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1. Introduction

Korean has a three-way voiceless stop contrast between aspirated, 
fortis, and lenis stops (e.g., Cho et al., 2002; Kang, 2014). 
Traditionally, voice onset time (VOT), among others, has been 

regarded to be the primary feature, which distinguishes the three 
stop categories: fortis stop is produced with the shortest VOT, 
aspirated stop with the longest VOT, and lenis with an intermediate 
VOT. Other phonetic cues include the fundamental frequency (F0) 
and the voice quality of the vowel immediately following the stop. 
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Abstract 

The Korean three-way stop contrast (lenis, aspirated, fortis) is currently undergoing a sound change, such that the primary 
cue distinguishing lenis and aspirated stops is shifting from voice onset time (VOT) to F0. Despite recent discussions of this 
shift, research on voice quality, traditionally considered an additional cue signaling the contrast, remains sparse. This study 
investigated the extent to which the associated voice quality [as reflected in the acoustic measurements of H1*–H2*, H1*–
A1*, and cepstral peak prominence (CPP)] contributes to the three-way stop contrast, and how the realization is conditioned 
by prominence- vs. boundary-induced prosodic strengthening amid the ongoing sound change. Results for 12 native Korean 
speakers indicate that there was a substantial distinction in voice quality among the three stop categories with the 
breathiness of the vowel being the greatest after the lenis, intermediate after the aspirated, and least after the fortis stops, 
indicating the role of voice quality in the maintenance of the three-way stop contrast. Furthermore, prosodic strengthening 
has different effects on the contrast and contributes to the enhancement of the phonological contrast contingent on whether 
it is induced by prominence or boundary.
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Specifically, lenis stop has been considered to be associated with 
low F0, and aspirated and fortis stop to be associated with high F0. 
As for voice quality, vowel is known to be the most breathy after the 
lenis, intermediate after the aspirated, and the least breathy after the 
fortis stop (Cho et al., 2002).

However, recent studies have provided evidence that the lenis and 
aspirated stop contrast is now primarily cued by F0, with higher F0 
for aspirated stops and lower F0 for lenis stops, especially in 
younger Koreans' speech (e.g., Bang et al., 2018; Kang, 2014). 
VOTs, which were previously the primary distinguishing cue 
between lenis and aspirated stops, have merged to the point where 
the contrast between the two categories is no longer present. Despite 
these recent findings and discussions, examination on voice quality 
and its relevance to the sound change remains notably absent in 
current literature.

Related to the shift in cue primacy (from VOT to F0), one 
account interprets the replacement of VOT with F0 as a sign of a 
'tonogenetic' sound change in Seoul Korean (Bang et al., 2018; 
Kang, 2014). This account suggests that the phonetically driven 
low-level F0 differences have been exaggerated and integrated into 
the language's phonological distinctions, resulting in distinct tonal 
features (high F0 vs. low F0) in the segmental phonology of Seoul 
Korean. The significance of the segmental voicing feature (VOT) is 
attenuated, ultimately leading to a merger of VOTs. This account views 
the cue shift in Seoul Korean as mirroring the transphonologization 
observed in instances of 'tonogenesis' found in other languages such 
as Khmer and Afrikaans, where F0 transitions from a secondary 
phonetic property of a laryngeal contrast to a primary cue (Bang et 
al., 2018).

Aside from the transphonologization account, a new prosodic 
account has been put forward, arguing that the sound change in 
Seoul Korean is best understood as a prosodic-structurally 
conditioned variation in the utilization of the segmental voicing 
feature (i.e., VOT) versus the post-lexically available tones within 
the intonational phonology of the language (Choi et al., 2020). The 
intonational structure of Seoul Korean utilizes an accentual phrase 
(AP; above a prosodic word and below an Intonational Phrase in the 
prosodic hierarchy), which is assumed to be specified with a THLH 
tonal pattern (Jun, 1993). AP-initial tone (T) depends on the 
laryngeal feature of the segment: H tone assigned for aspirated or 
tense consonants, otherwise, L tone. Under this account, the cue 
shift takes place to the extent that the tones are available in certain 
prosodic contexts (i.e., phrase-initial positions) to reduce redundancy, 
and subsequently to the prominent prosodic context (i.e., under 
focus) where post-lexical tone is likely to be attracted.

