between adults and adolescents, and babble noise at an SNR 412 

of 0 dB exerted no significant influence on the boundary width in both groups. 413 

For tone discrimination, the results of 2 (group) × 2 (condition) × 2 (category type) 414 

repeated measures ANOVA showed a significant main effect of category type (F (1, 415 

42) = 55.46, p < .001), and a significant interaction effect between group and category 416 

type (F (1, 42) = 4.37, p = .043). Simple main effect analysis showed that there was no 417 

significant difference in the accuracy of between-category discrimination between 418 

adults and adolescents (p = .47), while within-category discrimination accuracy of 419 

adolescents (mean = 0.69) was significantly higher than that of adults (mean = 0.63) (p 420 

= .011). There were neither significant main effect of condition (p = .36) and group (p 421 
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= .47), two-way interaction effect of condition and group (p = .69), condition and 422 

category type (p = .87), nor three-way interaction effect of condition, group and 423 

category type (p = .45). 424 

 425 

Identification and discrimination of consonant aspiration 426 

Figure 2 (C) shows the identification curves of consonant aspiration among adults 427 

and adolescents in both quiet and noise conditions. Figure 2 (D) shows the between- 428 

and within-category discrimination accuracies among the two groups in both quiet and 429 

noise conditions. The boundary position and width are shown in Table 1.  430 

Results of 2 (group) × 2 (condition) repeated measures ANOVA showed that there 431 

was no significant main effect of group (p = .22) and condition (p = .89), nor the 432 

interaction effect on boundary position of aspiration identification (p = .07). But there 433 

was a significant main effect of condition on boundary width (F (1,42) = 11.23, p = 434 

.002). There was no significant main effect of group (p = .14), nor the interaction effect 435 

(p = .61) on the boundary width of aspiration identification. These indicated that there 436 

was no significant difference in boundary position and width between adults and 437 

adolescents, but babble noise had a significant negative effect on both groups, reflected 438 

by a wider boundary width of aspiration identification.  439 

For aspiration discrimination, the results of 2 (group) × 2 (condition) × 2 (category 440 

type) repeated measures ANOVA revealed a significant main effect of condition (F 441 

(1,42) = 11.19, p = .002) and category type (F (1,42) = 70.12, p < .001), and a significant 442 

interaction between category type and group (F (1,42) = 11.08, p = .002). Simple main 443 

effect analysis indicated that between-category discrimination accuracy in adults was 444 

significantly higher than that in adolescents (p = .006), while within-category 445 

discrimination accuracy in adults was significantly lower than that in adolescents (p = 446 
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.004). In addition, there was a significant interaction between category type and 447 

condition (F (1,42) = 5.56, p = .023). Simple main effect analysis indicated that the 448 

discrimination accuracy of between-category phonemes in the quiet condition was 449 

significantly higher than that in the noise condition (p = .002), while within-category 450 

discrimination accuracy in both conditions were not significantly different (p = .83). 451 

There were neither significant main effect of group (p = .11), two-way interaction effect 452 

of condition and group (p = .12), nor three-way interaction effect of condition, group 453 

and category type (p = .13). 454 

 455 

Digit span and nonword repetition 456 

The distributions of accuracies of FDS, BDS, and NWR tasks of adults and 457 

adolescents are presented in Figure 3 (A). Independent t-test indicated that there was a 458 

significant difference between the nonword repetition accuracy of adults and 459 

adolescents (t (35) = 2.848, p = .007), while the difference of FDS and BDS between 460 

the two groups did not reach significance (ps > .05). 461 



 

21 
 

 462 

Figure 3. (A) Recall accuracy of AVWM tasks; (B) Correlation between the boundary 463 
width of tone perception in the quiet condition and recall accuracy of AVWM tasks in 464 
adults; (C) Correlation between the boundary width of tone perception in the noise 465 
condition and recall accuracy of AVWM tasks in adults; and (D) Correlation between 466 
the accuracy of between-category tone discrimination in the quiet condition and recall 467 
accuracy of AVWM tasks in adults. 468 
 469 

Pearson correlation analysis indicated significant correlations between accuracies 470 

of AVWM tasks and CP of tones among adults. There were negative correlations 471 

between boundary width of tone perception in the quiet condition and accuracy of BDS 472 

task (r = -.560, p = .004), or accuracy of NWR (r = -.514, p = .010). There were also 473 

significant negative correlations between boundary width of tone perception in the 474 

noise condition and accuracy of FDS task (r = -.406, p = .049), or accuracy of BDS task 475 

