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1 Introduction

According to the lambic/Trochaic Law, there is a perceptual universal where intensity leads to initial
prominence while duration leads to final prominence based on extralinguistic evidence (e.g. Bolton 1894,
Woodrow 1909, 1951). These two types of durationally asymmetric rhythmic groupings later form the
extralinguistic basis of Hayes’ (1985, 1995) proposal of an asymmetric foot inventory to explain the
rhythmic structure in linguistics, referred to as Metrical Stress Theory. However, its application to
languages typically considered as tonal is mostly unknown. Crowhurst and Teodocio Olivares’ (2014) work
on Betaza Zapotec (Oxaca, Mexico) provided a concise review of linguistic rhythmic grouping, and pointed
out that earlier studies all tested native speakers of a few languages, among which speech-like stimuli were
only used for western European languages (Hay and Diehl 2007, Bhatara et al. 2013, Morgan, Edwards,
and Wheeldon 2014). Considering tonal languages spoken in Asia, the more diverse tonal contrast may also
interact with tone sandhi and other phenomena described as stress-sensitive (Chen 2000: 285). In particular,
the distinction between left and right tonal prominence displayed in bidirectional tone sandhi resembles that
of a metrical distinction between iambic and trochaic rhythm.

Given the bidirectional tone sandhi in Teochew (Southern Min), this paper adopts Jieyang (Bao 1990,
1996, Cai 1991, Lin and Chen 1996), known as the standard variety of Teochew, for acoustic
measurements and statistical analyses in a minimal prosodic domain of two syllables (Yiu 2018a, 2018b,
2018c, forthcoming). Duration and intensity were used to indicate whether metrical prominence based on
predictions of the lambic/Trochaic Law aligns with tonal prominence in what sense and to what extent if
metrical prominence is phonetically meaningful to signalling rhythm in complex tone languages. Audio-
recordings of two native speakers were processed with Praat (Boersma and Weenink 2017) and submitted
to Linear Mixed Effect Regression (LMER) Models with R (R Core Team 2017) to generate duration (ms)
and intensity (dB) estimates for determining whether the durational and intensity contrasts within disyllabic
units of both sandhi types are significant. Comparisons of LMER models were also made to check whether
sandhi type interacts with syllable position. Based on the statistic comparisons of phonetic measurements,
this paper evaluates the hypothesis and predictions based on the lambic/Trochaic Law.

2 Bidirectional tone sandhi and rhythmic types

2.1 Tone inventory and bidirectional sandhi  There are six lexical tones in Jieyang for sonorant-
final syllables as listed in (1). The tone numbers from Xu’s (2007) description are given featural
representations using the features H, M, and L based on Bao (1996). Bao noted that the numerical
difference between 2 and 1 is ignored, given that 2 and 1 are not contrastive in Teochew (Jieyang). This
treatment is also found for the Chaoyang dialect (Yiu 2018b, 2018c: 45, citing Yip 2002: 189).
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(1) The tonal inventory of Jieyang

Tone number (Xu 2007) Tone letter (Bao 1996)
33 M
53 HM
213 LM
55 H
35 MH
11 L

Each of the six tones undergoes sandhi to another tone depending on whether the tone is on the first or
second syllable of a disyllabic unit, regardless of the tonal content of the trigger. Right dominant tone
sandhi refers to tonal changes observed on the left syllable whereas left dominant tone sandhi on the right.
For example, the disyllabic unit /HM.MH/ surfaces as [MH.MH] for right dominant tone sandhi but as
[HM.L] for left dominant tone sandhi.

When the syllable has a citation tone of /HM/ in the sandhi position of right dominant sandhi, no
matter which tone comes after it in the non-sandhi position, [MH] is found in the sandhi position instead of
[HM]. For example, tui kuay /HM.HM/ ‘water pipe’ becomes [MH.HM] after tone sandhi, whereas t°ui liu
/HM.H/ ‘water flow’ becomes [MH.H]. Conversely, when the syllable has a citation tone of /HM/ in the
sandhi position of left dominant sandhi, no matter which tone comes before in the non-sandhi position,
[LM] is found in the sandhi position instead of [HM]. For example, liau liau /HM.HM/ ‘finished’ becomes
[MH.LM] after tone sandhi, whereas 7 liau /H.HM/ ‘slept’ becomes [H.LM]. (2) depicts the full list of
sandhi tones based on the respective citation tones for both left and right dominant sandhi.

(2) also shows that right dominant tone sandhi holds four different tones (H, M, L, and MH) in its
sandhi position, and left dominant position holds only two (L and LM) in its sandhi position. We will come
back to more discussion of this characteristic in Section 5.