The goal of the present study is to examine the voice quality 
differences associated with the three stops and explore whether 
these differences contribute to the three-way contrast amid the 
ongoing sound change. Additionally, motivated by the prosodic 
account proposed by Choi et al. (2020), we will also investigate how 
the voice quality difference may be conditioned by two 
prosodic-structural factors: focus-induced prominence and prosodic 
boundary, which have been found to interact with the recent sound 
change of the three-way stop contrast.

Several predictions can be formed, considering that prosodically 
prominent positions (i.e., under prominence and phrase-initially) are 
known to exhibit segmental realization in linguistically meaningful 
ways (Cho et al., 2017; Kim et al., 2018). One possibility is that the 
strengthening would be phonetically manifested by heightened 

glottalization across the board as sounds are known to be glottalized 
(or become creakier) in prosodic strengthening environments (Cho 
et al., 2017; Dilley et al., 1996; Garellek, 2014; Pierrehumbert & 
Talkin, 1992). Previous research on English has demonstrated that 
the degree of glottalization in vowel-initial words is greater under 
accent and/or in domain-initial positions (e.g., Dilley et al., 1996; 
Garellek, 2014; Pierrehumbert & Talkin, 1992). Similarly, Cho et al. 
(2018) illustrated that both prominence and prosodic boundary 
increase the degree of glottalization of initial vowels in South 
Kyungsang Korean. These findings align with a view that prosodic 
strengthening entails an increase in articulatory force which applies 
to both laryngeal and supralaryngeal articulation (Fougeron, 1999). 
Consequently, the prosodic strengthening effect may increase the 
laryngeal muscular tension, thereby increasing the degree of 
glottalization. If the three-way contrastive stops are produced with 
an increase in laryngeal muscular tension, the breathiness of the 
following vowel across the three-way stop categories would be 
reduced in prosodically prominent positions. 

Alternatively, however, previous studies of prosodic strengthening 
have also indicated that prosodic strengthening extends beyond a 
mere low-level phonetic effect, making reference to the phonological 
system of a given language, enhancing the phonological contrast 
(Cho & Jun, 2000; Cho & McQueen, 2005; Kim et al., 2018). This 
leads to a predication that prosodic strengthening would increase the 
breathiness of the vowel after the lenis stop while the creakiness of 
the vowel is reinforced after the fortis stop, enhancing the three-way 
stop contrast.

To explore these possibilities, the present study investigates 
whether the three-way phonological contrast of word-initial stops 
manifest itself in the voice quality of the following vowel in Seoul 
Korean in prosodic strengthening environments. Spectral tilt has 
often been used to investigate voice quality across diverse languages 
(e.g., Garellek, 2022). 

 Thus, the amplitude differences between the first and second 
harmonics (H1*–H2*) and between the first harmonic and first 
formant (H1*–A1*) were taken as acoustic indexes of the voice 
quality with higher value indicating greater breathiness in the vowel 
(Garellek, 2013). In addition to spectral tilt, we include a noise 
measurement, as these two measurements (i.e., spectral tilt and noise 
measure) are often interpreted in tandem to distinguish the three-way 
distinction of breathy, model, and creaky voice (Garellek, 2019). 

Thus, cepstral peak prominence (CPP), which detects noise 
components in an acoustic signal such as breathiness, was taken as 
another acoustic index of voice quality with lower value indicating 
greater breathiness in the vowel (Hillenbrand & Houde, 1996). It is 
worth noting that CPP values for creaky voice may be lower than 
that of modal voice, but they have been reported to distinguish 
creaky voice from breathy voice, which exhibits even lower CPP 
values (Esposito, 2012). Given that the degree of breathiness is 
often inversely correlated with the degree of creakiness (Cho et al., 
2002; Gordon & Ladefoged, 2001), these measures will also be used 
to assess where in the breathy-creaky continuum the following 
vowel of each stop category falls.

