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Abstract
The relative importance of temporal and spectral cues in non-native speech
sound production and perception has been explored in numerous studies
(Bohn, 1995; Ćavar et al., 2022; Gao et al., 2020; Yazawa et al., 2023). The
prevailing view in the existing literature mostly suggests that second language
(L2) speakers tend to prioritize temporal cues over spectral cues (Perwitasari,
2019; Yuan & Archibald, 2022); however, some recent studies (e.g., Ćavar et
al., 2022) have reported mixed patterns. To enhance our comprehension of
the utilization of temporal and spectral cues in L2 speech, the present study
employs a larger-scale corpus analysis of L2 English with the L2-ARCTIC corpus
(Zhao et al., 2018), incorporating data from six L1 backgrounds. This study
compares the duration, F1, and F2 of tense and lax vowels, evaluating the rel-
ative significance of these cues in tense-lax distinctions through linear mixed-
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effects models and random forest classification models. Surprisingly, the re-
sults do not align with the prevalent notion that speakers prioritize temporal
cues over spectral cues. Instead, the speakers exhibited a greater preference
for spectral cues, in contrast to previous research. These findings offer novel
insights into the interplay between temporal and spectral cues in non-native
speech production and perception.

Keywords:spectral cues; temporal cues; L2 vowels; tense-lax contrast; English

1. Introduction

The understanding of how non-native speakers acquire and perceive speech
sounds in a second language (L2) has been a topic of significant interest in lin-
guistics and language acquisition research and a fundamental aspect of this pro-
cess is the relative importance of temporal and spectral cues in acquiring second
language vowel contrasts. Extensive experimental studies (Gao et al., 2020;
Yazawa et al., 2023) have consistently reported that L2 learners tend to place
more emphasis on temporal properties than on spectral properties when learn-
ing non-native vowel sounds. Such reports are, however, mostly based on per-
ceptual or small-scale production data of the L2 learning process, and recent
evidence from recent studies (Ćavar et al., 2022; Islam et al., 2023) indicates
that the preference for temporal cues to spectral cues may not be generalizable
to all speech modality and to all languages. To further investigate the question,
the current study aims to evaluate the debates around the relative importance
of temporal and spectral cues in L2 speech with a larger speech corpus contain-
ing speech from six different languages.

The existing literature reveals a significant gap in the comprehensive un-
derstanding of the relative importance and roles of temporal and spectral cues
in the audition and production of L2 speech. Although both cues are fundamen-
tal to L2 speech learning, their precise contributions remain less understood.
Research has often approached these cues in extremely controlled laboratory
settings (Gao et al., 2020; Yazawa et al., 2023) or with participants from a single
first language (L1) background (Chen, 2006; Rojczyk, 2010). This fragmented ap-
proach has resulted in a limited understanding of how these cues function be-
yond controlled experiments and in more naturalistic settings, where sounds are
more complex and dynamic. Furthermore, there is a lack of consensus on the
relative effectiveness of these cues across different tasks and language back-
grounds, complicating the ability to generalize findings across contexts. This lim-
itation highlights a critical need for studies that utilize more holistic and nuanced
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methods to explore the synergy between temporal and spectral cues in L2
speech. The current study addresses these gaps by employing a novel approach
that combines analysis techniques from frequentist statistics and machine
learning, facilitating a triangulation of findings through machine learning meth-
ods. Unlike previous experimental studies, this study adopts a corpus approach
to include a large collection of near-natural speech from individuals with six dif-
ferent L1 backgrounds. This approach allows us to test whether conclusions
from  experimental  studies  on  the  roles  of  temporal  and  spectral  cues  in  L2
speech are generalizable beyond tightly controlled settings and whether find-
ings from studies focusing on a single language can be extended to other, unex-
plored languages, indicating a universal pattern. By addressing these critical
gaps, the study aims to advance our theoretical understanding and practical im-
plications of the roles of temporal and spectral cues in L2 speech learning.

2. Literature review

Numerous experimental studies (Bohn & Flege, 1990; Ćavar et al., 2022; Gao et
al., 2020) have delved into the relative importance of temporal and spectral cues
in non-native speech sound production and perception. Consistent findings
from existing research assert that, during non-native vowel acquisition, speakers
tend to prioritize temporal cues over spectral cues. Several investigations (e.g.,
Ćavar et al., 2022; Chen, 2006; Fox & Maeda, 1999; Gao et al., 2020; Podlipský
et al., 2019; Rojczyk, 2010; Yazawa et al., 2023; Yuan & Archibald, 2022) have
been conducted to examine whether L2 speakers exhibit a language-independ-
ent preference for durational features over spectral features. The remainder of
this section will provide a comprehensive exploration of this prevailing trend
across various studies and elucidate its implications for our understanding of
non-native sound acquisition processes.

Research into the significance of cues in L2 vowel acquisition can be
traced back to the 1990s. Bohn (1995) conducted a perception study to examine
how individuals from Spanish and Mandarin language backgrounds, character-
ized by distinct L1 vowel systems, perceived English tense/lax vowel contrasts
(/i/ vs. /ɪ/ – as observed in words like beat and bit) while acquiring English as
their second language (L2). Worth noting, Spanish and Mandarin both exhibit a
solitary phonemic category (/i/) for vowel sounds, whereas English encom-
passes two (/i/ and /ɪ/) within a shared acoustic range. The study employed syn-
thesized auditory stimuli, presenting participants with tokens spanning the pho-
netic spectrum from beat to bit. Participants were assigned the task of identifying
these tokens. The findings indicated that native English speakers predominantly
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attended to spectral distinctions, with limited consideration for the temporal as-
pect during the identification task. Conversely, participants originating from
Spanish and Mandarin linguistic backgrounds heavily relied upon duration cues
to discriminate between tense and lax vowels.

