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Abstract. There is no consensus on the phonetic basis of sonority, either in the
articulation or the perception of speech (Albert 2023). This study explores sonority
in speech production by following up on previous studies which suggest a positive
correlation between CV lag and sonority difference (Crouch 2022; Crouch et al.
2023; Gao 2008; Shaw & Chen 2019). Based on Electromagnetic Articulography
(EMA) experiments participated by 10 English and 10 Mandarin speakers, we found
that CV lag positively correlates with CV sonority difference in both languages. If we
make an assumption that larger lags are preferred within a syllable, the finding forms
a basis to explain universal constraints such as the Sonority Sequencing Principle
(SSP) and the Sonority Dispersion Principle (SDP).
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1. Introduction. Sonority has been one of the most debated concepts in phonetics and
phonology. Constraints involving sonority such as the Sonority Sequencing Principle (SSP), the
Sonority Dispersion Principle (SDP), or the Syllable Contact Law have long been used by
phonologists to understand syllable structure (Sievers 1881, 1901; Steriade 1982; Selkirk 1984;
Clements 1990; Kenstowicz 1994; Parker 2002, 2011). However, there is no consensus on the
phonetic basis of sonority, either in the articulation or the perception of speech (Albert 2023).
This study explores sonority in speech production.

Current speech production theories do not predict the variation of gestural coordination
relevant to sonority. However, sonority has been observed to be correlated with systematic
variation in gestural coordination, based on CC clusters in Georgian (Crouch 2022). Also, some
observations (Gao 2008; Shaw & Chen 2019) suggest that sonority seems to be a factor that
systematically correlates with CV gestural coordination variation. In this study, we followed up
on these previous studies and explored whether there is a positive correlation between sonority
difference and CV lag (the gestural lag between a consonant and a vowel) in English and
Mandarin. There are two sub-claims to be tested as in (1).

(1) a. For CV syllables with the same V, a less sonorous C leads to a larger CV lag.
b. For CV syllables with the same C, a more sonorous V leads to a larger CV lag.

2. Methods.

2.1. MAIN VARIABLES IN THE STUDY. The study evaluated the relationship between sonority
difference and CV lag. In order to quantify the dependent variable, namely, CV lag, we measured
the timing difference between the consonant gesture and the following vowel gesture (CV lag =
V timestamp - C timestamp). This way of calculating lag by subtracting corresponding
timestamps was used in Zhang et al. (2019). Specifically, the CV lag in the current study was
computed by subtracting the target onset (onset of gestural plateau) timestamp of the consonant
from the target onset timestamp of the vowel. Target onset instead of gestural onset was used
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since target onset alignment has been argued to be more consistent than gestural onset alignment
(Zhang et al. 2019; Durvasula & Wang 2023).

To quantify sonority difference, we considered many proposed sonority scales that are subtly
different in the literature (Clements 1990; Kenstowicz 1994; Mielke 2008; Parker 2008; Kang
et al. 2011). Ultimately, we chose to implement the sonority scale developed by Parker (2002,
2008, 2011) that is partially shown in Table 1. This scale was used since it is phonetically
grounded and intended to cover all speech sound categories. While providing a much more
nuanced sonority scale, its relative ranking of major classes accords with other sonority scales
(Clements 1990; Kenstowicz 1994; Smolensky 1995; Clements 2005).

Natural class Sonority index
low vowels 17
mid peripheral vowels (not [@]) 16
high peripheral vowels (not [1]) 15
mid interior vowels([@]) 14
laterals 9
nasals 7
voiced fricatives 6
voiced stops 4
voiceless fricatives (including [h]) 3
voiceless stops (including [ĳ]) 1

Table 1. Partial hierarchy of relative sonority (Parker 2002, 2008, 2011).

2.2. STIMULI. EMA data of 24 English stimuli and 26 Mandarin tone 4 stimuli were collected
and analyzed to test the main claim. A summary of all English stimuli can be found in Table 2.
The sonority difference of each stimulus can be found in the last column.

A summary of all 27 Mandarin stimuli can be found in Table 3. As can be seen in both Table
2 and Table 3, there are stimuli with coronal and (bi)labial consonants combined with high, mid,
and low vowels.

2.3. PROCEDURES. Each set of stimuli in the EMA experiments was read 15 times in different
randomized lists. This means that there were 15 repetitions of each stimulus. When collecting
EMA data, sensors were glued to the tongue tip, tongue blade, tongue dorsum, upper lip, and
lower lip of each participant. All the kinematic data were annotated in Matlab using the
lp_findgest algorithm of the mview package (Tiede 2005), where the landmarks were labeled at
20 percent thresholds of peak velocity. Plots and mixed effects modeling were generated in R (R
Core Team 2017) where CV lag was modeled as a function of the sonority difference, with
participant, stimuli, and C duration as random intercepts.