2. Methods

2.1. Participants
Twelve native Seoul Korean speakers (7 females, 5 males) 
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participated in the study. They were all undergraduate students born 
and raised in Seoul/Gyeonggi Korea in their 20s (range, 21–28; 
mean, 24.7), who had limited (less than 2 years) overseas 
experience. All received financial compensation for their 
participation.

2.2. Speech Materials and Recording Procedure
Four triplets of Korean monosyllabic CVC syllables were used as 

target words (Table 1). Most of them were nonce words created to 
meet the following criteria for a larger corpus: The onset of the word 
was one of the three-way contrastive stops: lenis (/p, t/), aspirated 
(/ph, th/), or fortis (/p*, t*/).

Lenis Aspirated Fortis
박 /pak/ 팍 /phak/ 빡 /p*ak/
밧 /pat/ 팟 /phat/ 빳 /p*at/
답 /tap/ 탑 /thap/ 땁 /t*ap/
닷 /tat/ 탓 /that/ 땃 /t*at/

Table 1. List of target words by stop categories 

The following vowel was controlled as /a/ and the coda consonant 
was either /k, t, p/. The target words were placed in carrier sentences 
with different prosodic renditions (Table 2). Prompt sentences (A in 
Table 2) were used to help forming a context of the mini-dialogue in 
which Speakers A and B were playing some kind of board game 
with cards. As for the boundary conditions to test domain-initial 
strengthening effects, the target word was placed either in 
phrase-initial position (IP-initial) or in phrase-medial position 
(IP-medial). For prominence, it either received focus by contrasting 
the onset consonant with /m/ (the focused condition) or unfocused 
by placing a focused element in another location in the sentence (the 
unfocused condition).

Speakers were asked to produce the test sentences in response to 
the prompt questions. Instead of the full written texts of stimuli 
sentences, visual clues for the carrier sentences were provided on a 
computer screen. For example, the screen showed two cards on 
which a monosyllabic test word was written on each of them in a 
contrastive way (e.g., pak vs. mak). The target word (e.g., pak) was 
marked with "O" and its contrasting word (e.g., mak) with "X". The 
pre-recorded voice, by two native speakers (1F, 1M) recorded prior 
to the experiment, was played through the loudspeaker, asking the 
speaker whether the next word to pick would be the contrasting 
word (marked with "X"). The speaker, cued by an "O" mark on the 
correct (target) word on the screen, was instructed to correct it by 
saying that the other one should be picked, thus making (corrective) 
focus on the target word. Given that the carrier sentences were 
simple, participants were able to produce the intended sentences in 
response after having received an about 10-minute training session. 
Acoustic data were collected in a soundproof booth using a Tascam 
HC-P2 digital recorder and a SHURE KSN44 condenser 
microphone at a sampling rate of 44 kHz at Hanyang Institute for 
Phonetics and Cognitive Sciences of Language. 

In total, 2,304 tokens were collected (12 target words×2 boundary 
types×2 focus types×4 repetitions×12 speakers), and 2,037 tokens 
were used for further analysis, discarding tokens with unintended 
prosodic rendition checked by two trained Korean ToBI transcribers.

Conditions Example sentences

IP-initial,
Focused

A: [ipʌn tanʌnɯn maksatʃʲin twienonni]?
이번 단어는 막사진 뒤에 놓니?
“This time, do I place the word (card) behind the picture of 
mak?”
B: [ani]. IP [paksatʃʲin twi]. IP [twɛssʌ]?
아니. 박사진 뒤. 됐어?
“No. Behind the picture of pak. Got it?”

IP-initial,
Unfocused

A: [ipʌn tanʌnɯn paksatʃʲin aphenonni]?
이번 단어는 박사진 앞에 놓니?
“This time, do I place the word (card) in front of the 
picture of pak?”
B: [ani]. IP [paksatʃʲin twi]. IP [twɛssʌ]? 
아니. 박사진 뒤. 됐어?
“No. Behind the picture of pak. Got it?”

IP-medial,
Focused

A: [ipʌn tanʌnɯn ap*a maksatʃʲin twienonni]?
이번 단어는 아빠 막사진 뒤에 놓니?
“This time, do I place the word (card) behind dad’s picture 
of mak?”
B: [ani]. IP [a*pa paksatʃʲin twi]. IP [twɛssʌ]? 
아니. 아빠 박사진 뒤. 됐어?
“No. Behind dad’s picture of pak. Got it?”