Fox and Maeda (1999) investigated Japanese speakers to explore whether
Japanese speakers could differentiate between the two high front vowels (/i/
and /ɪ/) of American English in both production and perception perspectives.
Perception data were collected from 12 native Japanese speakers who com-
pleted a two-choice forced identification task. The production study was com-
pleted by 7 speakers where they read out lists of words containing the target
vowels in specific environments. Results of the perception study revealed that
the participants were consistently successful in distinguishing between the two
vowel sounds based on vowel duration whereas there was variation in vowel
quality. Similar results were reported from the production study where partici-
pants produced consistent durational differences between /i/ and /ɪ/. Thus, the
authors concluded that Japanese speakers tend to prioritize temporal cues over
spectral cues in their L2 English vowels.

Rojczyk (2010) undertook a study involving Polish speakers who were learn-
ers of English as a second language (L2), comprising both production (43 partici-
pants) and perception (17 participants) data. The focal point of the study was pri-
marily centered around investigating the influence of duration on the production
and perception of the vowel /æ/ in relation to its neighboring vowels: /e/ and /ʌ/.
The findings revealed that these learners displayed a predilection for durational
cues over spectral cues when distinguishing among the English vowels /æ/, /e/,
and /ʌ/. Analyses of durational measurements obtained from the production
study highlighted that speakers harnessed durational differences among these
vowels, especially in cases where their spectral qualities were similar. The out-
comes of the production study were substantiated by the results of the percep-
tion study, in which listeners exhibited a marked inclination to associate stimuli
with lengthier vowel durations as representing /æ/, as opposed to /ʌ/.

Chen’s (2006) study centered on Mandarin learners of English as their L2,
exploring the spectral and temporal attributes in English tense and lax vowels
using both production and perception data. The study concentrated on six
American English vowels: /i, ɪ, æ, ɛ, u, ʊ/. These vowels were recorded in the
context of /hVd/, embedded within a carrier phrase. The study cohort com-
prised 40 native Mandarin speakers for the production part. In the perception
component, the authors ran tasks reminiscent of an AX task where the stimuli
contained unmanipulated vowels sourced from the production data gathered
earlier in the study. Based on the analysis of duration and formant data, the
authors concluded that Mandarin speakers exhibited a heightened reliance on
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temporal features when contrasted with their native English-speaking counterparts.
Also, tense-lax contrasts were reported to be less distinctive among Mandarin
speakers, in both production and perception, compared to the reference group.

Unlike previous experimental studies, Yazawa et al. (2023) conducted a
corpus analysis with Japanese learners of L2 English, aiming to comprehensively
assess the utilization of spectral and temporal cues across all English vowel cat-
egories. The study incorporated production data collected from 102 native Jap-
anese speakers, who read English passages aloud. The research explored various
models of second language acquisition and reported a mixed array of results.
The study highlighted that temporal implementation’s effectiveness hinged on
the successful execution of prosodic elements like stress patterns and phrase-
final lengthening. Proficiency levels in the L2 were found to influence cue pref-
erences; individuals with less native-like L2 proficiency showed a pronounced
reliance on their L1 categories in their speech production, underlining the influ-
ence of these categories in shaping spectral implementation.

While the majority of studies exploring the comparative preference and
impact of temporal and spectral cues in L2 speech production have predomi-
nantly focused on English as the L2, Gao et al. (2020) undertook a study involv-
ing Mandarin speakers who were learning German as their L2. The investigation
collected production data from 30 Mandarin Chinese speakers who were acquir-
ing German as their second language. These participants produced both the
tense vowels and their corresponding lax vowel counterparts (/a:, o:, e:, i:, u:, y:,
ø:/ and /a, o, ɤ, ɪ, u, y/, respectively) in the German language. The placement of
these vowels was between the sounds /d/ and /t/, forming isolated monosyl-
labic nonce words within the context of /dVt/. Through the analysis of acoustic
features, the study revealed that Mandarin speakers exhibited a heightened re-
liance on duration to differentiate between the tense and lax vowel pairs. In
contrast, German speakers (the reference group) leaned more significantly on
distinctions in formant frequencies.

As  the  above  review  shows,  the  majority  of  previous  studies  have  re-
ported that L2 learners tend to heavily rely on the durational properties of vow-
els rather than spectral properties. However, some counter-evidence has also
been reported in recent research. For instance, Ćavar et al. (2022) examined the
distinction between tense and lax vowels in L2 English, focusing on Polish and
Croatian learners (33 Polish and 14 Croatian participants), using AXB perception
experiments. The study manipulated both duration and quality in two pairs of
English tense-lax vowels (/ɪ/--/i/ and /ʊ/ and /u/), resulting in a total of 50 stim-
uli (25 for the front pair and 25 for the back pair). The objective was to discern
the dominant cues (temporal  or spectral)  on which the learners relied. The re-
search unveiled intriguing patterns in their categorization strategies, with Croatian
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participants primarily depending on duration cues, while Polish participants
leaned towards vowel quality, which encompasses spectral cues.

