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Abstract

The present study examined the influence of changes in speakers’ fundamental frequency (fo) and vocal tract resonance (VTR) on speech recognition in different types of noise by non-native listeners. The goal was to identify whether the fo-VTR relationship has a similar effect on non-native listeners as it does on native listeners. Twenty-six adults who were native Mandarin speakers learning English as a second language were presented with English Hearing-in-Noise Test (HINT) sentences in four voice conditions with the original male speaker's fo doubled and/or VTR scaled up by a factor of 1.2: (1) low fo low VTR (LfoLVTR, the original recordings); (2) low fo high VTR (LfoHVTR); (3) high fo high VTR (HfoHVTR), and (4) high fo low VTR (HfoLVTR). The stimuli were presented in speech-shaped noise (SSN) and four-talker babble (FTB) at signal-to-noise ratios of −3, 0, +3 dB. The results showed that the non-native listeners performed more poorly with fo-VTR mismatched voices than with fo-VTR matched voices and the negative influence of mismatched voice features was mainly manifested in the HfoLVTR condition. Compared to SSN, FTB had a greater adverse impact on the non-native listeners’ recognition accuracy. Further, the performance difference between matched and mismatched conditions showed distinct patterns across SSN and FTB.
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1 Introduction
According to the source-filter theory, speech production (e.g., vowel production) involves two major mechanisms: vocal fold vibration that generates a vocal source [with the rate of vibration determining the fundamental frequency (fo)] and vocal tract resonance (VTR) that filters the vocal source. The variations of these two components are reflected in the differences in speakers’ vocal tract size and vocal fold structure that change as a function of the speaker's sex and age. Numerous studies have reported that both acoustic correlates contribute to the identification of a speaker's sex [1–3]. The two correlates are also associated with a speaker's speech intelligibility [4–6].
Assmann and Nearey (2008) [4] applied downward and/or upward shifting to the formant frequencies (e.g., by a factor of 0.8, 1.0, 1.5, etc.) and/or fo (by a factor of 0.5, 1.0, 2.0, etc.) of adult male, adult female, and child speakers to create resynthesized /hVd/ words via STRAIGHT vocoder for vowel recognition. The results showed that the recognition accuracy dropped when one feature was shifted alone. However, when fo and spectrum envelope were shifted in the same direction together, recognition accuracy improved, even when the shifting scale factors were in the range outside of natural speech. The authors proposed that listeners tend to have an internalized knowledge about the covariation of fo and formant. Mismatched fo and formant has an adverse impact on speech intelligibility. In a recent study [7], we modified the fo and/or VTR (i.e., formant values) of the male speaker of Hearing-in-Noise Test (HINT) sentences by shifting up fo with a factor of 2.0 and/or shifting up VTR with a factor of 1.2. This setting conforms to the ratios of group mean vocal tract length and fo between female and male speakers. The stimulus sentences were mixed with speech-shaped noise and were presented to listeners at four signal-to-noise ratios (SNRs at −10, −5, 0, +5 dB). While there was no significant difference in the intelligibility between HfoHVTR (high fo paired with high VTR) and LfoLVTR (low fo paired with low VTR), the intelligibility declined significantly for HfoLVTR (high fo paired with low VTR) and LfoHVTR (low fo paired with high VTR) at certain SNRs. The intelligibility gap between the matched and mismatched conditions (e.g., HfoHVTR and HfoLVTR) could reach up to 20 percentage points. These results echoed previous findings about listeners’ sensitivity to fo-VTR relationship. Violating the relationship could negatively influence speech intelligibility in adverse listening conditions.
Extending beyond this earlier work, in the present study, we examined whether sensitivity to the covariation relationship between fo and VTR would be manifested in non-native listeners. The covariation of fo and VTR is determined by the sex-related anatomical differences (i.e., on average, male speakers, as a group, tend to have a lower fo and lower formant frequencies compared to female speakers) rather than language-specific features. When the same set of English stimuli were presented to non-native listeners, we hypothesized that they should also demonstrate a similar pattern of higher recognition accuracy for stimuli with a matched fo-VTR relationship compared to a mismatched relationship, although the overall recognition performance of non-native listeners would likely be lower than the native listeners. As speaker characteristics are largely indexed in their voice features, the results of the present study provide valuable information to further our understanding of the impact of adverse source involving speaker characteristics on non-native speech perception.
