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1. Introduction

Fluency refers to the production of language in a fluid and smooth manner as speakers
produce words and sentences in oral speech. In second language acquisition (L2,
hereafter), the term is often used in a broad sense, synonymously with overall language
proficiency. In a narrower sense, fluency, along with accuracy and complexity,
constitutes three main aspects of proficiency (Baker-Smemoe et al. 2014; Yan et al.
2021, references therein). Further recognizing the multidimensional nature of fluency,
Segalowitz (2010) proposes distinctions between cognitive fluency, utterance fluency,
and perceived fluency. Cognitive fluency concerns a speaker’s capacity to efficiently
coordinate the cognitive processes involved in speech production, while utterance
fluency denotes the observable features revealing the ease and smoothness of speech.
Perceived fluency pertains to listeners’ assessments drawn from speakers’ utterances
(Segalowitz 2010: 48—49).1

A large body of research has demonstrated a strong relationship between
measurable prosodic features constituting utterance fluency and overall L2 proficiency.
In particular, temporal fluency features such as speech rate, pausing, hesitation, and
repair, as well as intonational and rhythmic features including stress, tone, focus, and
sentential intonation, contribute significantly to the perceived non-nativeness of L2
speech (Wennerstrom 1994; Bradlow et al. 1996; Guion et al. 2000; Trofimovich and
Baker 2006; Mennen 2007; Kang et al. 2017; Kang 2022). In general, L2 speakers
tend to produce utterances that are longer in duration, with more frequent pauses,
lower pitch levels,2 and narrower pitch ranges (Bradlow et al. 1996; Aoyama and Guion
2007; Jilka 2007; Mennen 2007; Tavakoli et al. 2020).

Although extensive research has examined L2 English of speakers with diverse
L1 backgrounds, the relative contribution of fluency features to Korean learners’ oral

proficiency in L2 Mandarin Chinese (Mandarin, hereafter) remains underexplored.

» o«

1  While carefully distinguishing among the terms “proficiency”, “fluency”, and “accuracy”, the present
study adopts the terminology and assessment framework of Han et al. (2024), from which the
assessment criteria and speech data scores used in this study are derived.

2 The terms “pitch level” and “pitch range” have been defined and measured differently across previous
studies. Although these discrepancies are not discussed in detail due to space limitations, the present
study uses the terms “mean pitch” and “pitch range” with explicit definitions to maintain conceptual
and methodological clarity (see Section 3.2). While mean pitch provides an ideal measure of pitch level
or overall pitch height, it should be noted that this measure has been implemented differently in the
literature.
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Investigating the fluency patterns of Korean learners in Mandarin is, however, essential
for both theoretical insight and applied purposes. First, it helps expand our
understanding of L2 development when salient prosodic differences exist between L1
and L2. As is well known, Mandarin uses pitch to mark lexical tones, whereas in
Korean it serves post-lexical intonational functions. Pausing, an important cue for
prosodic phrasing, is often facilitated by word-based spacing in the Korean
orthography, Hangul, but such spacing is absent in the Mandarin writing system,
Hanzi. Second, this line of inquiry is also crucial for developing speech assessments
for Korean learners of Mandarin. Although Korean learners constitute more than half
of the overseas takers of the HSK (Hanyu Shuiping Kaoshi), the official Mandarin
exam for non-native speakers, and represent the largest group of Mandarin learners
in China (Kang 2017), research on their speaking fluency has been largely limited
to segmental pronunciation and lexical tone accuracy (Han 2017; Zhang, H. 2018;
Oh 2021; Fu and Lee 2022; Lee and Park 2025, among others). Thus, understanding
the temporal and intonational features of Korean learners’ Mandarin and their
relationship to perceived fluency is essential for developing valid oral proficiency
assessments.

To address this gap, the present study examines acoustic measures associated with
speaking fluency in Korean learners of Mandarin and identifies the key predictors
of fluency level. More specifically, acoustic analyses are conducted on both temporal
and intonational dimensions. The temporal measures include pronunciation rate
(including pauses), articulation rate (excluding pauses), pause count, and pause
duration, while the intonational measures include mean pitch, pitch range, and
characteristics of sentential declination. As a pioneering attempt to investigate fluency
development in Korean learners of Mandarin, this study analyzes these measures at
beginner and advanced levels using read speech drawn from a large-scale multilingual
L2 speech corpus (AI Hub, see Section 3). It also evaluates the relationships among
fluency measures and their relative importance for L2 fluency perception, thereby
providing important insights for the development of automated speaking assessments
for Korean learners of Mandarin. While this study focuses on sentence-reading speech,
the findings provide broader insights into fluency assessment in spontaneous L2

Mandarin speech.
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2. Background and research aims

2.1 Temporal fluency features

Extensive research has shown that L2 speech is characterized by longer utterance
durations, whether measured by pronunciation rate (including pauses) or articulation
rate (excluding pauses), as well as by more frequent and longer pauses, silent or filled.
This is sometimes accompanied by repetition, false starts, reformulations, and repairs,
which affect listeners™ perception of L2 fluency. This pattern has been observed in
L2 speech produced by speakers from diverse L1 backgrounds (Munro and Derwing
1995a, 1995b; Guion et al. 2000; Trofimovich and Baker 2006; Aoyama and Guion
2007; Mennen 2007; Baker-Smemoe et al. 2014; Tavakoli et al. 2020; Yan et al. 2021;
Lee 2024, and references therein).

Empirical evidence from cross-linguistic studies further supports this pattern. For
instance, a comparison of adult native speakers of Japanese and English in Aoyama
and Guion (2007) found that syllable and utterance durations were longer, while the
pitch range in content words tended to be larger for L2 English speakers. Yan et
al. (2021) reported that pronunciation rate, articulation rate, and number of silent
pauses, as well as mean length of runs, juncture pause rate, and repair success rate,
were correlated with the speaking fluency scores of L2 English produced by speakers
from 15 different L1 backgrounds. Similarly, Baker-Smemoe et al. (2014) showed that
syllables per second, pause frequency and duration, run frequency and duration,
hesitations, and false starts were associated with fluency in L2 French, German,
Japanese, Arabic, and Russian spoken by L1 English speakers.