In addition, Islam et al. (2023) conducted a study investigating the signifi-
cance of durational and spectral cues in the second language (L2) tense and lax
vowel distinctions of English, as produced by Bangla speakers from Bangladesh.
The study aimed to test previous assertions suggesting that speakers predomi-
nantly rely on durational cues rather than spectral cues when distinguishing L2
tense and lax vowel pairs. For this study, citation-style production data were col-
lected from 16 native Bangla speakers, all of whom were undergraduate stu-
dents. The data collection involved a shadowing task, where participants lis-
tened to a carefully curated list of real English words presented randomly and
immediately repeated each word upon hearing it. The results revealed a note-
worthy departure from the general patterns observed in other languages.
Bangla speakers, in contrast to prior claims, did not prioritize durational cues for
differentiating English tense-lax vowel pairs. Instead, they exhibited a prefer-
ence for spectral cues over durational cues in this specific L2 context.

The preceding studies, as highlighted above, suffer from several limita-
tions. Primarily, many of these studies have depended on experimental data de-
rived from controlled environments, thereby raising concerns about their eco-
logical validity. The deliberate control inherent in experimental designs leads to
reduced data variability and limited dataset sizes, which in turn constrains the
examination of how variables might behave in more natural, real-world contexts.
To achieve deeper understanding of the generalizability of findings to diverse
scenarios, it becomes imperative to validate the predictions of experimental
studies on a larger scale, encompassing natural variability. Notably, the necessity
of larger datasets, comprising at least 200 tokens per category, to effectively ad-
dress the breadth of variability has been emphasized in previous research
(Whalen, 2023; Whalen & Chen, 2019). Furthermore, earlier studies have pre-
dominantly relied on data sourced from single languages, often constrained to
languages such as Japanese, Mandarin, and German. For a more comprehensive
understanding, it is essential to draw insights from a wider array of languages. Ad-
ditionally, the methodological disparities among various studies complicate cross-
language result comparisons. To facilitate enhanced comparability, it is imperative
to assess these inquiries through a multilingual dataset while adhering to a con-
sistent methodology. Also,  most of the previous studies picked only a few vowel
categories;  this  can  provide  insights  about  specific  vowel  contrasts,  but  for  a
broader understanding, we need to include more vowel categories in a single study.

In our pursuit to expand the discourse on the significance of temporal and
spectral cues in L2 speech, our study contributes to the existing literature by
embracing a corpus-based approach. While Yazawa et al. (2023) also adopted a
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corpus methodology, their study’s focus diverged somewhat. Our chosen ap-
proach offered a wealth of data, enabling the careful selection of 78,203 tokens
from a pool of over 150,000 raw vowel tokens. We also chose to include all 4
tense-lax vowel pairs in English (/i-ɪ/, /e-ɛ/, /o-ɔ/, and /u-ʊ/), thereby broadening
our scope. Moreover, this our encompasses balanced data sourced from speakers
representing six distinct languages, many of which (such as Arabic, Hindi, Viet-
namese, and Korean) have not been extensively studied before in the context of
these research questions. By employing comparable data across these six lan-
guages, we were able to employ a uniform set of analytical methods, thereby en-
hancing the potential for comparability and providing a broader perspective. Fur-
ther elaboration on the dataset particulars is presented in the subsequent sec-
tions. To summarize, here is the primary research question of this study:

Do L2 speakers universally put more emphasis on temporal cues over spectral
cues in producing L2 vowel contrasts, irrespective of their L1 background?

3. Methods

3.1. Data

The data in this study were obtained from L2-ARCTIC corpus1 (Zhao et al., 2018)
of L2 English. The corpus contains L2 speech from 6 different L1 backgrounds
(with balance in gender, language, and tokens per vowel). The languages in-
cluded: Arabic, Chinese, Hindi, Korean, Spanish, and Vietnamese. There were 4
speakers (2 males and 2 females) for each of the languages, providing a total of
24 speakers. According to the corpus documentation2, participants read out sen-
tence prompts from the CMU ARCTIC set3 while being audio-recorded at 44.1
kHz sampling frequency. The corpus also included time-aligned phone-level an-
notations as Praat (Boersma & Weenink, 2023) TextGrids that were generated
via force-alignment with Montreal Forced Aligner v1.0.0 (McAuliffe et al., 2017).

It may be useful to have a quick background on vowel inventories of the
six languages included in this study; Figure 1 presents the basic monophthong
inventories in the languages involved. As the figure shows, Arabic is the lan-
guage with the least number of vowel categories in the inventory with only three
peripheral vowels, followed by Spanish which has 5 basic vowels. Chinese can also
be considered a 5-vowel system (excluding schwa since it is often not realized as

1 http://festvox.org/cmu_arctic/cmuarctic.data
2 Downloaded from https://psi.engr.tamu.edu/l2-arctic-corpus/, Jun 10, 2023.
3 https://psi.engr.tamu.edu/l2-arctic-corpus/
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a full vowel in many languages); however, unlike Spanish which utilizes height dif-
ferences, Chinese employ rounding distinctions among high vowels to achieve the
contrasts. Korean has a very interesting system with only one tense-lax contrast
(/e/ vs /ɛ/) and only one rounding contrast (/u/ vs /ɯ/) in an 8-vowel inventory.
Korean also has duration contrasts for all these vowels; thus, even though the in-
ventory is not very large, Korean employs a lot of featural contrasts. Vietnamese
has a vowel inventory which is very similar to Korean. Finally, the Hindi vowel sys-
tem is very similar to the 11-vowel English inventory with vowels with the exact
same phonological contrasts. Thus, it would be interesting to see how the findings
of the study are generalizable to the speakers of all these diverse vowel systems.