In addition to speech-shaped noise, in the current research, we also presented sentence stimuli with multi-talker babble as maskers. We wondered whether listeners’ performance in the four voice conditions would show a different pattern between speech-shaped noise and multi-talker babble. Babble speech is a fluctuant speech noise that introduces informational masking in addition to energetic masking [8]. Listeners’ ability to segregate target speech from babble noise is interfered with the audible fragments of the babble masker. Previous studies examining non-native perception in noise have shown that non-native listeners consistently performed more poorly than did native listeners and the performance difference between native and non-native listeners was greater in noise conditions than in the quiet condition [9–13]. Compared to speech-shaped noise, multi-talker babble had a greater masking effect on both native and non-native listeners [9, 12], with the extent of the effect depending on the number of talkers in the babble (e.g., [8]).
Unlike speech-shaped noise that does not contain voice cues, speech babble contains speakers’ voice information. In speech-on-speech perception (with either one competing talker or multiple talkers), voice difference between the target speaker and babble speaker(s) could serve as an important cue to segregate the target speech from babble noise [14–19]. Darwin et al. (2003) [15] reported that compared with two competing sentences produced by the same speaker, increases in fo difference (>2 semitones) or increases in VTR difference (ratio > 1.08) alone both improved the recognition performance of the target speech. Systematic changes in both fo and VTR towards a different sex between the target and masker speech introduced the greatest improvement. Flaherty et al. (2021) [19] tested sentence recognition threshold in a two-talker masker by children of different ages. The stimuli were presented in four conditions: target and masker speech with no differences in fo and VTR, differed in fo only, differed in VTR only, or differed in both fo and VTR (high fo–high VTR or low fo–low VTR). The results revealed that child listeners showed greater improvement in masking release when the target and masker speech differed in both features compared to the conditions in which the target and masker speech differed in one single feature. Both studies evidenced that listeners, including children and adults, benefit more from greater voice distinctiveness between target and masker speech in speech-on-speech recognition. In the present study, the two sex-related acoustic features of the target speech were manipulated but the babble speech were produced by male or female speakers with no feature changed. We hypothesized that listeners would show different patterns of perception performance in the two different types of noise: (a) the target speech in mismatched voice conditions would be more salient compared to that in matched voice conditions in the presence of speech babble and (b) the negative impact of mismatched voice features would be reduced in babble maskers compared to speech-shaped noise.
2 Methods
Listeners. A total of 26 Mandarin-speaking English learners (24 females, 2 males) participated in this study. All the listeners aged between 20 and 43 years old (M = 23.8 yrs, SD = 5.2 yrs) and self-reported as having normal hearing. The listeners were senior-year college students or graduate students recruited in Central South region of China. All had received English language instruction since elementary or middle school in China, and 20 of the 26 participants majored in English. None of the listeners had experience residing in English-speaking countries. A web-based Vocabulary Level Test (VLT) [20] and Lexical Test for Advanced Learners of English (LexTALE) [21] were given to each listener. VLT measures the degree of mastery of English words in the second, third, fifth, and tenth 1000-word frequency bands (2000, 3000, 5000, 10 000 level) as well as Coxhead's (2000) Academic Word List [22]. LexTALE is a non-speeded visual lexical decision task targeting tester's English vocabulary knowledge. For our participants, the group average LexTALE score was 77.1%, and the group average VLT score was 85.7. The results of the two English language tests were highly correlated (r=0.807). A large-scale study testing LexTALE revealed that the average score for Dutch and Korean advanced English learners was 70.7% [21]. In the present study, 21 of the 26 participants scored higher than 70%. For the VLT, 23 of the 26 participants had an average score higher than 70. Therefore, we contended that our sample of non-native listeners was proficient in English.