IP-medial,
Unfocused

A: [ipʌn tanʌnɯn ap*a pak.satʃʲin aphenonni]?
이번 단어는 아빠 박사진 앞에 놓니?
“This time, do I place the word (card) in front of dad’s 
picture of pak?”
B: [ani]. IP [a*pa paksatʃʲin twi]. IP [twɛssʌ]?
아니. 아빠 박사진 뒤. 됐어?
“No. Behind dad’s picture of pak. Got it?”

Table 2. Example sentences with the target word pak in different 
prosodic context. Focused words are in bold.

2.3. Measurements
H1*–H2*, H1*–A1*, and CPP were measured as indexes of the 

degree of breathiness (or creakiness), obtained by VoiceSauce 
(Shue, 2010; Shue et al., 2011) (see Figure 1 for a schematization of 
spectral tilt measures). Note that * here indicates corrected measures 
for the effect of formant frequencies (Iseli & Alwan, 2004; Iseli et 
al., 2007). The values were obtained at the 25% and 50% points of 
the vowel.

Figure 1. Schematization of spectral measurements of H1-H2 and H1-A1.

2.4. Statistical Analyses
The effects of Boundary and Focus on H1*–H2*, H1*–A1*, and 

CPP were examined by linear mixed-effects analysis using lme4 
package (Bates et al., 2015) in R (R Core Team, 2024). Time point 
factor (25%, 50%) was added to assess the extent to which the 
prosodic effects may vary (or be maintained) over the vowel. The 
factors of Focus, Boundary, and Timepoint were contrast coded, and 
the reference level for Stop factor was set as aspirated stop. 
Regarding the random structure, a maximal structure, as justified by 
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the design (Barr et al., 2013), incorporating by-speaker and by-item 
intercepts and slopes for the fixed effects, was employed, as long as 
the models converged. In cases where models failed to converge, 
random slopes with the least variances were eliminated. For models 
showing significant interactions between factors, pair-wise 
comparisons were conducted using the emmeans package with 
Tukey adjustments (Lenth, 2024). For the purpose of the present 
study, results that are directly related to the research questions (i.e., 
main effects of Stop and its interaction with Focus and Boundary) 
will be reported.

3. Results

Figure 2 summarizes the effect of Stop by timepoints in the vowel 
for H1*–H2*, H1*–A1*, and CPP. There was a significant main 
effect of Stop on H1*–H2* such that aspirated stop was less breathy 
than lenis stop (β=3.513, t=3.104, p<.01), but marginally more 
breathy than fortis stop (β=–1.361, t=–1.944, p=.074), suggesting 
that the difference on vowel quality among the three-way stop 
categories remains significant. There was a significant Stop× 
Timepoint interaction with fortis stop (β=–0.846, t=–2.663, p<.01), 
such that the difference between aspirated and fortis stop 
disappeared at later point in the vowel.

On H1*–A1*, there was a significant main effect of Stop with 
both fortis (β=–5.379, t=–5.202, p<.001) and lenis stop (β=6.033, 
t=5.834, p<.001), showing a three-way distinction among the stops. 
As shown in Figure 2 (b), vowels were most breathy (greatest H1*–
A1*) after the lenis stop and least breathy (smallest H1*–A1*) after 
the fortis stop. H1*–A1* was intermediate for aspirated stops, 
showing a three-way stop contrast. There was no interaction between 
Stop×Timepoint, indicating that the difference between the three 
stops remained consistent across the two timepoints. H1*–A1* 
demonstrated the most clear distinction between the three categories.

Finally, there was a significant main effect of Stop on CPP such 
that aspirated stop showed the smallest CPP (most breathy) 
compared to both lenis stop (β=1.311, t=4.027, p<.001) and fortis 
stop (β=3.272, t=10.048, p<.001). Lenis stop was significantly more 
breathy than fortis stop, as shown in Figure 2 (c). The result 
suggests that the vowel quality difference also remains significant in 
CPP measure. There was a significant Stop×Timepoint interaction 
with fortis stop (β=–0.669, t=–3.196, p<.01), such that the 
difference between aspirated and fortis stop becomes greater at later 
point in the vowel.