(a) Arabic (Thelwall & Sa’Adeddin, 1990) (b) Spanish (Martínez-Celdrán et al., 2003)

(c) Chinese (Lee & Zee, 2003) (d) Korean (Lee, 1993)

(e) Vietnamese (Kirby, 2011) (f) Hindi (Ohala, 1994)

Figure 1 Schematic vowel inventories in the six languages included in this study
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3.2. Variables and measures

We used FastTrack (Barreda, 2021) which is a plug-in software for Praat (Bo-
ersma & Weenink, 2023) to extract vowel formants and duration measurements
for the tense and lax vowels. FastTrack was chosen over the traditional methods
of formant measurement because FastTrack generates multiple formant objects
for each sound file and then automatically picks the best option with assistance
from regression analyses of the estimated trajectories. While the traditional
method is prone to providing erroneous formant measurement, which often re-
quires manual intervention, FastTrack is robust against such measurement er-
rors. For each vowel, the variables we measured included duration (in ms), F1
(in Hz), F2 (in Hz), stress, and the speaker’s sex. Measurements for duration, F1,
and F2 were taken at vowel midpoints for monophthongs and at 33% into the
vowel for EY and OW (which typically have diphthongal quality).

The list of vowels measured included EY, IH, IY, EH, UW, UH, OW, OY, AO, ER,
AH, AA, AE, AY, and AW (the vowel symbols here follow the ARPAbet convention),
and the number of total vowels measured was 216,444. Out of the 15 measured
categories, diphthongs (except EY and OW) and rhotic vowels were excluded; this
left 10 vowels: EY, IH, IY, EH, UW, UH, OW, AO, AA, AE before we ran vowel normal-
ization. In addition, to avoid co-articulatory effects, vowel tokens adjacent to nasals,
rhotics and glides were also excluded. Finally, duration, F1 and F2 were normalized
within speakers using the Lobanov method of vowel normalization (Thomas, 2017).
The normalization was done using the full vowel system (all 10 vowels); after that,
only the vowels participating in tense-lax contrasts were retained (i.e., AA and AE
were excluded). This left us a final total of 78,203 vowel tokens. Table 1 presents
the token counts for each vowel category across all six languages.

Table 1 Token counts by vowels and languages
Language IY IH EY EH OW AO UW UH

Arabic 2991 3908 1237 1225 923 727 922 370
Chinese 2995 4268 1326 1385 990 696 1053 393
Hindi 2888 4210 1329 1346 980 743 1055 407
Korean 3155 4421 1309 1403 971 884 920 393
Spanish 3414 4064 1291 1317 975 715 891 390
Vietnamese 3213 4294 1319 1421 985 694 996 401

3.3. Why we chose tense/lax vowels for this study:

Tense and lax vowel contrast presents a compelling opportunity to assess the sig-
nificance of durational and spectral cues in second language acquisition. This con-
trast involves the utilization of both duration and formant values, primarily F1 and



Jahurul Islam, Sayeed Anwar, Abdulla Al Masum

150

F2, across various English dialects. Focusing on tense-lax distinctions allows us to
explore the interplay between durational and spectral cues, with a particular em-
phasis on their relative importance in the context of second language acquisition.
Furthermore, by incorporating data from multiple languages, we can investigate
whether the preference for these cues is influenced by language-specific con-
straints or whether it is governed by language-independent general cognition.
More specifically, it would be interesting to see whether having a larger set of
contrasts in the vowel space facilitates learning contrasts in L2.

3.4. Data analysis

The primary objective of this study was to analyze the relative importance or effect
of durational and spectral features in producing a vowel distinction based on tense-
lax contrast. To achieve this goal, the data were analyzed from a number of angles.
First, the variance in duration, F1 and F2 were compared statistically to determine
if the duration has a lower variance compared to the spectral features. Second, the
relative contributions of duration, F1, and F2 to the tense-lax contrast were as-
sessed via Linear Mixed-Effects models (as regression tasks). Finally, the relative im-
portance of the same features for tense lax contrasts was also investigated via ran-
dom forest models (as classification tasks). Additionally, the success of distinguish-
ing tense-lax contrasts was investigated via MANOVA models. All statistical analysis
in this study was performed using R (R Core Team, 2023); however, Python (Van-
Rossum & De Boer, 1991) was used for a Random Forest classification task.

4. Results

This section presents the empirical findings of the study, structured into four
distinct parts. The initial part offers a descriptive analysis of the variables meas-
ured, focusing on the distinctions between tense and lax vowels. The second
part details the outcomes of our analysis using linear mixed-effects models. Sub-
sequently, the third part reports on the results derived from a random forest
classification task. The final part explores how speakers differentiated between
tense and lax vowels within a two-dimensional space.