(r = -.409, p = .047). Besides, there was a significant positive correlation between the 476 

accuracy of the BDS task and the accuracy of between-category discrimination of tone 477 

perception in the quiet condition (r = .462, p = .023). The corresponding scatterplots 478 

are shown in Figure 3 (B), (C) and (D), respectively. However, there was no significant 479 

correlation either between accuracies of AVWM tasks and CP of tones and aspiration 480 
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of consonants among adolescents, or between accuracies of AVWM tasks and CP of 481 

consonant aspiration among adults. The correlation results between the accuracy of 482 

cognitive tests and CP performance are shown in Table 2. 483 

Table 2. The correlation between accuracy of cognitive tests and CP performance. 484 

Cognitive tests FDS BDS NWR 

Tone 
perception of 

Adults 

Quiet 

Boundary position r = -.084 r = -.079 r = -.090 
Boundary width  r = -.239 r = -.560** r = -.514* 

Accuracy of between-category 
discrimination  r = .331 r = .462* r = .376 

Accuracy of within-category 
discrimination  r = -.348 r = .020 r = .232 

Noise 

Boundary position r = .310 r = .037 r = -.286 
Boundary width  r = -.406* r = -.409* r = -.194 

Accuracy of between-category 
discrimination  r = -.012 r = .313 r = .124 

Accuracy of within-category 
discrimination  r = -.152 r = .017 r = -.050 

Tone 
perception of 
Adolescents 

Quiet 

Boundary position r = -.393 r = -.367 r = .163 
Boundary width  r = -.420 r = -.048 r = -.295 

Accuracy of between-category 
discrimination  r = .265 r = .262 r = .139 

Accuracy of within-category 
discrimination  r = .209 r = .202 r = -.164 

Noise 

Boundary position r = -.195 r = .262 r = .271 
Boundary width  r = .070 r = .027 r = -.054 

Accuracy of between-category 
discrimination  r = -.007 r = .050 r = -.227 

Accuracy of within-category 
discrimination  r = .097 r = .112 r = .010 

Aspiration 
perception of 

Adults 

Quiet 

Boundary position r = -.264 r = .004 r = -.050 
Boundary width  r = -.082 r = -.047 r = .000 

Accuracy of between-category 
discrimination  r = .022 r = -.077 r = -.192 

Accuracy of within-category 
discrimination  r = -.113 r = -.055 r = .104 

Noise 

Boundary position r = -.080 r = .122 r = -.070 
Boundary width  r = .056 r = -.117 r = .135 

Accuracy of between-category 
discrimination  r = .275 r = .291 r = .196 

Accuracy of within-category 
discrimination  r = -.324 r = .012 r = -.196 

Aspiration Quiet Boundary position r = .061 r = .069 r = -.255 
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perception of 
Adolescents 

Boundary width  r = .181 r = .260 r = -.007 
Accuracy of between-category 

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

Accuracy of within-category 
discrimination  r = .201 r = .238 r = -.257 

Noise 

Boundary position r = .370 r = .060 r = -.204 
Boundary width  r = -.388 r = -.110 r = .047 

Accuracy of between-category 
discrimination  r = .194 r = -.237 r = .303 

Accuracy of within-category 
discrimination  r = .162 r = -.070 r = .084 

 485 

Note. CP = categorical perception, FDS = forward digit span task, BDS = backward digit span 486 

task, NWR = non-word repetition, * 0.01 < p < 0.05, ** p < 0.01. 487 

Discussion 488 

In this study, we investigated the CP of Mandarin tones and consonant aspiration 489 

contrasts in babble noise among adults and adolescents aged 12-14 years, and explored 490 

the association between WM and CP. Results indicated that, firstly, in the noise 491 

condition, both adults and adolescents showed wider boundary widths and lower 492 

between-category accuracies when perceiving aspiration of consonants, and the 493 

categorical boundary of tone perception in adolescents showed a transitional tendency 494 

towards Tone 1. Secondly, discrimination of consonant aspiration in adolescents 495 

needed to be further developed. Lastly, the accuracy of NWR in adolescents was lower 496 

than that in adults, and adults with better AVWM had better performance on tone 497 

perception. These results were discussed in detail as below. 498 

Effect of babble noise on the CP of Mandarin tones and aspiration of consonants 499 

In this study, we found a negative effect of babble noise on certain aspects of CP of 500 

Mandarin tones and aspiration of consonants, which seemed to vary among different 501 

groups. Babble noise weakened the capacity of adults and adolescents to perceive 502 
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aspiration of consonants, reflected by wider boundary widths and lower between-503 

category accuracies, while babble noise influenced tone perception only in adolescents 504 

who showed a boundary moving towards Tone 1 in the noise condition.  505 

For tone perception, the obtained boundary position in adolescents moved towards 506 

the ending of Tone 1 in the babble noise condition, while adults did not show the same 507 

tendency. Babble noise interferes with the CP of adolescents from spectral energy and 508 

language information, and distracts attention and working memory needed for CP of 509 

target speech as well (Brungart et al., 2001; Schneider et al., 2007). The generalized 510 

pulse-skipping hypothesis (Chiu et al., 2019; Feng et al., 2021) suggests that divided 511 

attention and WM resources could cause a loss of pulses in auditory inputs, and further 512 

reduce listeners' sensitivity to F0 information. Therefore, for adolescents with immature 513 