In the following section, prosodic-structural effects on each voice 
quality measure (H1*–H2*, H1*–A1*, CPP) will be reported.

Figure 2. Effect of Stop on (a) H1*–H2*, (b) H1*–A1* and (c) CPP 
(*p<.05, **p<.01, ***p<.001). CPP, cepstral peak prominence.

3.1. H1*–H2*
Effect of prominence. There were significant interactions between 

Stop×Focus (fortis, β=–2.978, t=–9.241, p<.001; lenis, β=–1.703, t=
–5.272, p<.001) as well as significant interactions between 
Stop×Focus×Timepoint (fortis, β=–2.308, t=–3.634, p<.001; lenis, β
=–1.379, t=–2.151, p<.05) on H1*–H2*. The interaction was due to 
the fact that the focus effect was significant only at the 25% point 
after the aspirated stop. As illustrated in Figure 3 (a), H1*–H2* value 
for the aspirated stop was greater in the focused than in the unfocused 
condition at 25%, indicating that the breathiness of the aspirated stop 
was increased under focus. Another attribute to the interaction was 
the different effect sizes of Stop in the focused vs. unfocused 
conditions. That is, the difference between the stops was larger in the 
focused condition than in the unfocused condition (Figure 3 (b)).

Figure 3. Effects of prosodic factors on H1*–H2*. The Stop×Focus 
interaction is illustrated in (a) by stop category and in (b) by focus 

condition. The Stop×Boundary interaction is illustrated in (c) by stop 
category and in (d) by boundary condition. Note that the difference 

between lenis and fortis stops was significant in all cases (*p<.05, **p<.01, 
***p<.001).

Effect of boundary (domain-initial). There were significant 
interactions between Stop×Boundary (fortis, β=–2.308, t=–3.634, 
p<.001; lenis, β=–1.379, t=–2.151, p<.05). As shown in Figure 3 
(c), the boundary effect was significant for the fortis and the lenis 
stops at both 25% and 50%, but only at 50% for the aspirated stop. 
Interestingly, the presence of a larger boundary had an opposite 
effect for [fortis, aspirated] vs. [lenis stop]: IP-initially, the vowels 
(compared to the IP-medial ones) showed smaller H1*–H2* (less 
breathy) after the fortis and aspirated stop, but larger H1*–H2* 
(more breathy) after the lenis stop. This finding aligns with the 
phonological contrast enhancement account (as discussed by Cho & 
McQueen, 2005; Kim et al., 2018), which predicted that prosodic 
strengthening would increase the breathiness of the vowel following 
the lenis stop, but increase the creakiness of the vowel following the 
fortis stop, thereby intensifying the three-way stop contrast. The 
interaction was also attributable to the fact that the effect of Stop 
was greater in the IP-initial position than in the IP-medial position. 

Interaction between prominence and boundary. There were 
significant interactions between Stop×Focus×Boundary (fortis, β=–
2.308, t=–3.634, p<.001; lenis, β=–1.379, t=–2.151, p<.05). As 
shown in Figure 4, the interaction stemmed in part due to the fact 
that the focus effect in the lenis stop (more breathy under focus) was 
only significant in the absence of an IP boundary. On the other hand, 
the boundary effect in the aspirated stop (less breathy IP-initially) 
was only significant in the unfocused condition. Another interesting 
point to note is that the difference between the three stop categories 
was the greatest in the extreme position of prosodic strengthening, 
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i.e., when both focused and IP-initial. Stop×Focus×Boundary 
interaction did not further interact with Timepoint.

Figure 4. Focus×Boundary interaction on H1*–H2*. The effect of 
Boundary is illustrated in (a) by stop category and in (b) by focus 
condition. Asterisks in parentheses indicate pair-wise comparisons 

between IP vs. Wd conditions within each Focus condition. Note that the 
difference between lenis and fortis stops was significant in all cases 

(*p<.05, **p<.01, ***p<.001).