4.1. Descriptive exploration

Figure 2 presents the distributions of the duration values in all tense and lax vowel
categories across the six languages. The x-axis shows all the vowel categories while
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the y-axis represents the normalized (z-score transformed) duration values; shading
is used to distinguish between tense and lax vowels. As the figure shows, tense vowels
tend to be longer than their lax counterparts, in general, as indicated by the higher
median, Q1, and Q3 values; and this trend is common to speakers of all six languages.
An exception to this trend was the OW-AO pair where the lax vowel appears to be
longer than or of similar duration to the tense one. This data provides an indication
that L2 speakers aim for a longer duration in tense vowels, which consequently is con-
sistent with the proposal that L2 speakers do attend to durational cues.

Figure 2 Distribution of duration values (normalized) in tense and lax vowels

Figure 3 Distribution of F1 values (normalized) in tense and lax vowels
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Figure 3 presents the F1 values in tense and lax vowels. As before, the y-
axis represents normalized (z-score transformed) F1 values. As per the general
characteristics of English vowels, tense vowels are expected to have lower F1
values (since they are higher in the vowel space) compared to their lax counter-
parts. As the figure demonstrates, that trend is quite consistently confirmed
here; all the tense vowels are seen to have higher median, Q1 and Q3.

Figure 4 Distribution of F2 values (normalized) in tense and lax vowels

Finally, Figure 4 presents the data for F2. As per the general expectations, front
tense vowels are expected to have higher F2 values (since they are more peripheral
or fronter in the vowel space). For high-back vowels, UW is supposed to have a lower
F2 than UH; for mid-back vowels, the expectations are a bit mixed since the two vow-
els (OW and AO) can often have similar backness, and the difference is primarily con-
veyed via F1. As Figure 4 shows, front tense vowels had higher medians compared to
their lax counterparts. The trends in the back vowels are mixed, as expected since
there are no clear distinctions between the tense and lax vowels.

Results presented in Figures 2, 3, and 4 confirm that L2 learners use all of the
three major cues (duration, F1, and F2) that are useful to distinguish tense and lax
vowels. It is very interesting to find speakers of all six languages utilizing all three
cues; this result is surprising because only one (Hindi) out of the six languages had
all 8 tense-lax contrasts that are phonologically analogous to English. Two (Korean
and Vietnamese) had only partial contrasts while the remaining three (Arabic, Span-
ish, and Chinese) had no tense-lax contrasts at all in their vowel inventory. This pro-
vides an indication of the existence of a language-independent mechanism that en-
ables and promotes attention to both durational and spectral cues in L2 acquisition.
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Since all speakers demonstrated the use of both temporal and spectral
cues in vowel productions, a deeper exploration to determine the importance
of these cues is still warranted. In the remainder of this paper, the question of
relative importance has been investigated from three different angles/methods:
(1) comparison of variance, (2) linear mixed-effects models, and random forest
machine learning classification model. More details of this are provided in the
relevant sections below.

4.2. Comparison of variability in duration, F1 and F2

Figure 5 shows the standard deviation of duration, F1 and F2, separately for each
vowel category across all six languages. The x-axis shows all four tense vowels
and their lax counterparts. The y-axis represents the standard deviation (calcu-
lated from normalized values) as a measure of variability in duration, F1 and F2
which are differentiated in different degrees of shading. Data from different lan-
guages are separately presented in different panels. The underlying assumption
for comparing the variance in durational and spectral measurements here is that
if L2 speakers put more emphasis on durational measurements than on spectral
measurements, the distribution of durational measurements will be tighter (i.e.,
variance will be lower in duration values than in F1 or F2).

Figure 5 Variance (standard deviation) in duration, F1, and F2 in vowels across
languages
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As Figure 5 shows, SD values for duration are consistently higher than
those for F1 and F2; the pattern is generalizable to most vowels and to all lan-
guages. In general, tense vowels have more variability (higher SD values) in du-
ration, compared to their lax counterparts (except vowel AO); however, F1 and
F2’s variability is not much affected by a tense/lax distinction. Trends seen in this
graph are completely inconsistent with the prediction that duration would have
less variability compared to F1 and F2. Therefore, the data provides general ev-
idence against duration being the preferable cue to L2 speakers.

To verify whether the differences between duration and F1 or F2 observed in
Figure 5 are statistically significant, a series of Brown-Forsythes tests were per-
formed (for all the vowel categories within each language) on two comparisons:
duration vs. F1 and duration vs. F2. Brown-Forsythe’s test is a statistical method
used to compare the variances of two or more groups. It is a better alternative to
the more commonly used F-test or Levene’s test for comparing variances where the
independence of samples assumption is not satisfied. Since the data in this study
involve multiple measurements per speaker (aka repeated measures), Brown-For-
sythe’s test was chosen for its robustness against non-normal and non-independent
data, such as clustered or repeated measures. The test was implemented using the
bf.test() function from the R package onesampletests (Dag et al., 2023).

Table 2 presents Brown-Forsythes test results; for the sake of brevity, the
table shows select comparisons (only the non-significant ones) out of the 96
pairwise comparisons run in total. For all other comparisons, the p-values were
below .05. As observed, only 3 out of the 96 (3.12%) comparisons were non-
significant; these results, combined with the trends seen in Figure 5, confirm
that duration indeed did not have a lower variance than F1 or F2.