Perception stimuli. The perception stimuli were HINT sentences [23] with the voice features of fo and VTR manipulated. HINT sentences included 26 original lists each containing 10 sentences. The same set of stimuli was used in [7]. The original HINT sentences were produced by a male speaker. In the current study, we manipulated the fo and/or the vowel formants of the original sentences using the built-in “Change Gender” function in PRAAT software [24]. There were four voice conditions: male fo paired with male VTR (LfoLVTR) by adopting the original sentences produced by the male speaker; female fo paired with female VTR (HfoHVTR) by doubling the fo of the original male voice (i.e., from a mean of 110 Hz to a mean of 220 Hz) and scaling up the formants of the male speaker by a factor of 1.2 [3]; female fo paired with male VTR (HfoLVTR) by doubling the fo of the original male voice but maintaining the formant values of the original male speaker; male fo paired with female VTR (LfoHVTR) by maintaining the original male fo but scaling up the formants of the male speaker by a factor of 1.2. For all three manipulated conditions, the duration of sentences remained the same as the original sentences. The total number of sentences was 1040 (26 lists × 10 sentences × 4 voice conditions). All sentences were root-mean-square (RMS) equalized.
Procedure. The perception tests were administered in a sound-treated room through a custom MATLAB program. The speech stimuli were mixed with two types of noise: speech-shaped noise (SSN) and four-talker speech-babble noise (FTB) at three SNRs: −3, 0, +3 dB. These SNRs were selected to avoid ceiling or flooring effects of masking on sentence recognition in non-native listeners. The SSN were generated by matching the long-term average spectrum of a white noise to that of the concatenated 1040 sentences. For each SSN-mixed stimulus file, the speech-plus-noise portion was preceded and followed by a 200 ms SSN. The FTB was generated by mixing speech narratives produced by two native English female speakers and two native English male speakers. Previous studies have shown that listeners’ recognition of vowels, consonants, words, and sentences in the presence of multi-talker babble varied as a function of the number of babble talkers [8, 25, 26]. In general, as the number of babble talkers increases, the effect of informational masking decreases [14, 26]. On the other hand, very few babble talkers result in substantial masking release. In the current study, we set the number of babble talkers as four to ensure the appropriate level of masking. The speech narratives were selected from English audiobook compact discs. For each FTB-mixed stimulus file, the speech-plus-babble portion was preceded by a 1400 ms babble with a 400 ms beep inserted in the middle. The beep sound was used as an alert to caution the listeners about the start of the target speech. The FTB continued for 500 ms after the end of the target sentence. The level of the sentence stimuli was fixed and the desired SNR was achieved by changing the RMS level of the maskers relative to that of the sentence stimulus. Sentence recognition was measured in 24 conditions (4 voice conditions × 2 maskers × 3 SNRs). One sentence list was used for each test condition.
All listeners completed a practice session prior to the actual testing. The practice session included 4 voice conditions × 2 types of noise maskers at 0 dB SNR. A total of 16 sentences, with 2 sentences in each condition, were used for the practice session. The practice stimuli were selected from two HINT lists that were not used in the actual testing. Feedback was provided in the form of written text of the target sentence shown on the computer screen. In the actual testing, the four voice conditions were randomized first in which the masker type and SNR level were randomized. The 10 sentences in each list were also randomized. Upon listening to each stimulus file, listeners were asked to type what they heard in a textbox shown on the computer screen. To ensure optimal performance, listeners could adjust the volume to their most comfortable level and repeat each sentence stimulus up to three times.
The perception responses were scored by a native English speaker. The accuracy of each sentence list was calculated by dividing the total number of correctly recognized words by the total number of words in all sentences. Given that the listeners were all non-native listeners and the research goal was to test auditory perception rather than grammatical knowledge and processing, language errors (e.g., subject-verb disagreement, misuse of verb tense) due to their native language interference and obvious spelling errors (e.g., “strewberry” for strawberry) were accepted and counted as correct.