The Mandarin speech of Korean learners generally conforms to this pattern, as
their speech tends to be slower and contains more frequent and longer pauses (Yoon
2013; Lee 2016; Chen and Zhou 2017; Kong and Kim 2018; Zhang, Q. 2018; Lee,
Y. 2019, 2020; Bao 2020; Wang, G. 2020; Cui 2021). Despite this general trend,
however, a close look at previous studies reveals inconsistencies. For instance, some
studies have observed that articulation rate varies with L2 Mandarin level (Chen and
Zhou 2016; Zhang, Q. 2018; Lee, Y. 2019; Cui 2021), whereas others report no
significant differences (Kong and Kim 2018). Likewise, mean pause length has been
shown to differ by fluency level in some studies (Zhu 2009; Lee, Y. 2019), but has
not been found to correlate with the length of study in others (Zhang, Q. 2018; Cui
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2021). Another challenge in analyzing pauses lies in the absence of a clear definition
of what constitutes a perceptual pause, as well as the lack of distinction between
semantically appropriate pauses and unnecessary pauses caused by disfluency. Given
that appropriate pause placement, such as at clause boundaries or after groups of
words forming a meaningful unit, can enhance the perception of L2 fluency
(Thornbury 2005: 7), it is essential to distinguish between different types of pauses.

2.2 Intonational fluency features

L2 speech often diverges from L1 speech in intonational features, although the sources
of this difference remain a matter of debate. One line of research suggests that
languages differ in pitch level and range. For instance, monolingual English speakers
have a higher pitch level and a wider pitch range than monolingual German speakers
(Mennen et al. 2012), and this difference has been cited as a factor underlying native
German speakers’ narrower pitch range in their L2 English speech (Jilka 2007). Pitch
differences have also been observed across varieties of the same language, with speakers
of Beijing Mandarin exhibiting higher pitch levels and wider pitch ranges than speakers
of Taiwan Mandarin and Min Chinese (Chen 2005; Torgerson 2005; Huang and Fon
2011). Several studies involving bilingual speakers have also provided evidence for
cross-linguistic differences in pitch. For example, Japanese has a higher pitch level
and a wider pitch range than English (Graham 2014). Russian has a higher pitch
level than English, which has been reported to show no difference from Cantonese
(Altenberg and Ferrand 2006), while Ng et al. (2010, 2012) found English to have
a higher pitch level than Cantonese among female speakers.

With limited comparative research on Mandarin and Korean, some studies have
reported that these languages differ from English in pitch, although the detailed
findings are somewhat varied. Monolingual Mandarin speakers have been shown to
exhibit a higher pitch level than monolingual English speakers, with no difference
in pitch range (Eady 1982). Mandarin has also been found to exhibit both a higher
pitch level and a wider pitch range than English in single-word utterances, although
only a higher pitch level was observed in prose passages (Keating and Kuo 2012).
Several studies on bilingual speakers have further reported that Mandarin and Korean

show a higher pitch level and/or pitch range than English during reading tasks (Xue
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et al. 2002; Lee and Sidtis 2017), while gender- and age-related variation has also
been noted (Xue et al. 2002; Cheng 2020). However, other studies have reported that
pitch level and pitch range in Mandarin do not differ significantly from those in
Korean or English (Lee, O. J. 2019; Zhu et al. 2022). Methodological differences in
speaker proficiency levels, dataset characteristics, speech elicitation paradigms, and
pitch level measurements may largely account for these mixed results in the literature.
Another line of research on intonational differences between L1 and L2 speech
concerns the effect of a speaker’s L2 proficiency. That is, L2 speech is often
characterized by overall lower pitch levels and/or narrower pitch ranges, along with
incorrect placement of pitch prominence (Bradlow et al. 1996; Mennen 2007). These
features become more native-like as L2 proficiency advances (Jenner 1976; Backman
1979; Willems 1982; Mennen 2007; Zhang, H. 2018; Kang 2022). The pitch range
has also been found to significantly affect intelligibility in L2 English (Bradlow et
al. 1996). In fact, the prosody of L2 Mandarin, particularly for lower-level learners
of non-tonal languages such as English and Korean, has long been criticized for
exhibiting a lower pitch level and narrower pitch range, even though pitch in
Mandarin, as a tone language, is expected to fluctuate to a greater extent than in
non-tonal languages (Chen 1974; Zhang, H. 2018, and references therein).
However, although tone errors have often been attributed to L2 learners’ lower
pitch level and range, little attention has been paid to how these factors influence
the perception of L2 Mandarin fluency. In addition to pitch level and range, another
important intonational characteristic is sentential declination, defined as a gradual
downward pitch trend over the course of an utterance, particularly evident in
declarative sentences. While it has been attested in many languages (Ladd 1996/2008;
Gussenhoven 2004), it plays a crucial role in signaling sentence types and discourse
structures in Mandarin. Global declination is particularly important since Mandarin
considerably restricts local pitch variations, such as phrase boundary tones, arguably
due to the presence of lexical tones (Garding 1987; Shen 1990; Tao 1996; Lee 2005;
Peng et al. 2005; Wang et al. 2013; Yuan and Liberman 2014). Despite its importance,
the relationship between declination characteristics and L2 Mandarin fluency remains

underexplored.
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2.3 Research aims

Although previous studies have advanced our understanding of how L1 background
and L2 proficiency level influence L2 fluency, they exhibit several notable limitations
in examining the fluency features of Korean learners of Mandarin across different
stages of development. First, few studies have employed comprehensive measures
encompassing both temporal and intonational features, thereby limiting the ability
to evaluate the relative contribution of these measures to Korean learners’ Mandarin
fluency. While some attention has been devoted to identifying the temporal
characteristics of L2 Mandarin, intonational properties beyond those associated with
lexical tones have been largely overlooked. Second, learners’ speaking proficiency levels
have rarely been adequately accounted for. Proficiency has been classified in various
ways, such as by HSK scores, length of study, academic year, coursework completed,
or evaluations by native and non-native listeners, yet these classifications rarely reflect
actual fluency in speech. Third, most studies have employed a variety of measures
and tasks (e.g., sentence reading, narration, interviews, picture descriptions), making
it difficult to determine whether the conflicting results are attributable to
methodological differences. The seemingly contradictory findings may also reflect
variation in data size and rater type. Examples include picture description (Kong and
Kim 2018; Zhang, Q. 2018; Lee, Y. 2019, 2020), oral interview recordings (Zhu 2009),
dialogues with an investigator (Cui 2021), speaking and writing tasks (Wang, G. 2020),
and rephrasing and storytelling (Lee 2020). As a result, existing findings do not provide
a clear picture of the relationship between Korean learners’ prosodic characteristics
and the perceived fluency of their L2 speech.