WM, they could not maintain a robust boundary position of tone perception in the noise 514 

condition. On the other hand, the accuracy of NWR, which is an indicator of sub-lexical 515 

knowledge, was lower in adolescents than that in adults. Therefore, it's also possible 516 

that adolescents performed a psychophysical boundary trend in the noise condition, for 517 

lacking abundant sub-lexical knowledge like adults. Otherwise, the babble noise 518 

exerted no significant effect on either adolescents’ CP of tones in terms of boundary 519 

width and discrimination accuracy or overall CP performance in adults. Tone 520 

perception has been found to have robust noise resistance (Qi et al., 2017; Wang & Xu, 521 

2020). According to Wang and Xu (2020), for example, the accuracy of tone 522 

recognition was approximately 80% at -6 dB SNR in eight-talker babbles. Therefore, it 523 

is likely that the SNR was not low enough to make a significant difference in CP of 524 

tones between the quiet condition and the noise condition at 0 dB SNR in the current 525 

study. 526 
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Unlike the only adolescents’ moving boundary position of the CP of tones affected 527 

by noise, babble noise impoverished both groups’ ability to perceive aspiration of 528 

consonants, reflected by wider boundary width and lower accuracy of between-category 529 

discrimination. Firstly, the duration of tones is longer (e.g., 300 ms in this study) than 530 

that of aspiration (e.g., 5 - 53 ms in this study). That is to say, aspiration changes faster 531 

and has lower clarity, therefore, perception of consonant aspiration was more difficult 532 

than that of tones (Bao & Lin, 2014). Moreover, F0 was noise-resistant relatively, while 533 

aspiration itself could be regarded as a kind of noise and the transient noise burst is an 534 

essential cue for perceiving VOT, which is easily masked by babble noise. Therefore, 535 

under the masking of babble noise, people perceived aspiration of consonants in a more 536 

adverse condition than tones, and were unable to obtain enough acoustic information.   537 

 538 

Perceptual development of Mandarin lexical tones and aspiration of consonants 539 

For the development of CP, Mandarin-speaking adolescents' perception of lexical 540 

tones had reached maturity basically in terms of boundary position, boundary width, 541 

and between-category discrimination, except for the moving boundary towards Tone 1 542 

in the noise condition. And there was a significantly higher within-category accuracy 543 

of tones in adolescents than adults. Xu et al. (2006) found that English listeners showed 544 

better within-category discrimination sensitivity of pitch than Chinese, and pointed out 545 

that the peakedness of discrimination was a result of both an enhancement of between-546 

category discrimination and a reduction of within-category discrimination. Therefore, 547 

it was revealed that tone discrimination of adolescents was still in the process of further 548 

development, for their higher within-category discrimination accuracy than adults. 549 

The identification of consonant aspiration in adolescents had reached the adult 550 

level. However, the between-category accuracy was significantly lower in adolescents 551 
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than adults, while the within-category accuracy was significantly higher in adolescents 552 

than adults. The results indicated that both between- and within-category discrimination 553 

skills still needed to be further developed, which was consistent with previous studies 554 

about the development of the CP of consonants in 10-year-old children and 12-year-old 555 

adolescents (e.g., Feng, 2022; Hazan & Barrett, 2000). 556 

Comparing the perceptual results of tones and consonant aspiration, it could be 557 

found that CP of tones developed easier than that of consonant aspiration, which was 558 

also consistent with previous research. Feng (2022), for example, reported that the tone 559 

perception ability of six-year-old children had not been significantly different from that 560 

of adults, while the aspiration discrimination ability of ten-year-old children had not 561 

been maturely developed. According to the acoustic characteristics of phonemes, as 562 

mentioned above, compared with the tones, consonant aspiration shows a faster change 563 

and lower resolution, therefore, its perception was more difficult than tones. Tone 564 

perception tends to be easier to be acquired than aspiration perception for its clearer 565 

acoustic pattern. Furthermore, according to the phonological saliency hypothesis (Zhu 566 

& Dodd, 2000), the tone had a higher saliency than the aspiration of consonants in 567 