3.2. H1*–A1*
Effect of prominence. There were significant Stop×Focus 

interactions (fortis, β=–5.043, t=–8.908, p<.001; lenis, β=1.229, 
t=2.167, p<.05) on H1*–A1*. The interaction was due to the fact 
that the focus effect was significant in the vowel after the fortis and 
marginally significant after the lenis stop, but not after the aspirated 
stop (Figure 5 (a)). An opposite direction of focus effect was found 
for the fortis vs. the lenis stop, with the focus effect decreasing H1*
–A1* for the fortis stop (i.e., less breathy under focus), but 
increasing H1*–A1* for the lenis stop (i.e., more breathy under 
focus), enhancing the three-way stop contrast under prominence. 
From a different perspective, the interaction was also in part due to 
the difference in the effect size of Stop in the focused vs. unfocused 
conditions. As shown in Figure 5 (b), the Stop effect was larger in 
the focused condition compared to unfocused condition.

Effect of boundary (domain-initial). There were Stop×Boundary 
interactions (fortis, β=1.181, t=2.087, p<.05; lenis, β=5.602, 
t=9.874, p<.001) on H1*–A1*, which was due to the boundary 
effect being significant after the lenis stop in both timepoints, but 
only at 50% after the aspirated stop. Vowels after the lenis stop were 
more breathy (greater H1*–A1*) in the IP-initial than in the 
IP-medial position, but less breathy (smaller H1*–A1*) at 50% after 
aspirated stop in the IP-initial than in the IP-medial position. 
Moreover, the effect of Stop was larger in the IP-initial position than 
in the IP-medial position (Figure 5 (d)), showing clear stop 
distinction in the domain-initial position.

Figure 5. Effects of prosodic factors on H1*–A1*. The 
Stop×Focus×Timepoint interaction is illustrated in (a) by stop category and 

in (b) by focus condition. The Stop×Boundary×Timepoint interaction is 
illustrated in (c) by stop category and in (d) by boundary condition. Note 

that the difference between lenis and fortis stops was significant in all cases 
(*p<.05, **p<.01, ***p<.001).

Interaction between prominence and boundary. There was a 
significant interaction between Stop×Focus×Boundary with lenis 
stop (β=–9.012, t=–7.950, p<.001). As shown in Figure 6, the 
interaction stemmed in part due to the fact that, in the lenis stop, the 
focus effect (more breathy under focus) was only significant in the 
absence of an IP boundary, and the boundary effect (more breathy 
IP-initially) was only significant in the absence of focus. 
Conversely, the boundary effect in the aspirated stop (less breathy 
IP-initially) was only significant in the presence of focus. 
Stop×Focus×Boundary interaction did not further interact with 
Timepoint.

Figure 6. Focus×Boundary interaction on H1*–A1*. The effect of 
Boundary is illustrated in (a) by stop category and in (b) by focus 
condition. Asterisks in parentheses indicate pair-wise comparisons 

between IP vs. Wd conditions within each Focus condition. Note that the 
difference between lenis and fortis stops was significant in all cases 

(*p<.05, **p<.01, ***p<.001).

3.3. Cepstral Peak Prominence (CPP)
Effect of prominence. Significant interactions between Stop× 

Focus were detected (fortis, β=1.944, t=9.183, p<.001; lenis, β=–
2.905, t=–13.699, p<.001). The interaction stemmed due to the 
focus effect being significant for fortis and lenis stops, but not for 
aspirated stop. However, the direction was opposite for the fortis vs. 
the lenis stop, with CPP increasing for the fortis stop (i.e., less 
breathy), but decreasing for the lenis stop (i.e., more breathy) under 
focus, as can be seen in Figure 7 (a). Again, this result supports the 
phonological contrast enhancement account (Cho & McQueen, 
2005; Kim et al., 2018), which anticipates enhanced contrast under 
prosodic strengthening. There was also a significant Stop× 
Focus×Timepoint interaction with lenis stop (β=1.536, t=3.633, 
p<.001). The interaction was in part due to the focus effect in 
aspirated stop being significant at 25% but only marginally 
significant at 50% with the directions being opposite (Figure 7 (a)). 
From an alternate viewpoint, the interaction occurred because, while 
the differentiation among the three-way stops was delineated as 
[fortis, lenis] vs. [aspirated] in the unfocused condition, it shifted to 
[fortis] vs. [lenis, aspirated] in the focused condition, as shown in 
Figure 7 (b).