Statistical analysis. The listeners’ perception accuracy data was analyzed using a Generalized Linear Mixed Model (GLMM). The model was fit using a binomial distribution and a logit link function. The factors of masker type, SNR, and voice condition were defined as fixed effects with treatment coding applied for each factor, encompassing all two-way and three-way interactions. Listeners were defined as the random effect. Subsequently, GLMM was applied to the perception accuracy in SSN and FTB separately to further examine the effect of voice condition in each type of masker. In each model, the factors of SNR and voice condition were set as fixed effects with SNR by voice condition interaction effect included. Treatment coding was applied for each factor. Listeners were set as the random effect.
We calculated the performance difference between the fo-VTR matched and mismatched conditions to quantify the intelligibility difference caused by voice features. Given that the non-native listeners performed very poorly in certain conditions (e.g., −3 dB SNR in FTB), the percentage accuracy data was converted into rationalized arcsine units (RAU, [27]) scores first. Then, we calculated the performance difference in RAU between the two matched and two mismatched conditions: LfoLVTR–LfoHVTR, LfoLVTR–HfoLVTR, HfoHVTR–LfoHVTR, and HfoHVTR–HfoLVTR. The matched-mismatched performance difference in RAU was analyzed using Linear Mixed-effects Model (LMM) in which the performance difference type, masker type, and SNR were defined as the fixed effects and listeners were defined as the random effect. To further investigate how the two types of maskers influence the performance difference between matched and mismatched voices in different SNRs, the performance difference data was fitted with LMM for each SNR separately. In each model, the fixed effects included performance difference type, masker type, and the two-way interaction, and the random effect included listeners. Listener age or gender were not included in the GLMM or LMM models.
Given that the non-native listeners, though were all advanced English learners, varied in the vocabulary test scores, we conducted a correlational analysis between the non-native listeners’ English language test results and the recognition performance. An average recognition accuracy across all tested conditions was calculated as the overall recognition accuracy for each listener. Bivariate correlation was run between LexTALE and the overall accuracy as well as between VLT and the overall accuracy.
3 Results
Figure 1 displays the recognition accuracy of the four voice conditions in SSN and FTB at the three SNRs. For both masker types, the recognition accuracy increased as the SNR increased. Of the two masker types at the same SNR, the recognition accuracy was lower in FTB than in SSN. Among the four types of voice conditions, the accuracy of HfoLVTR was consistently lower than the other conditions in both masker types across all SNRs. The performance of HfoHVTR and LfoLVTR that had matched fo and VRT was similar at all three SNRs for both masker types. At certain SNRs, such as +3 dB in SSN and 0 dB in FTB, the accuracy of LfoHVTR was lower than the two matched conditions.
	[image: thumbnail]	Figure 1. Box plots showing the perception accuracy of HINT sentences in speech-shaped noise (SSN) and four-talker babble (FTB) in four voice conditions (LfoLVTR, LfoHVTR, HfoHVTR, and HfoLVTR) at three signal-to-noise ratios (SNRs) of −3, 0, and +3 dB. In each condition, the box represents the 25th and 75th percentiles of the performance, the notch represents the median, and the whiskers represent the range. Outliers are plotted with filled symbols.



Model comparison for the GLMM on the perception accuracy data revealed that the best-fit model included by-subject random intercept and random slopes for all three factors. The GLMM results showed significant effects of masker type (F(1,600)=248.6,p<0.001), SNR (F(2,600)=609.3,p<0.001) and voice condition (F(3,600)=22.5,p<0.001). All two-way interactions and the three-way interaction were significant (p<0.05). The pairwise comparison of the four voice conditions revealed that the perception accuracy of HfoLVTR was significantly lower than the other three conditions. In addition, the perception accuracy of LfoHVTR was significantly lower than HfoHVTR.
