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ABSTRACT 

 

This study investigates the link between L1-Mandarin 

speakers’ perception and production of English /i, ɪ/ 

(high) and /ɛ, æ / (mid) vowels. Through perceptual 

categorization and phonetic imitation experiments, 

we found that L2 speakers have difficulty integrating 

spectral and durational cues for English vowel 

categorization, as indicated by either a trade-off or a 

null correlation between the perceptual weights of the 

two cues at the individual level. For the perception-

production link, the imitation of English high vowels 

was constrained by the reliance on durational cues in 

perception and mediated by L1 categories at the 

phonological level. In contrast, the perception-

production link for English mid vowels was only 

established at the acoustic-phonetic level for vowel 

quality but not for vowel duration. Our findings 

provide a look into the level of abstraction of L2 

sound categories in non-native speakers across 

different phonetic aspects and vowel contrasts. 

 

Keywords: L2 perception-production link, English 

tense-lax vowels, imitation, vowel categorization 

1. INTRODUCTION 

While some second-language (L2) learning models 

propose a strong connection between speech 

perception and production [4], other models do not 

make a clear association between the two [1, 2]. Most 

L2 studies explored the two modalities separately in 

different tasks, yielding discordant claims about the 

perception-production link. To rectify this, the 

current study uses perceptual categorization and 

phonetic imitation experiments to investigate the 

perception and production of English /i, ɪ/ and /ɛ, æ / 

vowel contrasts by L1-Mandarin speakers and the 

perception-production link at the individual level 

through engaging the two modalities simultaneously.  

In English, tense vowels have more peripheral 

F1/F2 values and longer durations than lax vowels 

[6]. Perceptually, however, English native speakers 

rely more on spectral than durational cues for 

categorizing high (/i, ɪ/) and mid (/ɛ, æ /) vowels [10]. 

Furthermore, the perceptual weights of spectral and 

durational cues are positively correlated at the 

individual level in mid vowels [11], whereas the 

correlation is underexplored in high vowels. In 

addition, [11] used a phonetic imitation task to 

examine the perception-production link for mid 

vowels in English native speaker. They found less 

faithful spectral imitation in ambiguous tokens than 

in unambiguous /ɛ/ and /æ / tokens, suggesting that 

native phonological categories constrain phonetic 

imitation. In contrast, duration, the secondary cue in 

L1-English speakers’ vowel categorization, was 

imitated gradiently. At the individual level, the 

speakers with a stronger reliance on spectral cues in 

perception exhibited a greater degree of duration 

imitation in production, implying that some English 

native speakers were more sensitive to acoustic-

phonetic information in general, which was reflected 

in their duration imitation and showed the perception-

production link at the acoustic-phonetic level. 

In contrast, previous studies showed that L1-

Mandarin speakers heavily rely on duration to 

distinguish English high vowels /i, ɪ/, while the role 

of duration is less clear for mid vowels /ɛ, æ / [7, 8]. 

This highlights the fact that L1-Mandarin speakers 

use acoustic-phonetic cues to categorize English 

vowels differently from native speakers. The 

correlation between spectral and duration cue weights 

in L1-Mandarin speakers, however, remains unclear. 

Regarding the L2 perception-production link, most 

studies correlate perception and production measures 

through separate tasks and thus lead to mixed 

conclusions [5, 8, 17]. In addition, in terms of 

phonology, Mandarin lacks tense-lax vowel contrasts 

but has /i/ and [ɛ] (an allophone of /a/) in its 

inventory; also, Mandarin contrasts vowels in 

spectral but not durational aspects [13]. These 

indicate a possible modulation of L1 linguistic 

knowledge in the L2 perception-production link [5, 8, 

17].  

Given the differences in phonetic cue weightings 

and native phonological categories compared to 

English native speakers, we aim to investigate the 

perception-production link in L1-Mandarin speakers 

for different L2 English vowel contrasts. 

2. METHODS 
2.1. Participants 

Twenty-five L1-Mandarin speakers were recruited. 