To address these issues, the present study investigates both the temporal and
intonational features of Korean learners’ Mandarin speech. The data are drawn from
an open-source corpus containing over 500 hours of L2 Mandarin produced by Korean
learners of differing proficiency levels. The focus is on Mandarin speech at beginner
and advanced proficiency levels, elicited through a sentence-reading task. Prosodic
fluency scores, a set of fluency assessments made by expert raters on a 1-to-5 scale
that achieved high inter-rater agreement (0.73; Han et al. 2024), are employed to
evaluate the fluency of each utterance. The specific research questions guiding this

study include: (1) What temporal and intonational features are strongly associated
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with the fluency of Korean learners’ Mandarin read speech? (2) Which fluency
measures contribute most to the perception of fluency, and which best predict

differences across fluency levels?

3. Methodology

3.1 Data

The speech data and metadata analyzed in the present study were drawn from an
L2 Mandarin corpus of Korean learners, the final version of which was released in
November 2023 on the AI Hub website, an open platform established and supported
by the National Information Society Agency (NIA) of Korea to provide the infrastructure
necessary for the development of AI technologies, products, and services
(https://www.aihub.or.kr; see Han et al. 2024; Lee and Park 2025 for a detailed discussion
of the corpus). This dataset is part of a multilingual L2 speech corpus encompassing
seven languages, English, Japanese, Mandarin, French, German, Spanish, and Russian,
developed to support the automatic speech assessment of Korean learners’ L2 speech.

This study draws on this corpus for three primary reasons. First, to the best of
the authors’ knowledge, it is the largest L2 Mandarin speech corpus produced by
Korean learners of varying proficiency levels, both within and outside Korea. Second,
it is not only annotated with both Pinyin and Simplified Chinese characters, but also
contains pronunciation transcriptions and pronunciation error labels. Third, and most
importantly, it provides experts’ pronunciation assessment scores, including
pronunciation accuracy and prosodic fluency. The corpus therefore enables effective
categorization of learners’ proficiency levels, allowing for the examination of the impact
of L2 development on fluency, while metadata on speakers’ gender, age, self-reported
Mandarin proficiency, and pronunciation error types offer additional insights into
learner-related factors. Given the challenges in defining L2 speaking proficiency, which
are not well captured by length of study or HSK and C.TEST (Shiyong Hanyu Shuiping
Rending Kaoshi, Test of Practical Chinese) scores used in previous studies (Zhu 2009;
Yoon 2013; Chen and Zhou 2016; Lee 2016; Kong and Kim 2018; Zhang, Q. 2018;
Lee, Y. 2019, 2020; Wang, G. 2020; Cui 2021), the present study addresses this

methodological limitation by distinguishing between beginner and advanced levels of
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L2 Mandarin based on prosodic fluency scores provided in the corpus metadata.

The L2 Mandarin speech component alone accounts for more than 500 of the
over 3,000 hours of multilingual L2 speech in the corpus, categorized into two types:
“pronunciation assessment data,” which consist of recordings of learners reading a
provided script aloud through sentence- and paragraph-reading tasks, and “speaking
assessment data,” which include recordings from various spontaneous speaking tasks,
such as answering questions, picture description, and chart explanation. It was
collected from 872 Korean learners, whose proficiency levels were classified as

» o«

beginner, intermediate, and advanced, labeled “low,” “mid,” and “high,” respectively
(1,226 when counting participants in both data types separately). As a pioneering
attempt to examine the acoustic measures that best correlate with L2 Mandarin fluency
levels, the present study selected data from “pronunciation assessment data”, thereby
minimizing potential confounding influences of segmental and tonal errors in
pronunciation. To acquire balanced speech data from beginner- and advanced-level
learners, two subsets containing equal numbers of learners at each level were selected
from “pronunciation assessment data” (Set 01 and Set 04). Each subset contains
single-sentence readings numbered #1 through #100 in the corpus, with sentence
lengths ranging from 5 to 20 syllables (see Appendix for sentence list).3

Given that the proficiency levels in the metadata were self-reported, fourteen
learners with mean prosodic fluency scores in the 1-2 range (>1.0, <3.0) were selected
as beginners, and another fourteen with scores in the 4-5 range (>4.0, <5.0) were
selected as advanced, ensuring adequate representation of the two proficiency levels.4
As the intermediate-level group exhibited a relatively wide range of prosodic fluency
scores, which compromised the validity of learner homogeneity, the present study
included only the beginner- and advanced-level groups. In addition, because the corpus
contained more female learners than male learners, it was not possible to balance
the data for both fluency level and gender. Therefore, this study included only female
speech in order to more accurately isolate the effects of fluency. After excluding a

few recordings with poor sound quality, a total of 2,497 sentence readings were

3 One sentence (Sentence #58 of Set 01), which contained an English letter, was excluded from the
analysis because of potential variability in its pronunciation.

4 The sample standard deviation (SD) across utterances for each speaker in the beginner- and
advanced-level groups ranged mostly from 0.36 to 0.72, indicating that within-subject variability was
relatively limited.
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acquired: 1,246 from beginner-level learners and 1,251 from advanced-level learners.
To provide a clear overview of the prosodic fluency scale, the holistic scoring rubrics

used in the corpus are presented in Table 1 (Han et al. 2024: 4).

Table 1. Scoring rubrics for prosodic fluency in the Al Hub L2 corpus

score prosodic fluency

Natural stress, rhythm and intonation. The speaking rate is moderate, and the
5 number and duration of pauses are natural. There are few speech mistakes, and
the pauses are appropriately used to separate units of speech.

Slightly awkward stress, rhythm and intonation. The speaking rate is mostly
4 consistent, with some hesitations and breaks. The pauses are appropriately used
to separate units of speech, but their number and duration are slightly awkward.

Somewhat awkward stress, rhythm and intonation. The speaking rate is
3 inconsistent and a bit slow, with frequent breaks. The pauses are not
appropriately used to separate units of speech.

Considerably awkward stress, rhythm and intonation. The speaking rate is slow,
2 with many breaks. The pauses last long and do not appropriately separate units
of speech.