In the GLMM for each masker type, the by-subject random intercept and random slopes for SNR and voice condition were included in the models. The results revealed that for both SSN and FTB, there were significant effects of SNR and voice condition and significant SNR by voice condition interaction (all p<0.001). The pairwise comparison of voice condition revealed that the accuracy of HfoLVTR was significantly lower than the other three conditions in both noise types. There was no significant difference among the HfoHVTR, LfoLVTR, and LfoHVTR (p>0.05) in SSN. By contrast, the accuracy of HfoHVTR was significantly higher than the other three conditions (p<0.05) in FTB.
Figure 2 displays the performance difference between the fo-VTR matched and mismatched conditions. In SSN, due to the consistently lower accuracy in HfoLVTR than the other three conditions, the performance difference of LfoLVTR–HfoLVTR and HfoHVTR–HfoLVTR was greater than the performance difference of LfoLVTR–LfoHVTR, and HfoHVTR–LfoHVTR at all three SNRs. It is noteworthy that at 0 dB SNR, the performance of HfoHVTR was higher than LfoLVTR, which resulted in a greater difference of HfoHVTR–HfoLVTR than LfoLVTR–HfoLVTR as well as a greater difference in HfoHVTR–LfoHVTR than LfoLVTR–LfoHVTR. In FTB, the perception accuracy of HfoHVTR was higher than the other voice conditions. In the meantime, the performance of HfoLVTR was lower than the other conditions. Therefore, the performance difference was the greatest in HfoHVTR–HfoLVTR and the smallest in LfoLVTR–LfoHVTR. At 0 and +3 dB SNRs, the performance of the two matched conditions HfoHVTR and LfoLVTR was very similar but the performance of HfoLVTR was lower than that of LfoHVTR. Therefore, in these two SNRs, the performance difference of HfoHVTR–HfoLVTR and LfoLVTR–HfoLVTR was greater than that of HfoHVTR–LfoHVTR and LfoLVTR–LfoHVTR. The LMM analysis on the matched-mismatched performance difference revealed a significant effect of performance difference type (F(3,575.01)=11.4, p<0.001) and masker by SNR interaction (F(2,575.01)= 9.0,p<0.001). The subsequent LMM for matched-mismatched performance difference between the two masker types at individual SNR revealed significant differences between SSN and FTB at −3 dB (F(1,175)=11.19, p=0.001) and +3 dB (F(1,175)=7.90, p=0.005) SNR. At −3 dB SNR, the average performance difference between matched and mismatched voice conditions was 3.59 RAUs in SSN and 7.04 RAUs in FTB. By contrast, at +3 dB, the average performance difference was 7.99 RAUs in SSN and 3.61 RAUs in FTB.
	[image: thumbnail]	Figure 2. Sentence recognition performance difference (mean and standard error) between the matched (HfoHVTR and LfoLVTR) and mismatched (HfoLVTR and LfoHVTR) conditions at three signal-to-noise ratios of −3, 0, +3 dB in speech-shaped noise (SSN) and four-talker babble (FTB). RAU = rationalized arcsine unit.



The correlation analysis revealed no significant relationship between the listeners’ vocabulary test scores and their overall perception performance.
4 Discussion
The purpose of the present study was to examine the influence of two sex-related acoustic correlates, fo and VTR, on speech intelligibility for non-native listeners in two types of maskers, SSN and FTB. We tested whether the sensitivity to the covariation of fo and VTR reported in native listeners occurred in non-native English listeners. Our results revealed that in both types of maskers at all three SNRs, the recognition accuracy of the mismatched condition of HfoLVTR was significantly lower than the other conditions. The performance of the other mismatched condition, LfoHVTR, was lower than the performance of the two matched conditions in SSN at 3 dB and FTB at 0 dB SNR. However, this pattern was not consistently shown in other conditions. The GLMM did not yield a significant difference between LfoHVTR and the two matched conditions when the data was collapsed across masker types and SNRs. These results suggested that non-native listeners also showed sensitivity to the covariation pattern of fo and VTR. However, importantly, the adverse impact of mismatched voice features was mainly reflected in high fo paired with low VTR. Assmann and Nearey (2008) [4] discussed that high fo resulted in sparsely distributed harmonics and thus poorly resolved formant peaks, which might have a greater adverse effect on speech recognition especially when the fo was higher than the first formant of vowel sounds. In the study of Yang et al. (2025) [7], native English listeners also demonstrated the lowest recognition accuracy in HfoLVTR condition. In the present study, the consistently lower accuracy in HfoLVTR condition in both SSN and FTB at all SNRs provided additional evidence about the negative impact of this mismatched condition on speech recognition. This finding has clinical implications for gender diverse populations who may undergo surgical procedures, take medications, and/or receive voice training to alter voice pitch for gender affirmation. While voice pitch can be modified, the vocal tract can hardly be resized or reshaped, potentially resulting in mismatched voice features, as observed in the present study. Given the evidence showing decreased intelligibility with mismatched voice features in the presence of noises, clinical efforts should be made to develop speech training programs or strategies to help these individuals improve speech intelligibility in adverse communication conditions.