Table 2 Non-significant Brown-Forsythes Test results for the comparisons of du-
ration vs. F1 and duration vs. F2. (3 out of 96 are reported here; all the remaining
93 statistically significant at an alpha level of .05 (87 of which were highly signif-
icant at an alpha level or p < .001))

Language Vowel Test variables df1 df2 F p
arabic AO normdur - normf1 1 1340.2 0.0 .914
chinese UH normdur - normf1 1 680.7 1.2 .281
korean UH normdur - normf1 1 652.9 0.4 .530

4.3. Mixed-effects models

Separate linear mixed-effects models were fitted within each language using the
R package lmerTest (Kuznetsova  et  al.,  2017).  As  fixed  effects,  each  of  these
models included Duration, F1, F2, Stress, and Vowel-group. Of these, Duration,
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F1, and F2 were numeric variables; they were also scaled as z-scores. The Stress
variable had three levels (1, 2, and 0) to indicate primary, secondary, and no-
stress. The Vowel-group variable had four levels – high-front, mid-front, high-
back, and mid-back – each having a tense vowel and its lax counterpart. The
model also included random intercepts for speakers. The dependent variable in
each of these models was the tenseness of the vowel (tense vs. lax). To enable
a regression task, the levels of this variable were recoded as numerical values
such that 1 is tense and 0 is lax.

The coefficients table from each fitted model was extracted using the
summary() function in R. The effects of duration, F1, and F2 on the dependent
variable were found to be statistically significant (p < .001) in each of the models
(Table 3 presents more details).  After confirming the significant effects of the
three independent variables in concern, the beta-coefficients for each of them
in the within-language models were compared to determine the relative differ-
ences in the magnitude of the effect they each had on the dependent variable.
Figure 6 presents the beta-coefficient values for duration, F1, and F2 extracted
from models fitted with individual languages. The x-axis represents the variables
duration, F1, and F2 (all three were scaled as z-scores) while the y-axis repre-
sents the absolute beta-coefficient values (to avoid plotting bars in the negative
directions). Since the model included z-score-normalized values for duration, F1
and F2, it enables the beta-coefficient values to be comparable between them
(for these three variables), thereby enabling the comparability of the magnitude
of their effect (i.e., effect size) on the dependent variable relative to each other.

Table 3 Coefficients from linear mixed-effects models from six languages
L1 Predictor Estimate Std. error df t p

arabic normdur 0.13 0.004 12293.85 29.21 < .001
arabic normf1 -0.24 0.007 12294.96 -34.44 < .001
arabic normf2 0.26 0.006 12294.07 40.31 < .001
chinese normdur 0.08 0.004 13098.00 17.99 < .001
chinese normf1 -0.31 0.007 13098.00 -46.63 < .001
chinese normf2 0.20 0.007 13098.00 27.41 < .001
hindi normdur 0.11 0.004 12949.40 27.56 < .001
hindi normf1 -0.40 0.006 12949.79 -69.23 < .001
hindi normf2 0.26 0.006 12949.90 44.11 < .001
korean normdur 0.10 0.004 13445.65 23.51 < .001
korean normf1 -0.33 0.007 13446.33 -48.02 < .001
korean normf2 0.16 0.006 13446.60 25.94 < .001
spanish normdur 0.11 0.007 13049.00 23.08 < .001
spanish normf1 -0.26 0.009 13049.00 -30.67 < .001
spanish normf2 0.15 0.008 13049.00 19.44 < .001
vietnamese normdur 0.12 0.005 13313.95 26.97 < .001
vietnamese normf1 -0.21 0.007 13313.21 -28.93 < .001
vietnamese normf2 0.27 0.008 13309.57 34.35 < .001
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As Figure 6 shows, duration had a consistently smaller effect on the de-
pendent variable (tense- vs. lax-ness of a vowel) compared to F1 and F2. In each
of the six languages, duration ranked lower than F1 and F2 in terms of the effect
size. While the difference between the magnitude of the duration effect and
that of the F2 effect is relatively smaller in Spanish and Korean, the F2 effect is
still higher. Overall, the Figures show that spectral properties have a larger effect
than duration properties on the tenseness of a vowel; and this finding is gener-
alizable to all six languages studied here.

Figure 6 Comparison of beta-coefficients for duration, F1, and F2

4.4. Random forest models

The second approach to determine the relative importance of duration, F1 and
F2 on the tenseness of a vowel involved fitting random forest classification mod-
els (Shaik & Srinivasan, 2019) and extracting feature-importance data from the
fitted models within each language. Random Forest is a powerful ensemble
learning algorithm widely used for classification tasks. It operates by creating
multiple decision trees during training and combining their predictions to make
more accurate and robust classifications. Each tree is built on a random subset
of the training data and features, reducing overfitting and improving generaliza-
tion. During classification, the algorithm aggregates the predictions from individual
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trees through a voting mechanism, where the most frequent class becomes the
final prediction. Additionally, random forest allows the extraction of ranked fea-
ture-importance scores, enabling practitioners to identify the most influential
features driving the classification performance. This feature makes it valuable
for gaining insights into complex data relationships.

The dataset used for random forest modeling is the same as the one used
for mixed-effects modeling above. Separate models were fit for each language.
The target label was the tenseness variable (tense vs. lax) while the features
used to train the models included duration, F1, F2, stress, and vowel group. As
reported above, duration, F1, and F2 were numeric variables and were z-score
scaled before feeding them into the models. Stress (3 levels: 1, 2, or 0) and vowel
group (4 levels: high_front, mid_front, high_back, mid_back) were categorical
variables and were converted into dummy variables.