Effect of boundary (domain-initial). There was a significant 
interaction between Stop×Boundary with lenis stop (β=–2.562, t=–
7.776, p<.001). As shown in Figure 7 (c), presence of an IP 
boundary significantly decreased CPP (more breathy) of the vowel 
after the lenis stop at both timepoints, whereas such effect was not 
found for the aspirated stop. Post-hoc analysis revealed that there 
was also similar effect of boundary for the fortis stop, but was 
significant only at 25% and marginally significant at 50% timepoint. 
Much like the result for the focus effect, from another angle, the 
distinction between the three-way stops was drawn as [fortis, lenis] 
vs. [aspirated] IP-medially, whereas the distinction was drawn as 
[fortis] vs. [lenis, aspirated] IP-initially, as illustrated in Figure 7 (d).
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Figure 7. Effects of prosodic factors on CPP. The Stop×Focus interaction is 
illustrated in (a) by stop category and in (b) by focus condition. The 

Stop×Boundary interaction is illustrated in (c) by stop category and in (d) 
by boundary condition (*p<.05, **p<.01, ***p<.001). CPP, cepstral peak 

prominence.

Interaction between prominence and boundary. There was a 
significant Stop×Focus×Boundary interaction (lenis, β=4.598, t=10.845, 
p<.001). As shown in Figure 8, the interaction stemmed in part 
because CPP for the lenis stop was the greatest when IP-medial and 
unfocused, which is the context where lenis stop becomes voiced 
intervocalically. In another perspective, the interaction comes from 
the fact that the focus effects for the aspirated and lenis stop were 
only significant in the absence of an IP boundary, with focus 
decreasing CPP of the vowels. Similarly, the boundary effect was 
only significant in the unfocused condition, with IP boundary 
decreasing CPP, for all three stop categories. Stop×Focus×Boundary 
interaction did not further interact with Timepoint.

Figure 8. Focus×Boundary interaction on CPP. The effect of Boundary is 
illustrated in (a) by stop category and in (b) by focus condition. Asterisks in 
parentheses indicate pair-wise comparisons between IP vs. Wd conditions 
within each Focus condition. Note that the difference between lenis and 
fortis stops was significant in all cases (*p<.05, **p<.01, ***p<.001). CPP, 

cepstral peak prominence.

4. Discussion

One of the basic findings of the present study reveals that the 
difference in voice quality of the following vowel, as measured by 
acoustic parameters (H1*–H2*, H1*–A1*, and CPP), contributes to 
a three-way phonetic distinction among the Seoul Korean stop 
sounds produced by young speakers. H1*–A1* displayed the most 
clear three-way distinction among stop categories, while H1*–H2* 
primarily distinguished lenis stop from others, and CPP 
distinguished fortis stop from others. Notably, the amount of 
breathiness is largest for the lenis stop, intermediate for the aspirated 
stop, and smallest for the fortis stop, consistent with what was 
reported 22 years ago (Cho et al., 2002). This indicates that the 
voice quality difference has continued to underlie the three-way stop 
contrast. This finding is interesting, given the purported sound 

change which has mainly been discussed regarding the shift between 
the two primary phonetic cues F0 and VOT (e.g., Bang et al., 2018; 
Kang, 2014) such that, for example, the difference between the lenis 
and the aspirated stops is signaled primarily by F0 with no 
difference in VOT. The results of the current study, however, 
demonstrate that the Korean stop contrast is still characterized by 
the laryngeal contrast at least at the phonetic level.