The second central question focused on the differences in speech recognition performance in various voice conditions between SSN and FTB. The results revealed that our non-native listeners performed more poorly in FTB than in SSN at all tested SNRs in all four voice conditions. In Mi et al.'s (2013) [12] study, the authors tested English vowel recognition by English native (EN) listeners, Chinese native listeners recruited in the United States (CNU), and Chinese native listeners with no residency history in English-speaking countries (CNC). The authors found that CNU and CNC listeners performed similarly in SSN but the CNC listeners performed worse than CNU listeners in the 12-talker babble at all SNRs. Similarly, in the study of Tao et al. (2018) [28], which examined English consonant recognition by EN, CNU, and CNC listeners in quiet vs 12-talker babble, CNC listeners again showed poorer performance than CNU and EN listeners in multi-talker babble. The participants of the present study were all recruited in China and none of them had experience residing in English-speaking countries. It is possible that the listeners who were not immersed in English-speaking environment had limited exposure to continuous speech in English produced by multiple speakers, which makes speech babble noise particularly challenging for them [12, 28]. Additionally, prior research has shown that native Chinese listeners, especially those who had no residency history in English-speaking regions, were less able to utilize temporal dips and exhibited reduced masking release compared to native English listeners and native Chinese listeners with relatively long-term English immersion [29–33]. This might further explain the difficulty our Chinese listeners experienced in perceiving speech masked by multi-talker babble.
Further, we calculated the performance difference between the two matched and two mismatched voice conditions to quantify the adverse effect of mismatched voice condition. Our results revealed that the performance difference between the matched and mismatched conditions in FTB was greater than SSN at −3 dB SNR but lower than SSN at +3 dB. This result did not fully support our hypothesis of less negative effect of mismatched voice in speech babbles than in SSN. Close examination of the performance difference data revealed that LfoLVTR–HfoLVTR and LfoLVTR–LfoHVTR in FTB was similar to those in SSN at −3 dB SNR. However, because the performance of HfoHVTR was much higher than all other conditions in FTB at −3 dB SNR, the performance difference between HfoHVTR and the two mismatched conditions was greater in FTB than in SSN.
We analyzed the fo of the four talkers of the babble maskers and the target speech signals. The average fo values for the two female babble talkers was 234 Hz and 158 Hz, while those for the two male babble talkers, were 116 Hz and 121 Hz. The target speech signals had an average fo of 110 Hz for the original male voice and 220 Hz for the Hfo condition. While there were two babble talkers with similar fo as the target signal in Lfo condition, only one babble talker had a similar fo as the target signal in Hfo condition. This suggests that the masking effect of the speech babble might be greater for the Lfo condition than for the Hfo condition. Therefore, the higher performance of HfoHVTR as well as the greater performance difference between the HfoHVTR and the two mismatched conditions in FTB compared to SSN should be interpreted with caution. Future studies should aim to more carefully control voice characteristics of the babble talkers.