Terrible stress, rhythm and intonation. The speaking rate is too slow, with too
1 many breaks. The pauses last too long and do not serve to separate units of
speech at all.

3.2 Measurement and analysis

The temporal and intonational features were measured for each sentence recording.
For temporal features, pronunciation rate (including pauses), articulation rate
(excluding pauses), pause count, and pause duration were measured, while for
intonational features, mean pitch, pitch range, and sentential pitch declination were
analyzed. Pause durations were measured in seconds, and pitch values were measured
in Hertz and subsequently normalized to semitones to account for inter-speaker pitch
variation. For measurement, audio was automatically aligned with Pinyin transcriptions
and Simplified Chinese characters using the Montreal Forced Aligner (MFA; McAuliffe
et al. 2017), generating “words” and “phones” tiers in a TextGrid. A Praat script added
a “silences” tier with comma labels, which was later merged with the “words” tier
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using the praatIO library in Python. A “pitch tier” labeling the rime portion of each
syllable was created, from which pitch values were measured. This sentence-level
labeling is illustrated in Figure 1. The statistical analyses were performed in Python
(version 3.10.16; Python Software Foundation 2024) and the R environment (version
4.3.3; R Core Team 2024) using the lmerTest (version 3.1.3; Kuznetsova et al. 2017)
and stats packages.
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Figure 1. Example of measurement annotation

To quantify temporal features, pronunciation rate was calculated by dividing the
number of syllables in a sentence by its total duration in seconds, whereas articulation
rate was computed by dividing the number of syllables by the articulation time,
excluding all pause intervals. Pauses were analyzed in terms of both count and duration
on a per-sentence basis, and each was further examined with respect to two pause
types: comma-aligned pauses and non-comma-aligned pauses (hereafter comma pauses
and non-comma pauses, respectively). This distinction is particularly relevant given
that, unlike Korean, Chinese orthography does not employ spaces between words.
As a result, commas serve as the sole explicit visual indicators of intra-sentence pauses
available to L2 learners. Chinese orthography distinguishes between two types of
commas: the standard comma (douhao), which separates clauses or indicates
intra-sentential pauses, and the enumeration comma (dunhao), which separates list
items. Only the standard comma was analyzed for comma pauses, as the enumeration
comma appeared only once in the dataset.> Pause duration was assessed using two

measures: (1) the mean length of comma pauses; and (2) the mean length of
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non-comma pauses. Pause count was analyzed using three measures: (1) the number
of comma pauses; (2) the number of non-comma pauses; and (3) the number of
pauses per syllable. The number of pauses per syllable was normalized by dividing
the number of non-comma pauses by the total number of syllables in each sentence.
To identify pauses, this study adopted a 250-millisecond threshold, consistent with
previous research on pause detection (Goldman-Eisler 1968: 12; Campione and Véronis
2002; Heldner and Edlund 2010; De Jong and Bosker 2013; Kahng 2018; Liu et al.
2022; Huang and Qian 2023).

For intonational analysis, fifteen equally spaced pitch values were extracted from
each syllable within a sentence and were subsequently converted into semitones using
a reference frequency of 100 Hz. To avoid consonantal perturbation, measurements
were taken from the rime, defined as the nuclear vowel, optionally preceded by an
onglide and followed by an offglide or nasal coda. In instances where pitch-tracking
errors (e.g., pitch doubling or halving) occurred, erroneous values were manually
corrected through careful inspection of the acoustic signal, corresponding annotation
tiers, and the pitch contour. The mean pitch was computed by averaging all extracted
pitch values within each sentence, and the pitch range was defined as the difference
between the maximum and minimum pitch values. Given that the intonational patterns
of questions in Mandarin, shaped by syntactic and contextual factors as well as lexical
tones, remain controversial (Shen 1990; Lee 2005; Liu and Xu 2005; Peng et al. 2005;
Liu et al. 2006; Lin and Li 2011), the present study examined sentential pitch
declination patterns in a total of 1,258 declarative sentences without internal commas
to minimize potential confounds due to question intonation and intonational phrase
boundaries associated with pauses.6 Sentential pitch declination was quantified using
three methods: (1) an overall slope derived from a linear regression fitted to all pitch
values and their corresponding time points; (2) a slope based on the maximum FO
value and its corresponding time point; and (3) a slope based on the minimum FO
value and its corresponding time point. Given that Mandarin exhibits pitch fluctuations

caused by lexical tones, which differentially affect pitch range as defined by maximum

5 Only Sentence #2 of Set 01 has an enumeration comma.

6 Of the 1,258 sentences, 634 and 624 were produced by the beginner- and advanced-level groups,
respectively. Sentence lengths range from 5 to 20 words and do not differ from those in the full speech
dataset. See the Appendix for the 101 declarative sentences used for intonational analysis, as indicated
by an asterisk (*).
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and minimum FO values, we used these three measures to capture sentential intonation
characteristics more comprehensively. This approach also helps avoid potential
misinterpretation of measurement results arising from methodological differences.
Table 2 provides a summary of the temporal and intonational measurement
procedures, while Figure 2 illustrates an example of declination analysis of the sentence

Ta shi wo gege de haizi (“He is my brother’s kid”).

Table 2. Temporal and intonational measurements

Temporal measurements

Number of syllables per second,

Pronunciation rate . .
including pauses

speech rate
Number of syllables per second,

Articulation rate .
excluding pauses

Number of pauses
at orthographic comma positions

Number of
comma pauses

Number of Number of pauses

pause count

non-comma pauses

not at orthographic comma position

Number of pauses
per syllable

Number of non-comma pauses) /
number of syllables within sentence)

pause duration

Mean length of
comma pauses

number of comma pauses)

Mean length of
non-comma pauses

(
(
(Length of comma pauses) /
(
(

Length of non-comma pauses) /
(number of non-comma pauses)

Intonational measurements

Mean of fifteen pitch values

M itch
N can pie measured from each syllable
pitc
) Pitch range across each sentence
Pitch range . . .
(max pitch — min pitch)
Slope of linear regression line
Overall slope fitted to all pitch measures
from all syllables within sentence
. Slope of linear regression line
sentential . .
declinati Max slope fitted to all maximum pitch measures
eclination o
from all syllables within sentence
Slope of linear regression line
Min slope fitted to all minimum pitch measures

from syllables within sentence
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Semitone

Time

Figure 2. Sentential declination measurements
(red solid line: overall slope, blue dashed line: maximum-pitch
slope, green dashed line: minimum-pitch slope)

Temporal and intonational correlates of Korean learners’ fluency were examined
using Pearson correlation tests and linear mixed-effects models (Section 4.1), while
the relative contributions and predictive power of these correlates for perceived fluency

were evaluated using linear mixed-effects and Random Forest models (Section 4.2).