However, 9 and 6 participants were excluded from the 
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data of high and mid vowels, respectively, due to their 

mislabeling responses in the perception experiment 

(reversed pattern of identification), resulting in a 

sample of 16 participants for high vowels (8F, 8M; M 

= 24.3) and 19 participants for mid vowels (11F, 8M; 

M = 24.5). All participants were native Mandarin 

speakers and had learned English as a second 

language. Their self-reported English proficiency was 

4.38 and 4.33 on a scale of 1 to 7 (1 being poor and 7 

being proficient), and the onset of L2 exposure was 

6.25 and 5.94 years of age, for the high vowel group 

and mid vowel group, respectively. None of the 

participants reported speech or hearing impairments.  

2.2. Stimuli 

2.2.1. Perceptual categorization 

Bit-beat [bɪt-bit] and bet-bat [bɛt-bæ t] continua were 

created from natural tokens produced by a 

phonetically trained male native English speaker in a 

sound-attenuated booth. To resynthesize the tokens, 

we first used Tandem-Straight [9] to manipulate 

spectral F1/F2 values of the vowels and created a 

seven-step continuum from /bɪt/ to /bit/ and from /bɛt/ 

to /bæ t/. Next, the PSOLA technique was 

implemented in Praat [3] on each spectral step to 

manipulate the vowel durations in seven equal steps 

(40 ms/step) from 100 ms to 340 ms. In total, 49 

stimuli (7 spectral steps x 7 duration steps) were 

created for each of the high and mid vowel pairs for 

the vowel categorization task (Fig.1, left panel). 

2.2.2. Phonetic imitation 

We included a subset of stimuli for the vowel 

categorization (steps 1, 4 and 7 at 140ms, 220ms and 

300ms) along with additional perceptually salient 

tokens (steps 1, 4, 6 at 60ms and 380ms). In total, 15 

stimuli (3 spectral steps [steps 1, 4, 7] x 5 duration 

steps [60ms, 140ms, 220ms, 300ms, 380ms]) were 

created for each of the high and mid vowel pairs for 

the phonetic imitation task (Fig.1, right panel). 

2.3. Procedure 

The participants completed the two-alternative forced 

choice perceptual vowel identification task before the 

phonetic imitation task. For the perception task, they 

were asked to categorize the stimuli they heard as 

bit/beat or bet/bat upon hearing stimuli randomly 

sampled from the bit-beat and bet-bat continua via E-

Prime [15] (49 tokens x 5 repetition = 245 trials). For 

the imitation task, they were asked to imitate the 

stimuli presented to them twice in each trial. To 

establish the degree of imitation for each participant, 

baseline productions of the target words bit/beat and 

bet/bat were collected prior to the experiment for high 

and mid vowel groups, respectively (6 tokens from 

the 8 repetitions for each word). 

 

 
Figure 1: The stimuli for the perceptual categorization 

(left) and the phonetic imitation (right) task 

3. RESULTS 

3.1. Perceptual categorization 

Participants’ responses of bit/bet (lax vowels) were 

coded as 0 and beat/bat (tense vowels) as 1, as shown 

in Fig. 2. A number closer to 1 thus indicates a higher 

proportion of beat/bat responses. To examine the 

participants’ responses as a function of spectral and 

durational steps at the group level, the data were 

submitted to two mixed-effect logistic regression 

models, one for high vowels and the other for mid 

vowels, using the glmer function in the lme4 package 

in R [14]. The results showed that L1-Mandarin 

speakers’ perceptual categorization of high vowels 

was significantly predicted by both spectral (β = 1.85, 

p <.01) and durational steps (β = 1.48, p <.001), with 

sharper discontinuities along the durational 

continuum; in contrast, mid vowel categorization was 

only significantly predicted by spectral steps (β = 

2.46, p <.001; durational steps: β = -0.16, p =.47).  

 

 
Figure 2: Proportion (dashed black lines) and estimation 

(solid blue lines) of the participants’ beat responses 

(upper panel, high vowel) and bat responses (lower panel, 

mid vowel) along the spectral (left panel, step 1 = bit/bet; 

step 7 = beat/bat) and duration continua (right panel) 

Next, we extracted by-participant spectral and 

durational coefficients from the omnibus model to 
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serve as the cue weights in perception at the 

individual level (Fig. 3). Further inspection revealed 

a trade-off relationship between the two cues for the 

high vowels in which the more the speakers relied on 

durational cues to categorize /i/ and /ɪ/, the less they 

relied on spectral cues (r = -.61, p < .05). No direct 

link was found between the two cues in /ɛ, æ / 

categorization (r = .09, p = .69). These findings 

suggest the L1-Mandarin speakers’ failure to 

integrate the two cues in English vowel perception. 