3. Results. The study found a significant positive correlation between sonority and CV gestural
coordination in English and Mandarin. For all the data, CV lag positively correlates with sonority
difference significantly. Sub-groups of the stimuli controlled for consonant place of articulation
or vowel height mostly exhibited the expected correlations. We also used consonant displacement
and vowel displacement as estimates for jaw movement, and these findings suggest that jaw
movement may not be a valid alternative account for the finding.
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Index Stimuli C V C category V category Sonority diff
1 peak p i bilabial high 14
2 beak b i bilabial high 11
3 meek m i bilabial high 8
4 week w i bilabial high 3
5 pain p e bilabial mid 15
6 bane b e bilabial mid 12
7 main m e bilabial mid 9
8 wane w e bilabial mid 4
9 back b æ bilabial low 13

10 pack p æ bilabial low 16
11 Mac m æ bilabial low 10
12 whack w æ bilabial low 5
13 two t u coronal high 14
14 sue s u coronal high 12
15 do d u coronal high 11
16 new n u coronal high 8
17 toe t o coronal mid 15
18 so s o coronal mid 13
19 doe d o coronal mid 12
20 know n o coronal mid 9
21 talk t A coronal low 16
22 sock s A coronal low 14
23 dock d A coronal low 13
24 knock n A coronal low 10

Table 2. English stimuli summary.
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Index Word Pinyin T C V C cat V cat Gloss S dif
1 僻 pi 4 p i bilabial high distant 14
2 臂 bi 4 b i bilabial high arm 11
3 秘 mi 4 m i bilabial high secret 8
4 帕 pa 4 p a bilabial low napkin 16
5 坝 ba 4 b a bilabial low dam 13
6 骂 ma 4 m a bilabial low scold 10
7 袜 wa 4 w a bilabial low sock 5
8 配 pei 4 p @ bilabial mid match 13
9 贝 bei 4 b @ bilabial mid shell 10

10 妹 mei 4 m @ bilabial mid sister 7
11 味 wei 4 w @ bilabial mid flavor 2
12 肺 fei 4 f @ labial mid lung 11
13 盼 pan 4 p æ bilabial low hope 16
14 半 ban 4 b æ bilabial low half 13
15 曼 man 4 m æ bilabial low grace 10
16 万 wan 4 w æ bilabial low ten thousand 5
17 饭 fan 4 f æ labial low meal 14
18 兔 tu 4 t u coronal high rabbit 14
19 素 su 4 s u coronal high plain 12
20 度 du 4 d u coronal high degree 11
21 怒 nu 4 n u coronal high anger 8
22 路 lu 4 l u coronal high road 6
23 踏 ta 4 t a coronal low step 16
24 飒 sa 4 s a coronal low cool 14
25 大 da 4 d a coronal low big 13
26 那 na 4 n a coronal low that 10
27 腊 la 4 l a coronal low wax 8

Table 3. Summary of Mandarin stimuli. The consonant and vowel categories can be found in C
cat and V cat columns. The sonority difference of each stimulus can be found in the last column
S diff.
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Dataset (English EMA data) Estimate (sonority difference)
All English EMA data 11.24 ***

Bilabial C All bilabial C data, C and V displacement 12.74 ***
High V (week, meek, beak, peak) 14.00 ***
Mid V (wane, main, bane, pain) 14.35 ***
Low V (whack, Mac, back, pack) 10.47 ***

Coronal C All coronal C data, C and V displacement 8.31 *
High V (new, do, sue, two) 8.02 **
Mid V (know, doe, so, toe) 9.40 ***
Low V (knock, dock, sock, talk) 7.43 ***

Table 4. Summary of English EMA results. *** means that p ⩽ 0.001; ** means that p ⩽ 0.01; *
means that p ⩽ 0.05.

The summary of the English experiment results can be found in Table 4 and Table 5. In
Table 4, all the subgroups showed that there is a significant positive correlation between CV lag
and sonority difference. The bilabial C group had a slightly larger effect size than the coronal C
group.