4, Results

4.1 Temporal and intonational correlates of L2 Mandarin fluency

To examine whether the temporal and intonational correlates differed between the
beginner- and advanced-level groups, a linear mixed-effects model was employed, with
proficiency level treated as a fixed effect and learner identity included as a random
effect. The results show that Korean learners of Mandarin exhibited distinct temporal
patterns across proficiency levels. As presented in Table 3, the beginner-level learners
demonstrated significantly slower pronunciation and articulation rates, along with a
higher number of pauses per syllable and more non-comma pauses. The mean length
of non-comma pauses was also significantly longer in the beginner group. By contrast,
neither the number nor the mean length of comma pauses showed significant
between-group differences. These results indicate that Korean learners speak

significantly faster and use fewer non-comma pauses as their fluency progresses, while
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both beginner and advanced learners appear to pause in a similar fashion at

orthographic comma positions.

Table 3. Temporal measurement results (group means and #values)

Temporal measurements Beginner | Advanced | t-value | p-value
speech | Pronunciation rate 2.94 3.78 -5.71 p<0.01
wme, | Articulation rate 3.06 3.86 575 | p<0.01

Number of pauses per syllable 0.02 0.00 2.30 p=0.03
S;‘i;et Number of comma pauses 0.17 0.17 0.02 | p=0.98

Number of non-comma pauses 0.27 0.07 2.19 p=0.04
pause | Mean length of comma pauses 0.46 0.45 0.69 p=0.50
du(ri_gon Mean length of non-comma pauses 0.40 0.34 2.34 p=0.03

Figure 3 illustrates strong positive correlations between pronunciation and
articulation rates and prosodic fluency scores, while strong negative correlations were
observed for the number of pauses per syllable and the number of non-comma pauses.
Notably, while non-comma pauses were substantially related to perceived fluency, their
frequency of occurrence was more closely associated with fluency judgments than
increases in pause duration once the 250 ms threshold was exceeded. By contrast,
neither the frequency nor the duration of comma pauses exhibits a significant
relationship with perceived fluency. Commas, which serve as strong visual cues to
pause, may attenuate fluency-related differences, particularly in read speech.
Nevertheless, the duration of comma pauses was slightly longer in beginner-level

learners, albeit without reaching statistical significance.”

7  As one of the reviewers suggested, no significant effects of comma pauses were found, possibly because
commas serve as strong visual cues that may neutralize fluency-related differences in the reading
paradigm. However, results from the present study, together with further analyses of additional datasets
from our ongoing research, indicate that the presence of commas does not fully neutralize
fluency-related differences between beginner- and advanced-level learners. Specifically, beginner-level
learners exhibited modestly longer pause durations than advanced-level learners.
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Figure 3. Pearson correlations between temporal measures and prosodic fluency scores

Intonational patterns also differed between beginner- and advanced-level learners,
with significant differences observed in sentential pitch declination but not in mean
pitch or pitch range. Differences in declination were observed across all three measures:
overall slope, maximum pitch slope, and minimum pitch slope. These findings indicate
that advanced-level learners tend to produce a significantly steeper overall pitch
downtrend in statements, while mean pitch and pitch range show minimal variation
with proficiency level. Figure 4, which illustrates the relationships between each
intonational measure and perceived fluency, confirms the negative correlations between
the degree of overall pitch declination and prosodic fluency scores. No such

correlations were observed for mean pitch or pitch range.
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Table 4. Intonational measurement results (group means and #values)

Intonational measures Beginner Advanced | t-value | p-value
pitch Mean pitch 13.28 13.32 -0.10 p=0.92
(Gt Pitch range 11.79 13.16 -146 | p=0.16
—— Overall slope -0.79 -1.80 3.85 p<0.01
declination Max slope -0.63 -1.62 443 p<001
(semitone/sec) Min slope -0.99 2.15 365 | p<0.01
° = -0.08 > rZ022
g, £,
1 1
10 12 14 16 18 5 10 15 20
Mean pitch Pitch range
> r=-031 g r=-0.29 > r=-0.33
§ 4 § 4 § 4
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Figure 4. Pearson correlations between pitch measures and prosodic fluency scores

In Mandarin, shorter utterances tend to exhibit steeper declination, even when
the effects of initial pitch rise and final lowering are excluded. This pattern suggests
that declination is not merely a by-product of tonal concatenation but a global prosodic
feature that reflects whole-phrase planning (Shih 2000; Huang et al. 2009; Yuan and
Liberman 2014). Therefore, an additional analysis was conducted to examine whether
fluency differences correlate with sentential declination slopes as a function of

utterance length.
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Figure 5. Relationship between declination slope and utterance length

As shown in Figure 5, as sentence length increases, declination generally became
less steep in both learner groups. This relationship between declination slope and
utterance length was more evident in the advanced group (beginner: r = 0.25; advanced:
r = 0.34). This suggests that utterance-level prosodic planning in advanced learners
may more closely approximate that of native speakers (Yuan and Liberman 2014).
While sentences of five or six syllables appear to deviate from the general declination
patterns observed in longer sentences, this likely reflects the stronger influence of
individual lexical tones and prosodic structure, particularly in utterance-initial
positions, on the overall pitch characteristics of shorter utterances (Wang, A. et al.
2004; Wang, B. et al. 2004; Huang et al. 2009). Although the influence of
utterance-initial lexical tones on sentential declination is beyond the scope of this
study, the relationship between lexical tones and declination in L2 Mandarin certainly

warrants further investigation.
4.2 Predictive contribution of fluency correlates to L2 Mandarin fluency

Building on the analysis of temporal and intonational differences across proficiency
levels, the relative contributions of fluency measures were examined using a linear
mixed-effects model fitted with statsmodels (Seabold and Perktold 2010) in Python

(version 3.10.16). Articulation rate, the number of non-comma pauses, and sentential
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pitch declination, defined by the overall slope,8 mean pitch, and pitch range, were
treated as fixed effects, while learner identity was included as a random effect. The
prosodic score was treated as the dependent variable. To reduce multicollinearity,
pronunciation rate, the number of pauses per syllable, the mean length of non-comma
pauses, maximum pitch slope, and minimum pitch slope were not included. Low
correlations among the predictor variables in the model were confirmed by the
variance inflation factor (VIF) values presented in Figure 6. Although some variable
pairs exhibited weak correlations (all below 0.3), all predictor variables had VIF values
below 5, indicating that multicollinearity was not a concern in the model. The
coefficient of determination (r*) for the model, calculated from the full dataset, was
0.820, and articulation rate, the number of non-comma pauses, and the overall
declination slope were identified as significant predictor variables, as summarized in
Table 5.