Mandarin, because it is compulsory for every syllable and there are fewer alternative 568 

phoneme choices than aspiration. Therefore, lexical tones could be acquired easier than 569 

the aspiration of consonants as a result of the higher saliency of tones.  570 

 571 

Relationship between working memory and CP 572 

A significant difference between the NWR accuracy of adults and adolescents was 573 

found in AVWM tasks, which might be the result of the gap in the phonological 574 

component of WM and language experience between the two groups. Because NWR 575 

was well-documented to be an indicator of sub-lexical knowledge, which was the 576 
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representation of ‘chunks’ of phonemes in long-term memory (Szewczyk et al., 2018). 577 

It also might provide evidence that tone perception of native Mandarin adolescents 578 

perhaps perform a psychophysical boundary trend in the noise condition, for lacking 579 

abundant sub-lexical knowledge like adults. In addition, NWR has the maximum 580 

processing demand in AVWM tasks (Daneman & Merikle, 1996), therefore, the 581 

difference in NWR accuracy revealed that the processing capacity of adolescents might 582 

be lower than that of adults. Other than NWR, there was no significant difference in 583 

FDS and BDS accuracy between adults and adolescents. There might be a ceiling effect 584 

for both groups, because of the less processing demand of FDS and BDS than NWR. 585 

For the correlations between CP and AVWM, it seemed that the roles of different 586 

sub-components of AVWM varied in CP of tones and aspiration of consonants among 587 

adults and adolescents in different conditions. Firstly, there was no significant 588 

correlation between any sub-components of AVWM and CP in adolescents. The 589 

processing capacity gap between adolescents and adults reflected by the NWR 590 

performance difference may suggest the immaturity of adolescents in the utilization of 591 

AVWM in speech perception. Secondly, with respect to adults, the correlation between 592 

sub-components of AVWM and CP of consonant aspiration was not significant, while 593 

accuracies of AVWM tasks were positively associated with performance in tone 594 

perception in some ways. According to the cue-duration hypothesis in Fujisaki and 595 

Kawashima (1970), the duration of the critical information of consonants was majorly 596 

responsible for the inferior auditory short-term memory, which stores information for 597 

subsequent speech processing. The acoustic cues (VOT) that distinguish aspiration of 598 

consonants are relatively short in duration and presumably cannot be stored well in 599 

memory, while the acoustic cues (F0) distinguish tones throughout the entire duration 600 

of the stimulus.  601 
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Thirdly, for CP of tones in adults, sub-components of AVWM contributed to its 602 

identification and discrimination in different conditions differentially. The significant 603 

correlations between the accuracy of BDS and performance of identifying tones in both 604 

conditions, and performance of discriminating tones in the quiet condition indicated 605 

that identification in both quiet and noise conditions and discrimination in the quiet 606 

condition took advantage of complex working memory, especially the executive 607 

component of AVWM (as assessed by BDS), which was necessary for encoding 608 

information in different domains (Baddeley, 2000). Besides, those with better sub-609 

lexical knowledge (as assessed by NWR) and short-term memory (as assessed by FDS) 610 

performed better in the quiet and noise conditions respectively. It is possible that speech 611 

perception in the noise condition also needed to utilize short-term memory to store extra 612 

information of babble noise, and noise masking made it more difficult to extract 613 

categorical features and to link to long-term memory. 614 

 615 

Limitation 616 

Limit effect of babble noise on tone perception in this study may result from the 0 617 

dB SNR. Therefore, CP, especially that of tone in more challenging babble with lower 618 

SNR and more talkers needs to be investigated in future studies, to find more interaction 619 

between noise and different age groups. In addition, adolescents over the age of 14 620 

should also be considered in further research on the development of categorical speech 621 

perception, especially CP of consonants, since the consonant discrimination in 622 

adolescents aged 12-14 was still immature. 623 

 624 
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Conclusion 625 

In this study, we examined CP of Mandarin lexical tones and aspiration of 626 

consonants in babble noise among native young adults and adolescents, and further 627 

explored the association between different sub-components of AVWM and CP. Results 628 

revealed that babble noise weakened the ability of adults and adolescents to perceive 629 

aspiration of consonants with a wider boundary and lower between-category accuracy, 630 

and influenced tone perception in adolescents who showed a moving boundary towards 631 

Tone 1 in the noise condition. Our results also provided evidence that the CP of 632 

consonant aspiration is acquired more difficultly than that of tones. Moreover, CP 633 

performance relates to the capacity and utilization of AVWM in some ways. Better 634 

AVWM might lead to better performance of tone perception in adults. Tone 635 

identification of adults in both quiet and noise conditions and discrimination in the quiet 636 

condition took advantage of complex working memory, especially the executive 637 

component of AVWM. And better sub-lexical knowledge and short-term memory 638 

contribute to better performances of tone identification in quiet and noise conditions, 639 

respectively.  640 
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