Pairwise comparison Stimulus pair Estimate (sonority difference)
Bilabial C Nasality differ Mac, back 11.20 *

meek, beak 21.84 ***
main, bane 21.59 ***

Voicing differ beak, peak 8.92
bane, pain 12.81 **
back, pack 12.66 *

Vowel height differ peak, pack 3.2
beak, back -0.22
meek, Mac 7.61
week, whack 18.23 **

Coronal C Nasality differ new, do 23.74 ***
know, doe 11.83 **
knock, dock 17.58 ***

Voicing differ two, do -5.64
toe, doe 6.47
talk, dock -0.23

Vowel height differ two, toe 61.90 ***
do, doe 27.51
sue, so 76.03 ***
new, know 60.78 ***

Table 5. Summary of English EMA pairwise comparison. *** means that p ⩽ 0.001; ** means
that p ⩽ 0.01; * means that p ⩽ 0.05.

In Table 5, the pairs which differ in nasality for both bilabial C and coronal C stimuli

5



Dataset (Mandarin EMA data) Est (son diff) Est (displ)
All Mandarin EMA data 7.11 **

Bilabial C C, V displacement as random intercepts 3.65
V displacement as fixed effect 5.73 ** 11.90 ***
High V (mi4, bi4, pi4) 10.23 ***
Mid V (wei4, mei4, bei4, pei4) 5.55 ***
Low V no coda (wa4, ma4, ba4, pa4) 5.73 ***
Low V with coda (wan4, man4, ban4, pan4) 5.61 ***

Coronal C C, V displacement as random intercepts 15.02
High V (lu4, nu4, du4, su4, tu4) 16.54 ***
Low V (la4, na4, da4, sa4, ta4) 19.84 ***

Table 6. Summary of Mandarin EMA results. Son diff means sonority difference, est means
estimate, and displ means displacement. *** means that p ⩽ 0.001; ** means that p ⩽ 0.01; *
means that p ⩽ 0.05.

exhibited significant positive correlations between CV lag and sonority difference. The coronal C
stimuli with differences in C voicing did not show the expected pattern. Also, the bilabial C
stimuli with differences in vowel height did not consistently show the expected pattern. The
non-significant result is potentially due to the same V measure for different vowel heights, as
well as the imprecise C voicing coding.

The results for the Mandarin experiment can be found in Table 6 and Table 7. As in Table 6,
most groups in Mandarin EMA data exhibited a significant positive correlation between CV lag
and sonority difference. Pairwise comparison in Table 7 showed that the stimuli with bilabial C
generally had significant positive correlations when the stimuli differed in voicing, nasality, and
vowel height. In those cases, the stimuli had controlled nasality, voicing, as well as C place and
manner.

4. Discussion. The study showed that there is a significant positive correlation between CV lag
and sonority difference for both English monosyllabic words and Mandarin tone 4 words. The
positive correlation was found when there is the same C and different V, as well as when there is
the same V and different C. Furthermore, the claim was also supported by more controlled
comparisons of labial and coronal consonants, as well as vowels of different heights.

The findings of the study can provide a basis for several phonological universals if we add a
premise that humans prefer larger gestural lags in articulation. Firstly, the Sonority Dispersion
Principle (SDP) states that in a syllable CV, the onset and nucleus differ from each other in
sonority as much as possible (Clements 1990; Parker 2011). In other words, this principle
requires that a CV syllable should have larger sonority difference. The SDP is potentially
derivable from the finding of the current study along with another premise that a larger gestural
lag is preferred, potentially for reasons of perceptual recoverability (Chitoran et al. 2002). For
instance, it may be that a larger lag is correlated with more perceptual salience so it is preferred.
It is also possible that a larger lag is preferred because it is easier to articulate. Ohala (1990)
argued that some sequences may be disfavored due to their being difficult to articulate — it is
possible that having a shorter gestural lag for gestures serves as the physical manifestation of
articulatory difficulty to implement a certain ordered sequence. More work needs to be done to
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Pairwise comparison Stimulus pair Estimate (sonority difference)
Bilabial C Nasality differ mi4, bi4 10.18 ***

mei4, bei4 17.62 ***
ma4, ba4 17.93 ***
man4, ban4 20.54 ***

Voicing differ bi4, pi4 10.57 ***
bei4, pei4 6.95 *
ba4, pa4 9.69 *
ban4, pan4 8.11 *

Vowel height differ mi4, ma4 2.58
bi4, ba4 16.72 **
pi4, pa4 14.09 *

Coronal C Nasality differ nu4, du4 30.89 ***
na4, da4 43.65 ***

Voicing differ tu4, du4 -3.31
ta4, da4 1.12

Vowel height differ tu4, ta4 7.23
su4, sa4 -8.47
du4, da4 0.51
nu4, na4 -18.67 **
lu4, la4 -3.7