Correlation Matrix

Articulation rate 0.04 Varl a ble VIF
Articulation rate 1.120
non-comma packes : 0.05 0.20 06 Numb ¢
umber o
1.084
[ o4 non-comma pauses
Mean pitch
o2 Mean pitch 1.030
Pitch range 0.04
0o Pitch range 1.097
Overall slope -0.28 0.20 I—oz OVera” SIOpe ]174

Articulation rate
Numberof

non-comma pauses
Mean pitch -

Pitch range

overall slope

Figure 6. Correlation matrix and variance inflation factors (VIF) for predictor variables
in the linear mixed-effects model

8 The overall slope, rather than the maximum pitch slope or minimum pitch slope, was included as
it better represents sentential declination patterns, given that maximum and minimum FO values may
be influenced by lexical tone types, which could not be controlled due to the nature of the speech
datasets used in this study.
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Table 5. Linear mixed-effects model results for predictor variables

Fixed effects Estimate Std. Error df t-value p-value
(Intercept) 2.712 0.295 182.5 9.197 < 0.001 ***
articulation rate 0.162 0.037 1247 4.353 < 0.001 ***
non_ﬁ‘;ﬁ:; gefmses - 0.071 0.032 1230 -2230 0.026 *
overall slope - 0.026 0.010 1228 -2.675 0.008 **
mean pitch 0.010 0.013 1243 0.747 0.455
pitch range 0.003 0.007 1241 0.523 0.601

(Signif. levels: ***" < 0.001, ** < 0.01, *" < 0.05)

Random effects = Name Variance  Std. Dev
learner (Intercept)  0.884 0.940
residual 0.223 0.472

However, when the dataset was split into training and test sets at an 80:20 ratio
and the model was fitted and evaluated, the coefficient of determination (*) decreased
to 0.128, indicating a substantial reduction in explanatory power. This reduction may
be attributable to inter-speaker variability, given the relatively small dataset consisting
of 28 speakers who each produced 100 utterances.” To improve prediction accuracy
and account for interactions and nonlinear relationships among predictors, a Random
Forest analysis was conducted using scikit-learn (version 1.6.1; Pedregosa et al. 2011)
to compute feature importances. The Random Forest model ensemble learning method
improves prediction accuracy by reducing variance through the construction of
multiple decision trees, each trained on random subsets of the data. To further
decorrelate the trees and enhance generalizability, each tree was also trained on a

randomly selected subset of predictor variables. The dataset was divided into training

9 This substantial reduction in explanatory power may primarily stem from inter-speaker variability.
Although the model has limitations in its use as a fully generalizable automatic scoring tool at this
stage, it nevertheless provides meaningful information as a tool for explanatory inference from a
phonetic perspective, particularly in identifying the variables that contribute to perceived fluency
beyond speaker-specific differences. While within-speaker consistency was ensured through the analysis
of a dataset in which 28 speakers each produced 100 utterances, the substantial inter-speaker variability
characteristic of L2 Mandarin speech data may limit the model’s ability to generalize to new speakers.
Future research incorporating a larger number of speakers is expected to yield more robust
generalization performance.
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and test sets in an 80:20 ratio, and a smaller number of randomly chosen variables
were used in each iteration. Figure 7 presents the results of the permutation importance
analysis, where greater values indicate more influential predictors. The results show
that articulation rate was still the most important predictor, followed by mean pitch,
overall slope, and pitch range, none of which showed substantial differences. The

number of non-comma pauses was found to be of relatively low importance.

Articulation rate

Mean pitch

Overall slope

Pitch range

Number of
non-comma pauses

b T T T T
0.0 01 0.2 0.3 0.4
Importance

Figure 7. Random Forest model results for predictor variables

Note that while articulation rate was the most critical fluency predictor, it did
not show a linear relationship with perceived fluency. As shown by the LOWESS
trendline (locally weighted scatterplot smoothing) in Figure 8, the relationship between
articulation rate and prosodic fluency score, based on a two-break segmented
regression analysis, revealed a clear nonlinear trend: fluency scores increased
substantially between approximately 2.72 and 4.15 syllables per second. Perceived
fluency showed little change below this range and even slightly declined beyond it.
This indicates that excessively slow or fast articulation is associated with lower fluency

ratings.
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Figure 8. Relationship between articulation rate and prosodic
fluency scores

The differences between the linear mixed-effects model results and the Random
Forest results require explanation, as the latter indicate that mean pitch and pitch
range were relatively important predictors, despite not reaching statistical significance
in the former. These differences can be attributed to the distinct modeling approaches
employed: mixed-effects models examine the independent linear relationship between
each predictor and the dependent variable, whereas Random Forest models estimate
variable importance by incorporating complex interactions and nonlinear relationships
among variables. Consequently, the sets of variables identified as significant may differ
across models. In particular, the finding that mean pitch and pitch range were relatively
important only in the Random Forest model suggests that, although these variables
may not exert significant linear effects individually, they play an important role in
predicting prosody scores when combined with other variables. While the primary
goal of the present study is to identify the extent to which specific acoustic features
contribute to perceived fluency, future research should provide a more detailed account
of the nonlinear relationships suggested by the Random Forest results, which may

lead to a better understanding of the complexity of fluency judgment.
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5. Discussion and conclusion