Random forest classification models were implemented using sklearn Py-
thon library (Pedregosa et al., 2011). Data for each model were randomly split
into train and test subsets using train_test_split function from sklearn where 80%
of the records were used for training the model and the remaining 20% were
used for testing the performance of the models. Candidates for the best set of
hyperparameters were identified using sklearn’s GridSearchCV, a technique for
hyperparameter tuning. Various combinations of hyperparameters were sys-
tematically explored, and the configuration that yielded the highest accuracy on
the dataset was determined. The final model was then trained using these best
hyperparameters, ensuring optimal performance for the classification task. Ac-
curacy scores were calculated using accuracy_score() function. Feature-im-
portance scores were obtained via model.feature_importances_ method.

Figure 7 reports the feature-importance scores for vowel duration, F1, and
F2 within each language. The x-axis, again, represents the features (except the
dummy variables) used to train the random forest models while the y-axis the
feature-importance score for each of these features. The overall accuracy scores
for each language are provided in the top-left corner of the corresponding panels.

As Figure 7 shows, duration was consistently ranked the lowest among the
three features of concern and the trend is generalizable to all the six languages being
studied. That is, duration was determined to be of lower importance than F1 and F2
for determining the tenseness of a vowel, and the difference between the feature-
importance score for the duration and the two spectral features was consistently
large. This provides a strong indication that the degree of association between dura-
tion and tenseness was considerably smaller than the degree of association between
F1/F2 and tenseness. Thus, the evidence here indicates that L2 speakers did not rank
duration over F1 and F2 when making a tense or lax distinction; rather, they put con-
siderably greater emphasis on the spectral measures over the durational measures.
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Figure 7 Feature-importance scores for duration, F1, and F2

4.5. Distinction between tense and lax vowels on F1xF2 plane

It is, however, important to note that the confirmation that all three cues (dura-
tion, F1, and F2) are actively used by all L2 speakers (at least for the six languages
studied here) does not entail that speakers of all these languages were able to
successfully distinguish the all the tense and lax vowel pairs; the task of produc-
ing the distinctions is a more complex one where at least a two-dimensional
space (e.g., the F1 x F2 plane) is involved. To verify how successful speakers of
different languages were in producing the tense/lax distinctions in vowel quality,
Pillai-Bartlett scores (Pillai trace) were calculated from F1xF2 bivariate distribu-
tions via fitting MANOVA models for each tense-lax pair across all languages.

The Pillai score, also referred to as the Pillai-Bartlett trace, is a statistical
metric derived from the output of a MANOVA model (more details can be found
in Hall-Lew (2010)). MANOVA is a form of ANOVA that considers variations in
multiple dependent variables simultaneously, such as both F1 and F2. The Pillai
statistic value is bound between 0 and 1; a higher value indicates a greater dis-
tinction between the two distributions concerning these dependent variables.
The use of Pillai statistic in vowel studies (primarily mergers) was introduced by
Hay et al. (2006) and, since then, it has been used in many studies (e.g, Islam &
Ahmed, 2020; Kennedy, 2006; Nycz & Hall-Lew, 2013; Wong & Hall-Lew, 2014).
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Figure 8 presents the Pillai-Bartlett trace values for the degree of overlap
between the tense vowels and their lax counterparts for each language. The x-
axis represents the vowel pairs. The y-axis represents the Pillai-Bartlett trace value;
a value approaching 0 (zero) indicates more overlap between the two vowel cat-
egories being compared while a value approaching 1 indicates less overlap (there-
fore, more distinct) between the two vowel categories. Different degrees of shad-
ing are used for the ease of comparisons between vowel pairs across languages
(shown in panels). Pillai trace values were calculated separately for each speaker
(each language had 4 speakers) and then the 4 values within each vowel pair were
averaged to obtain a single Pillai trace value for each pair.

Figure 8 Pillai scores for the tense/lax distinctions in vowel pairs

As Figure 8 shows, speakers were not always successful in distinguishing be-
tween tense and lax vowels on a two-dimensional F1xF2 plane and the success
varied considerably based on vowel pairs in concern. Speakers were most suc-
cessful in distinguishing between EY and EH (mid-front) vowels and it is con-
sistent across languages. This is followed by the mid-back pair OW-AO and this
result is interesting because OW was not longer than AO in terms of duration
(see  Figure  2).  Distinctions  between the  high  vowels  are  relatively  worse;  for
most languages, this might have been due to the non-existence of high tense-
lax contrasts. The exception in Hindi (which does have high tense-lax pairs) could
be due to the discrepancies between phonetic implementations of those vowels
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in English vs. Hindi. Korean speakers’ high success in distinguishing EY and EH
can be attributed to the existence of a front-mid tense-lax vowel contrast in the
vowel inventory. But there can also be some language-independent factors here
since we can see this category is the best in all languages.

5. Discussion

This study delved into the relative importance of temporal and spectral acoustic
cues in L2 vowel production across six different languages, utilizing a large-scale
corpus. Statistical techniques such as the Brown-Forsythe test for variance com-
parison, linear mixed-effects models to assess predictor effect sizes, and the ran-
dom forest classification algorithm for relative featural importance were em-
ployed to evaluate the significance of vowel duration, F1, and F2 cues.