Another significant finding of the present study is that the 
three-way distinction in voice quality is further conditioned by 
prosodic strengthening factors: focus-induced prominence and 
boundary. The prosodic strengthening effects allow us to understand 
the phonological role of the phonetic distinction in voice quality. 
For instance, de Jong and colleague (de Jong, 2004; de Jong & 
Zawaydeh, 2002) propose that one way to assess the role of 
phonetic features in making phonological contrast may be to 
examine whether the phonetic feature participates in enhancing 
phonological contrast under focus-induced prominence. The results 
of the present study showed that the three-way stop contrast is 
indeed enhanced under focus, with the stops being substantially 
dispersed along the breathy-creaky phonetic continuum. The 
dispersion effect was observed in all measurements: H1*–H2*, H1*
–A1*, and CPP.

Prosodic boundary (IP-initial vs. IP-medial) has also been found 
to influence the voice quality difference as a function of stop 
categories. As seen in the results section, the exact details of how 
the three-way voice quality distinction was modulated by boundary 
were somewhat different from the case of the prominence-driven 
strengthening effect. Boundary effect was mainly observed in H1*–
H2*, whereas prominence effect was mainly observed in H1*–A1* 
and CPP, showing that prosodic strengthening may have different 
effects as a function of its source: prominence vs. boundary. This 
result further corroborates the findings of Peña et al. (2021), who 
illustrated that different types of glottalization, including both 
segmental and phrasal, show distinct acoustic properties. Likewise, 
prominence and boundary may also affect different acoustic 
characteristics of voice quality. Nonetheless, similar to the 
prominence effect, the boundary-related strengthening effect also 
induces an enhancement of the three-way stop contrast, demonstrating 
some degree of augmented dispersion of the stops along the breathy- 
creaky continuum (Cho & Jun, 2000).

Combining the results, the enhancement pattern under prosodic 
strengthening is that vowels become more creaky (less breathy) after 
the fortis stop, but more breathy (less creaky) after the lenis stop, 
contributing to the enhancement of the phonological contrast. 
Interestingly, the voice quality associated with the aspirated stop 
falls somewhere in between, which may be understood as an effort 
to retain the contrast by maintaining its intermediate position.

The results taken together imply that variation in the voice quality 
difference as a function of prosodic strengthening is not a mere 
low-level phonetic effect that would otherwise have applied to all 
three stops in a collective way, but is an outcome of the 
phonetic-prosody interface in reference to the phonological contrast 
in the language. This finding may be explained well with the 
prosodic account of the recent sound change in Korean three-way 
stop contrast, attributing the reduced VOT contrast to effort 
minimization (Choi et al., 2020). The prosodic account proposes 
that the existing post-lexical tones at phrase-initial positions 
(derived from the intonational structure) contribute to the segmental 
contrast, thereby diminishing the necessity of the redundant VOT 
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cue as a distinguishing feature. Our results on voice quality suggests 
that the three-way stop contrast is strengthened in the same 
positions, amplifying the redundancy of the VOT cue.

Finally, the results suggest that understanding the nature of 
laryngeal (voicing) contrast that occurs in Korean as well as in other 
languages requires multi-dimensional approaches to explore the 
phonetic realization of both the primary and other non-primary 
phonetic features (e.g., Al-Tamimi & Khattab, 2018; Kirby, 2018; 
Kong et al., 2011). It remains to be seen to what extent the voice 
quality difference is exploited by the listeners and how the voice 
quality cues may interact with F0 and VOT (cf., Kong et al., 2011).

5. Conclusion

This study explored the voice quality associated with the Korean 
three-way stop contrast (lenis, aspirated, fortis). While traditionally, 
the contrast between these stop categories has been primarily 
signaled by the interaction between VOT and F0, our findings shed 
light on the significant contribution of voice quality differences 
observable in the subsequent vowel (as reflected in H1*–H2*, H1*–
A1*, and CPP). Moreover, we have examined how the realization of 
this contrast is conditioned by prominence- versus boundary- 
induced prosodic strengthening. The results from our analysis of 
twelve native Korean speakers highlight a notable distinction in 
voice quality among the three stop categories, emphasizing the 
crucial role of voice quality in maintaining the stop contrast. 
Additionally, our examination of prosodic strengthening reveals 
distinct effects on the contrast depending on whether the source 
originates from prominence or boundary. These findings offer 
valuable insights into the sound changes in Korean and have 
implications for further research in this area.
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