The present study examined the temporal and intonational features contributing to
Korean learners’ Mandarin speaking fluency using sentence-reading speech drawn
from a large-scale corpus constructed to support the automatic assessment of Korean
learners’ L2 speech. The results of the analysis of temporal features showed that
pronunciation rate (including pauses) and articulation rate (excluding pauses) were
key factors correlated with perceived fluency. The importance of speech rate aligns
with its strong negative effect on perceived L2 fluency across languages (Munro and
Derwing 1995a, 1995b; Guion et al. 2000; Trofimovich and Baker 2006; Aoyama and
Guion 2007; Mennen 2007; Baker-Smemoe et al. 2014; Tavakoli et al. 2020; Yan et
al. 2021; Lee 2024). Pauses were also closely correlated with fluency perception: the
number of pauses produced without corresponding orthographic commas was
particularly important, whereas pauses at orthographic commas were produced in a
similar manner across learners of differing proficiency levels. Given that no word-based
spacing is present in Chinese orthography, Korean learners, regardless of their fluency
level, tend to rely on commas for pausing. Intonational patterns also contributed
significantly to fluency perception. It is noteworthy that sentential declination played
a significant role in fluency perception: advanced-level learners tend to produce a
significantly steeper overall pitch declination in statements, as observed across the
overall, maximum-pitch, and minimum-pitch slopes. This finding suggests that not
only lexical tones but also global intonational characteristics contribute to L2 Mandarin
fluency.

Another novel finding of this study pertains to the relative contributions of
temporal and intonational features to the perception of fluency in Korean learners’
Mandarin. The results of the predictive modeling revealed that speech rate,
operationalized as articulation rate, was the most critical predictor of perceived fluency.
At the same time, the relationship between speech rate and perceived fluency was
nonlinear: increases in rate exerted a positive influence only within a certain range
(approximately 2.72—4.15 syllables per second), suggesting that further changes in rate
may not affect fluency perception when speech is markedly slow or fast. Given that
native Mandarin speakers produce approximately 3.18 syllables per second in slow
read speech and 4.72 syllables per second in normal read speech (Wang, M. 2020),

both overly slow and overly fast speech relative to native norms appear to be



318 Yan Xiong - Jieun Park - Ok Joo Lee

dispreferred in L2 speech. In addition, the results showed that sentential declination
measures were stronger predictors than pause measures, implying that global
intonational characteristics play an important role in fluency perception in a language
where pitch is used for lexical tone contrasts. The significance of sentential declination
effects may reflect fluency differences in speech planning, which are linked to cognitive
fluency. However, given that the present findings are based on sentence-reading speech,
no conclusive claims can be made regarding the relationship between sentential
declination and cognitive fluency in Segalowitz’s (2010) framework. Further research
using spontaneous speech is therefore needed.

While prosodic correlates of Korean learners’ Mandarin were the primary focus
of this study, the potential influence of pronunciation accuracy on fluency perception
also warrants consideration. Given the significance of the random intercept in the
mixed-effects model summarized in Table 5, the random intercepts for each learner
were additionally examined. In Figure 9, the y-axis, which represents the estimated
random intercept for each learner, indicates the extent to which their predicted fluency
scores deviate from the model’s overall intercept.l0 Positive values correspond to
learners whose predicted scores exceed the model average, whereas negative values
indicate scores below the average. Note that the advanced group exhibits positive

values, whereas the beginner group displays negative values.
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Figure 9. Random intercept values across learners

10 The labels for the learners on the x-axis correspond to the recorder IDs used in the AI Hub L2
Mandarin corpus.
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The predictability of the Random Forest model also increased when pronunciation
accuracy was incorporated: in Figure 10, this is illustrated by the red dashed line,
which represents the ideal prediction line where predicted values would exactly match
the actual scores. Note that the plot on the right, which represents the total proficiency
score combining prosodic fluency and pronunciation accuracy, demonstrates a tighter
clustering of predicted and actual values (r* = 0.853), compared with the plot on
the left, which represents the fluency score (r* = 0.451).
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Figure 10. Observed vs. predicted scores from Random Forest model
(left: prosodic fluency scores, right: total proficiency scores)

In summary, the findings of this study identify the key temporal and intonational
features associated with perceived fluency in Korean learners’ Mandarin and evaluate
their relative contributions. Given the paucity of research on the speaking fluency
of Korean learners of Mandarin, especially in stark contrast to the extensive literature
on lexical tone production, the present study not only advances our understanding
of L2 development in contexts where substantial prosodic differences exist between
the L1 and L2, but also sheds light on the fluency features that should be prioritized
in the design of automated speaking proficiency assessments. Although this study
pertains to read speech, the findings provide insights into fluency measures in
spontaneous L2 Mandarin speech, an area that warrants further research. In addition,
this study found an interdependence between prosodic fluency and pronunciation
accuracy, consistent with patterns reported for English learners’ Mandarin and Korean
learners’ English (Yang et al. 2021; Chung 2023; Kim 2024); however, the relationship

between fluency and accuracy measures in Korean learners’ Mandarin remains an
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important area for future investigation.
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Appendix

Sentences from Korean learners’ Mandarin dataset (An asterisk ¥

sentences analyzed for intonational measures.)

indicates

Set 01 Set 04

1 | A2 (a x HARE B, * 1| URGEE /N F I 2

2 | BEAWOAN, Bw, W, dmmk, 2 | AbRFARFNET,

3 | IRIT AT A gL S 2 3 | AL,
4 | BARAETEIR A, (R PR R R o, 4 | RFHN b 2

5 | REMEOCIA, R REA KA 5 |iBRERAG, *

6 | gL TR E R EE, 6 |iHM, ek

7 | R SR B A A SRR R, 7 | RS BIER, *
8 | RE¥F—HAbA TR Es s 1. * 8 | XEFAIMHE=E, *

9 | W ATCE UM, BRI FEIE, 9 | AR FRAHLH ] S,

REAHERA T 2

10 [ RAT= A — K, AL G R T 10 | REAHRBAAE, *
10 |2 T 7, Ffh G 1 [ ROMEEAD,
12 | IR R . - 2 [ERREA. -

13 | [RDIBER, LEA DK, 13 | AR, -

14 | ZT 85 R R, LRHRARHE,

14 | REgF, IWBRITR &%,

15 | HIOREEABUENE T, (L2 AR,

15 | XM RIECEEZ N, *

16 | A AN RFE B A7 H O RA—FE, *

16 | URA bl s ik 2

17 | R e S R T 2

17 [ IREAEJLAOAN?