 
Figure 3: Correlation between individual spectral and 

duration cue weights in perception of high (left) and mid 

(right) vowels 

3.1. Phonetic imitation 

Considering the gender effect on formant values and 

the distribution of duration data, we standardized the 

raw F1/F2 values by participant and converted the 

values into Bark scales, and performed log-

transformation for millisecond values of duration data 

for the subsequent analyses. In the speakers’ imitated 

speech, ambiguous high vowels were produced 

categorically as /i/ indicated by the overlapping beat 

and ambiguous vowel ellipses, while ambiguous mid 

vowels were imitated gradiently along the spectral 

steps (Fig. 4). This can be interpreted as an L1 

phonological effect: Mandarin /i/ warped the 

imitation of the ambiguous high vowels, but no such 

native magnet was available for the mid vowels. 

Duration, on the other hand, was imitated gradiently 

for both high and mid vowels, suggesting a faithful 

imitation of the durational cues in the stimuli (Fig. 5). 

We further calculated the degrees of imitation for 

vowel quality (F1-F2 Euclidean distance) and 

duration, using the formula |Xtarget−Xbaseline| − 

|Xtarget−Ximitation| [16]. At the individual level, the 

speakers who weighted duration cues for the English 

high vowels more heavily in perception were able to 

imitate spectral (Fig. 6B, t = 2.64, p < .01) and 

duration (Fig. 6D, t = 3.91, p < .001) information 

more faithfully; in contrast, the spectral cue weights 

did not correlate with either spectral (Fig. 6A, t=0.82, 

p=.41) or duration (Fig. 6C, t=-1.45, p=.15) imitation. 

This suggests that both spectral and duration 

imitation of English high vowels seems to be tied to 

the perceptual sensitivity in duration, rather than 

spectral cues, in L1-Mandarin speakers, indicating 

that the formation of L2 /i/ and /ɪ/ categories by L1-

Mandarin speakers is based on duration to a larger 

extent. 

 
Figure 4: Imitated (colored ellipses) and target F1/F2 

values (triangles) of high (left) and mid (right) vowels 

 
Figure 5: Imitated and target duration values of high 

(left) and mid (right) vowels 

 
Figure 6: Correlation between individual perceptual cue 

weights (spectral/duration) and imitation (spectral/ 

duration) for high (left, A-D) and mid vowels (right, E-G) 

For the mid vowels, however, the speakers who 

weighted spectral cues more heavily in perception 

displayed a higher degree of spectral imitation (Fig. 

6E, t = 5.58, p <.001), while those who relied more 

on duration in perception showed lower degree of 

spectral imitation (Fig. 6F, t = -3.28, p < .01); on the 

other hand, the duration imitation of the mid vowels 

was not predicted by either spectral (Fig. 6G, t = 1.47, 

p = .14) or duration (Fig. 6H, t = 0.39, p = .70) cue 

weights. These results indicate that, for English mid 

vowels /ɛ/ and /æ /, the two acoustic-phonetic cues in 

perception constrained the production of vowel 

quality in a trade-off manner. 
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6. DISCUSSION 

The current study adopted perceptual categorization 

and phonetic imitation tasks to examine the link 

between perception and production of English high 

(/i, ɪ/) and mid (/ɛ, æ /) vowel pairs in L1-Mandarin 

speakers. 

In perception, L1-English speakers rely primarily 

on spectral cues across vowel contrasts, and less on 

durational cues. In contrast, we found that (1) L1-

Mandarin speakers rely more on durational cues for 

the /i, ɪ/ contrast, with spectral cues being secondary, 

and (2) they rely more exclusively on spectral cues to 

contrast /ɛ, æ / vowels. It appears that the L2 speakers 

developed contrast-specific phonetic cue weighting 

for vowel perception in a non-native way. 