In the meantime, the relatively higher recognition accuracy in HfoHVTR condition also warrants further discussion about the potential intelligibility difference between male and female voices. Previous studies reported inconsistent findings on this issue [34–37]. While those studies recruited multiple male and female speakers for whom researchers could hardly strictly control speaker characteristics that may interfere with speech intelligibility, we manipulated the two major sex-related acoustic correlates of one single speaker and the shifted ratios represented the group-level sex differences between males and females. The results of our previous study revealed no significant difference in speech recognition between HfoHVTR and LfoLVTR presented with SSN in native English listeners [7]. In the current study, non-native listeners presented no significant difference between these two voice conditions at all SNRs in SSN. However, the two voice conditions showed a significant difference in FTB, which was mainly reflected at −3 dB SNR. Other than the potentially reduced masking effect on Hfo signals due to the fewer babble talkers with similar fo, it remains unclear whether female voice presents more salient features that could help listeners overcome the masking effect in challenging conditions with multi-talker babble. Future studies should aim to better control the fo of the babble talkers and test more SNRs.
Finally, divergent from the findings of positive relationship between non-native listeners’ language proficiency and perception performance reported in many previous studies [38–40], the correlational analysis of the present study yielded no significant relationship between the vocabulary test scores and the overall recognition accuracy. The test stimuli were HINT sentences that include high frequency words occurring in everyday life. The group of listeners demonstrated a high level of proficiency on the language tests. The group average score for the vocabulary knowledge test (LexTALE) was higher than the reported score for advanced English learners. For the vocabulary size test (VLT), the group average was 95 out of 100 for the 2000 and 3000-level words. The high scores of the English tests suggested that the vocabulary difficulty of the sentence stimuli was within the listeners’ language ability. The variation of the listeners’ recognition performance was less likely caused by their vocabulary proficiency. Previous studies have shown that working memory capacity played an important role in speech recognition in adverse conditions (e.g., speech in noise or interrupted speech) for both native and non-native listeners [40–43]. It is possible that the non-native listeners’ working memory abilities may partially account for the individual differences in their perceptual performance.
In sum, our results revealed that non-native listeners performed more poorly with fo-VTR mismatched voice than with fo-VTR matched voice. However, the negative influence of mismatched voice features was mainly manifested in the HfoLVTR condition. Compared to SSN, FTB had a greater effect on the non-native listeners who had no residency experience in English-speaking countries/regions. Further, the performance difference between matched and mismatched conditions showed different patterns in speech-shaped noise and multi-talker babble. These findings suggest that when developing hearing test stimuli, we should take into account the potential influence of speaker's voice features on listeners’ recognition performance. When testing speech-in-noise perception, various noise types should be used to provide a thorough assessment of listeners’ perceptual performance and recognition ability. It is noteworthy that the present study only adopted one male speaker and the manipulation of fo and VTR were all based on this speaker. While the purpose of this approach was to strictly control the potential confounding factors involving speaker-specific traits that likely introduced individual variabilities to speech intelligibility, applying algorithms to manipulate the voice features of one single speaker and resynthesize speech might restrict the generalizability of the current findings and undermine the ecological validity of the study. The naturalness of the manipulated voice conditions, especially the mismatched conditions, might be compromised, which could potentially affect the testing results. Further, the present study adopted one-step upward shifting for both features; for future studies, we should adopt female speakers and apply downward shifting to test if listeners show similar results to the current research. We should also modify the shifting ratios beyond the range of natural speech as was done in Assmann and Nearey (2008) [4] to test whether the influence of fo-VTR covariation on speech intelligibility by non-native listeners is valid when the voice features exceed natural speech range. We also acknowledged that the female listeners recruited in this study outnumbered male listeners. Though efforts were made to recruit an equivalent number of male and female listeners, the perceptual task of the present study was challenging and required high proficiency in English; therefore, most participants were recruited from English or other social science majors that typically have a higher proportion of female students. The influence of listener's sex on speech recognition is an insightful research question that has been addressed in a few recent studies [37, 44]. For future studies, we should recruit a balanced number of listeners in each sex to examine the effect of listener sex on the intelligibility of speech presenting various voice features.
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