18 | WIPPIL TS T, (EHIT— m LRI,

18 | fblbRAR=%, *

19 | AAIIWD T b, WAL JE AN

19 | FERABAIMDZE Y, *

20 | REF-HEZTWAKL,

20 | URERAL—kE 20 2

21 | RE ALy &,

21 | REXZATA 2

22 | BIE A RTR R LS, &,

22 | WATERBFER

23 | SREAMECHIIR, FARZHH28gtt 4.,

23 | IRGEAFHRANTELFRZ 2

24 | IRERIEATA IR AT 2

24 | A RBAEMRIZIRIE |

25 | H R N BB R R R,

25 | REARIEA T 2

26 | G AR AR, (A ERIRE,

26 | IXMYHZRARLFIE ! *

27 | HEA A HOTHISARA 4, BT AR3E,

27 | AT RIS, ¢

28 | ESREK I St AR S,

28 | FRAT LKA, *

29 | BT EEAARLF G, AF2 AR AR,

29 | IRERIEIL VN ?

30 | AN PESE, *

30 | XANESLEING 2

Hh AR 2R A UE T,

3L R R A F AR T8 —BE,

31 | RSB AADH 2

32 | A A YF R E R S,

32 | AR T IZ AR TG IE, *

33 | HEA A ST AR, *

33 | XIS HEMHEY 2

34 | BN THFES T, 8T A CHIRE,

34 | PRATSEPZ RS,

35 | TR, FRIGAS T ORI,

35 | flACAS L] !+

36 | BT EA BRSO R, IEABTE TR,

36 | KT ARG, *

37 | MU P E AL E B AR, *

37 | IXRUEEEZ KA 2

38 | AR FHAGAT T,

38 | IR RAT R, *

39 | AR FTH, *

39 | RECK RIS, EMILRK 2

40 | FRAR B XN 2

40 | FRAT U X A IR 2

41 | I NFERME R IRBEE, *

41 | AR L A




Prosodic fluency measures in Korean learners’ Mandarin

327

M AR 12 | Ll BRI
15 | BB IS 6 7 1 | AR 2Gx LK 2
s R T AN T, GREERR? YRR SR )
45 | RSk RBIEIRITE, BBMYR, 45 | RERIL) LIRS 2
16 | R PR TER ERERA A, © 16 | EE A MF, -
w7 | R, B R LR, o7 | R AP 2
48 | U ST R R 7 T L BRI 2 ARTE, | 48 | MM AT A Tk e,
49 | SHS IR B N D . 49 | R B VORI o F I 2
50 | W 7 e 2 s FE s 2 50 | R ELERE, *
51| RULEHUL, WAL, 51 | A EAE N N, -
52 | BT BT TR, © 52 | {2 AL,
53 | BT BRI AL, - 53 | MIEHOB AR, *
54 | AR AR A MR, - 54 | R BER A 7
55 | B ZZ 0 H SR, * 55 | MmH 7, R
Wi AR R IR, \ .
56 | DR IR O ] Tk T, 56 | AERI RN,
57 | R, AT AR P e ) A TSI, 57 | RITEEEA N, *
58 | 7 NIRRT LG XA 2y 7 S 58 | Uk S PR B AR 7
59 | IRE A (iR, BTk I B TE, 59 | ROk o A 2
60 | TRIT 550 b H e 715 2 60 | LEIEI, o FL B dE,
61 | BMRPEHRR R A ERIEFR, © 61 | FIEH AR IR G NFA A T i 2%, -
62 | FHEIIRIEE AT T A i, 62 | BHETHCEB A AAL,
63 | PRI F T BN T A ARIIUAL, 63 | RTFHEAT, *
o4 | RAVRIHHAZ G, PRimAk T b, | 64 | N LB S ZRAE?
65 | JE M IR T RRHRA, - 65 | VR LB T 2
66 | LA, TMIZE 0 AR R, 66 |07 KRR F. *
67 | BT HER OB 55 T R, © 67 | T B A AL 2
68 | B T HREM 2o, I 12 % R TH0E 7. | 68 | b AE M i R prm, -
69 | I L i T £ 2 o1 1 35 5 AR AL, 60 | 550 Je B b L —.
70 | 23R 28 E o 2RI, * 70 | 57 R4 BRI, R R IRIE,
70| Z R B TR, 70| T A, MR E G ik
72 | IR R A, PRk /b i A B AR, | 72 | ATk, -
73 %ggggﬁﬁfmﬁﬂﬁ%K%*’ 73 | RUCLEERE T FAR,
74 | AR, BRI, 74 | WA B AR, *
75 | 52—, Sl L R, 75 | XABRATE, *
76 | 2 TR EE B Y AL, 76 | W N A, R R,
77 | B R I8, DI A B, | 77 | SN EAERIIR, A Blh 2,
78 | AT e 7 78 | AR R AR, *
79 | R I A B R B TR A 5, 79 | RANERY AW, *
80 | ARG BT, Wik —F FAM, 80 | R AR, *
MEEEN S R 81 | FeR T P R,
82 | KBURIN 7RI K, 82 | —EAIAET, *
83 | FERR BT, 83 | ROE B G, -
84 | MEZHEEIONG, © 84 |55, BAIFT.
85 | SR IURLE K E LI RLE0T), TJefk, | 85 | RO A LABENRA A, -
86 | BT Il W0l TRy —, - 86 | L T 5B, EEEI T RE A,
87 | R MH A, 87 | 53 15 0 L A BER 2
88 | BN BBRIR S PG MR AT 2 88 | RATH AL JE e, *
89 | AT A LA SRR, e AR, 89 | MXTIC A 22 B I, ~
90 | LRNEFZ, iSRRI, 90 | EHLDRE & 7, MEATR?
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91 | M FRHEET, LT EHL, 91 | PRI EATE L%, *

92 | LA R SR SE T BN 2, * 92 | IXANEIESAARK, (BRIR % H,
93 | ALHHFLZE LIS, KM= THUE A, 93 | i), HBREEX )L ?

94 | il tHR I e, * 94 | +—ERATRFEMEENH, *
95 | i, ALEMELE? 95 | IXAEIE LRI, *

96 | KZE FARREAE LA HH B AMHT, * 96 | VR F ik BAN el 2

97 | VREEALERIT R AL 2 97 | FAMKREERE 1, *

98 | B A E IR A iy, * 98 | fR/E4FALETH 2

99 | i IRATHAT I IE B, * 99 | RIEIH TR, *

100 | 7EMR ELEAT 2 2 100 | X5 A1 ER BT, *
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