Furthermore, at the individual level, we observed a 

trade-off relationship between the perceptual weights 

of spectral and durational cues for the high vowels, 

while a null relationship between the two was 

revealed for the mid vowels. Together, these results 

imply that L2 speakers may have difficulty 

simultaneously integrating various acoustic-phonetic 

cues to map sounds onto L2 categories. 

With regard to the perception-production link, our 

findings suggest that the L1-Mandarin speakers’ 

spectral imitation of L2 English high vowels was 

mediated by their L1 phonemic categories. During 

phonetic imitation, L1-Mandarin speakers may 

perceptually map the L2 English high vowel /i/ onto 

the native sound category /i/ in Mandarin [5, 8, 17] 

and thus condition the phonological contrast in their 

production, leading to the assimilated imitation of the 

ambiguous and /i/ vowel tokens. On the other hand, 

the speakers were able to imitate the spectral 

information of the mid vowels in a gradient manner. 

This is presumably due to the lack of influence from 

L1 phonology given no corresponding phonemic 

categories for both /ɛ/ and /æ / in Mandarin, though [ɛ] 

sound does appear as an allophone under certain 

contexts. The vowel durations, on the other hand, 

were faithfully imitated for both high and mid vowels, 

which is in line with previous findings suggesting that 

suprasegmental properties of speech can be picked up 

more easily for imitation [11].  

At the individual level, for high vowels, the 

speakers who relied more on durational cues in 

perception were better able to imitate both durational 

and spectral information of targets; in contrast, 

spectral cue weights did not correlate with either 

duration or spectral imitation. This suggests that the 

imitation of English high vowels, in terms of both 

vowel quality and duration, is linked to the sensitivity 

of the primary duration cue, but not that of the 

secondary spectral cues, in perception. Partly 

supporting phonological imitation hypothesis 

claiming all phonologically-relevant phonetic cues to 

be enhanced in production, our finding exhibits 

asymmetries between perception and imitation (cf. 

[12]). Despite the fact that spectral information serves 

as a secondary cue in L1-Mandarin speakers’ 

perception and is thus encoded to some extent in their 

English /i, ɪ/ categories, duration, the primary cue, is 

better represented to contrast the /i, ɪ/ categories. As 

such, a greater perceptual sensitivity to duration, but 

not spectral cues, may help activate the L1-Mandarin 

speakers’ L2 representations more robustly and lead 

to more accurate L2 imitation across different 

phonetic aspects. 

For the mid vowels, however, the speakers who 

relied more on spectral cues in perception displayed a 

higher degree of spectral imitation, while those with 

larger reliance on durational cues imitated the 

spectral information more poorly. This finding 

suggests a direct perception-production link at the 

acoustic-phonetic level for the vowel quality of 

English mid vowels (cf. [11]); that is, greater 

sensitivity to spectral cues in perception leads to 

better imitation of vowel quality in the same phonetic 

aspect. On the other hand, if the speakers attended 

more to duration, they were less capable of imitating 

the spectral information closely. These results 

provide further evidence that L1-Mandarin speakers 

utilize primary and non-primary cues in a trade-off 

manner. In addition, the speakers’ duration imitation 

was not predicted by either of the perceptual cue 

weights, which may reflect the minor role of vowel 

duration for the perceptual categorization of English 

mid vowels and hence result in an absence of 

perception-production link. 

Taken together, L2 English vowel production in 

L1-Mandarin speaker is linked to perception only 

when the corresponding phonetic aspect(s) is critical 

for their perceptual categorization. For English high 

vowels, both the vowel quality and duration in 

production were related to the efficiency in using the 

primary (duration) cue in perception that is more 

robustly represented to distinguish L2 sounds; in 

addition, the imitation of spectral information, which 

is contrastive between Mandarin vowels, was further 

mediated by the L1 categories at the phonological 

level. On the contrary, for English mid vowels, the 

perception-production link is only established in 

vowel quality, directly constrained by a trade-off in 

perceptual sensitivity to the primary (spectral) and 

non-primary (duration) cue at the acoustic-phonetic 

level. Our findings highlight the roles of phonetic cue 

weightings and native phonological categories in 

shaping the abstraction of L2 sound categories during 

second language acquisition, leading to disparate 

perception-production links across various phonetic 

aspects in different L2 vowel contrasts. 
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