Table 7. Summary of EMA Mandarin pairwise comparisons. *** means that p ⩽ 0.001; **
means that p ⩽ 0.01; * means that p ⩽ 0.05.
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assess articulatory ease, which has been elusive to define or study (Shariatmadari 2006).
Secondly, the findings of the study could be used to explain the SSP if we generalize the link

to CC onset clusters. The SSP requires that a sonority rise (such as [pl]) is preferred in onsets
over a sonority plateau (such as [pt]) which in turn is preferred over a sonority fall (such as [lp])
cross-linguistically (Sievers 1881, 1901; Greenberg 1965; Pike 1972; Hooper & Bybee 1976;
Steriade 1982; Selkirk 1984; Clements 1990; Kenstowicz 1994; Blevins 1995; Parker 2002,
2011). If one generalizes the finding on CV sequences to CC sequences, one would predict that
sonority rise has a larger lag than sonority plateau, which has a larger lag than sonority fall. This
prediction has already been supported by Georgian (Crouch 2022; Crouch et al. 2023). If the
premise that humans prefer larger gestural lag within a syllable is true, we would predict a
phonological constraint that sonority rise is preferred over plateau over fall.

Thirdly, a related question would be how the current finding can inform the explanation of
the Syllable Contact Law, which specifies that the structure A.B would be more preferable if a-b
(a and b refer to the sonority of A and B respectively) is larger (Hooper & Bybee 1976; Murray &
Vennemann 1983). We would argue that a general preference toward larger gestural lag within
the syllable could derive the Syllable Contact Law. Consider the syllable CV1A.BV2, where there
are two syllables CV1A and BV2, with A.B at the syllable boundary. If both syllables need to
satisfy the requirement that larger lags are preferred in a syllable, then it comes as a consequence
that a-b is larger. Since in each syllable, every segment sequence should satisfy the large lag
requirement, V2-b and a-V1 should have larger sonority differences. This means that, on the
sonority index, V2 and a should be larger, and b and V1 should be smaller. If a is large and b is
small, and a-b would be larger.

Furthermore, the premises used above can also be used to provide a basis to explain why
cross-linguistically, CV syllables are much more common than VC syllables (Ohala 1990; Tabain
et al. 2004; Nam et al. 2009). Specifically, VC will have a shorter gestural lag than CV, which is
disfavored if the premise that human prefers larger lag is true.

Moreover, the finding of the study allows us to partially understand why lower vowels are
acoustically longer and have higher intensity than higher vowels (Lehiste 1970; Gordon et al.
2012). Following the main claim of the paper, since lower vowels are more sonorous, they will
have a larger lag with the preceding consonant. Therefore, there is less overlap with the
preceding consonant, and thus there is less acoustic “hiding” of the vowel. Consequently, a low
vowel is likely to be acoustically longer and louder than a high vowel.

Additionally, our proposal leads to the prediction that lower vowels are perceptually and
acoustically longer, making them better tone and stress holders than higher vowels. Such cases
can be found in many languages. For example, Zuraw (2003) found that in Palauan, more
sonorous vowels are dispreferred in unstressed syllables. Similarly, Gordon et al. (2012) found
that in Armenian, Javanese, and Kwak’wala, the reduced phonological sonority of schwa relative
to peripheral vowels is manifested in the rejection of stress on schwa. This indicates a positive
correlation between sonority and stress — reduced sonority correlates to the absence of stress.
Moreover, avoidance of stressed high vowels has been observed in Takia (Ross 2002, 2003;
De Lacy 2007) — while the final syllable is stressed by default, if the final vowel is a high vowel,
stress falls on a non-high vowel elsewhere in the word.

The relationship between sonority difference and lag could be one of the reasons why stress
favors high sonority vowels. As observed by Gu (2023), Katsika (2016) and Katsika (2012),
stressed vowels are correlated with larger gestural lags than unstressed ones. Since given the
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same consonant, vowels high in sonority are correlated with larger gestural lags than vowels low
in sonority, this in turn leads to an acoustically and perceptually longer lower vowel, which
therefore provides a better holder for stress.

Lastly, this current study has the potential to support a new speech production model that
assumes sonority determines gestural coordination patterns. The assumption of this
sonority-based speech production model is that all gestures coordinate according to the sonority
differences with the gestures of the adjacent segment within a syllable. Consequently, the
findings of the current study should be generalized to CC, CV, and VC sequences in syllables in
all languages, where a positive correlation between sonority difference and gestural lag is
predicted for cases beyond CV syllables.
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