Results from this study challenge the prevailing assumption that L2 speak-
ers prioritize temporal cues over spectral cues in the distinction of tense and lax
vowels. Contrary to previous studies such as those by Fox and Maeda (1999), Gao
et al. (2020), and Rojczyk (2010), the current investigation revealed a consistent
and compelling trend: L2 speakers consistently accorded greater significance to
spectral cues, specifically F1 and F2, in their vowel productions, outweighing the
importance of durational cues. Moreover, a remarkable consistency was observed
across all six languages under scrutiny. This uniform emphasis on spectral cues
remained prevalent regardless of the speakers’ diverse linguistic backgrounds.
Notably, this convergence of patterns across different languages was validated
through the application of three distinct analytical methodologies – variance com-
parisons, linear mixed-effects models, and random forest classification models.
This confluence of evidence points towards a strikingly robust and language-inde-
pendent propensity among L2 speakers to prioritize spectral cues over temporal
cues when navigating the complexities of vowel distinctions.

The consistent prioritization of spectral cues over duration cues among
speakers, as observed in this study, challenges prevailing expectations and offers
valuable insights into mechanisms governing cue integration. This deviation
from conventional findings in existing literature may be less unexpected than
initially presumed, as it suggests that vowel perception and production are pre-
dominantly anchored in the analysis of spectral characteristics, particularly for-
mant frequencies. This reliance on spectral attributes remains robust across lan-
guages,  regardless  of  whether  the  native  vowel  inventory  encompasses  tem-
poral differences. This observation aligns with linguistic typology, where vowel
distinctions tend to be founded on spectral disparities before temporal variations
come into play. Notably, languages lack instances of vowel inventories exclusively
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structured around temporal contrasts, such as inventories featuring solely /e/,
/e:/, and /e::/, while inventories exclusively characterized by spectral differences,
devoid of temporal distinctions, are commonly found, as exemplified in lan-
guages like Arabic and Spanish. This pattern highlights the pivotal role of spec-
tral cues in shaping vowel distinctions and suggests a prevailing, language-inde-
pendent tendency influencing vowel perception and acquisition.

As a potential explanation for L2 speakers’ consistent maintenance of
length distinctions between tense and lax vowels as effectively as F1 and F2 dif-
ferences in our data, we posit that this phenomenon arises from speakers’ active
effort to achieve the gestural targets for those vowels. For instance, tense vow-
els, which are more peripheral in the vowel space and involve a stiffer tongue
root, require greater effort and attention to achieve the gestural target, leading
to increased production time compared to their lax counterparts.

The influence of cross-linguistic factors and the role of phonetic inventory
also are important considerations in the interpretation of the findings. The con-
sistent utilization of both spectral and durational cues by L2 speakers across di-
verse language backgrounds challenges the notion of cue selection as a language-
specific phenomenon. Rather, the outcomes suggest the existence of a mecha-
nism that facilitates higher attention to spectral than durational features during
L2 acquisition, potentially indicating a universal cognitive predisposition. The as-
sertion that L2 speakers prioritized spectral cues, irrespective of their native lan-
guage’s vowel inventory, underscores the significance of formant frequencies in
vowel perception and production. This observation aligns with cross-linguistic and
typological tendencies where languages tend to rely on spectral contrasts to dis-
tinguish vowels before introducing durational distinctions.

As the study revealed, speakers had varying degrees of success in distin-
guishing the tense and lax vowels in the four pairs. The consistently higher suc-
cess in distinguishing between /EY/ and /EH/ in their productions compared to
vowel pairs may stem from distinct acoustic and articulatory properties inherent
to these specific vowels. Being a mid-vowel contrast in the front region of the
oral cavity, /EY/ and /EH/ tend to exhibit more pronounced differences in their
formant patterns (both F1 and F2) and associated articulatory gestures, contrib-
uting to their clearer acoustic differentiation. This heightened articulatory pre-
cision and attention to spectral cues during production could underlie the ob-
served reliable distinction. The variable consistently in the discriminability of the
vowel pairs could be attributed to potential cross-linguistic similarities in articu-
latory strategies, and a thorough investigation into these factors and their cross-
linguistic generalizability remains to be seen in future investigations.

While our study provides some valuable insights, it has some limitations
too. The focus on six languages is still limited in scope considering the number of
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living languages, and it may limit generalizability, and the investigation’s scope
is specific to tense and lax vowel distinctions. We also could not consider the
proficiency level of L2 speakers. Future research could expand to include more
languages, diverse phonetic features, and individual proficiency differences.
Longitudinal studies could trace the evolution of cue integration strategies over
time. Addressing these limitations and pursuing new avenues could advance our
understanding of L2 vowel acquisition processes and cognitive mechanisms.

6. Conclusion

In conclusion, this study delves into the nuanced dynamics of L2 vowel acquisi-
tion, shedding light on the interplay between spectral and durational cues. The
findings challenge traditional assumptions by revealing that L2 speakers consist-
ently prioritize spectral cues over durational cues in their vowel productions,
irrespective of their native language’s phonetic inventory. This points toward a
possible universal cognitive mechanism that integrates these cues during L2 ac-
quisition. The study underscores the significance of cross-linguistic influences
and phonetic inventory in shaping L2 cue weighting, offering insights into the
complexities of L2 vowel acquisition processes. By advancing our theoretical un-
derstanding of these phenomena, this research contributes to the broader dis-
course on second language acquisition and highlights the need for further ex-
ploration of the intricate mechanisms underlying speech sound perception and
production in non-native contexts.
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