(2) Rightand left dominant tone sandhi (Xu 2007)

Citationtone  Right dominant tone sandhi  Left dominant tone sandhi

M M L
HM MH LM
LM H L
H L L
MH L L
L L L

With bidirectional tone sandhi (Zhang 2007) within one language, not only can we make within sandhi type
comparison between the first and second syllables, but also across sandhi type comparison between the
citation syllables in both sandhi types, between the sandhi syllables in both types, and between the sandhi
syllables and their citation counterparts in the other type. This offers a six-way comparison in terms of
duration and intensity to unveil the relative prominence of syllables in different positions within a
disyllabic unit of both sandhi types.

Based on the assumption of the relationship between tonal stability and prosodic prominence (Chen
2000), syllables with citation tones are considered to be more prominent than those with sandhi tones.
Since right dominant tone sandhi changes the tone on the left, it is expected to pattern with the iambic
rhythm. As the left dominant tone sandhi changes the tone on the right, it is expected to behave like
trochees.

2.2 Hypothesis and predictions This paper hypothesizes that the lambic/Trochaic Law (Hayes 1985,
1995) holds for complex tone languages, and thus, tone sandhi is a metrical phenomenon. In terms of
duration and intensity, the two sandhi types (left and right dominant) are expected to pattern with the
rhythm type (trochees and iambs) associated with each sandhi type. Here are the predictions.
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(3) Predictions

Prediction1  There are duration and intensity asymmetries between the two sandhi types, where
duration contrast is expected for right dominant tone sandhi while intensity is
expected for left dominant tone sandhi.

Prediction 2 Sandhi syllables are less prominent than citation syllables in the same syllable
position, in terms of duration and/or intensity.

Prediction 3 Citation syllables of different rhythmic types are more prominent in their
corresponding phonetic cues, while sandhi syllables are less prominent.

3 Methodology

3.1 Subjects Audio-recordings were obtained from two native speakers of Jieyang in their twenties.
They were both born and raised in the Jieyang speaking area of the Chaoshan region, China.

3.2 Stimuli  The data was elicited with a wordlist of seventy-two disyllabic units, covering all possible
tonal combinations for both sandhi types. For example, citation tone H was paired with each of the six
citation tones, so as to obtain data of all six sandhi forms when in combination with another syllable,
resulting in six combinations for each tone, and thirty-six combinations for all six tones. After repeating the
same process for the two sandhi types, this provides seventy-two combinations. The wordlist was
randomized, and produced five times by each speaker. This provides a total of 1440 syllables for analysis
(= 6 tones x 6 tones x 2 syllables x 2 sandhi types x 5 iterations x 2 speakers).

The design of the wordlist made exhausting the tonal combinations a priority, and used real words
instead of nonce words to ensure expected sandhi effects. Onset (nil, sonorant, aspirated stop, non-aspirated
stop), vowel height (high, mid, low), and coda (nil, nasal, stop) were treated as random factors in the
LMER models presented in the next section, so as to minimise their influence on distracting our models
from testing the metrical hypothesis. For the morphosyntactic structure, constructions included are
compounds, noun phrases, verb phrases, adjectival phrases, and adverbial phrases.

3.3 Data collection and analysis  The data was recorded in a sound booth using an earset
microphone, attaching to a portable digital recorder at a sampling frequency of 44100Hz, monitored by the
experimenter with a headphone set. The subjects were presented with the randomised words on a laptop
one at a time, and were asked to read the words in a natural way. Subjects were also asked to fill in a
language background questionnaire after the recording session so as to provide information on the specific
Teochew dialect that they speak and potential interference from other dialects or languages to the one under
investigation.

Segmentation of the recordings, and extraction of syllable duration and maximal intensity were
performed in Praat (Boersma and Weenink 2018). The duration and intensity measurements were compiled
as a main data file to submit to Linear Mixed Effect Regression models in R (R Core Team 2018). ImerTest
(Kuznetsova et al. 2017) was adopted in order to generate estimates for disyllabic units at both positions
(i.e. the first and second syllables) of two sandhi types (i.e. right dominant and left dominant tone sandhi)
for determining whether the durational and intensity contrasts of each estimate point are significantly
different from each other in the expected direction under the lambic/Trochaic Law (Hayes 1985, 1995). P-
values were calculated with the Satterthwaite approximation, one of the most conservative methods of p-
value calculation for LMER models having a small number of subjects (Luke 2017). Comparisons of
LMER models were also made to check whether sandhi type interacts with syllable position.

4 Results
The LMER model for both duration and intensity consists of fixed effects of sandhi type (left dominant

and right dominant) and position of syllable (first, second). As random effects, there are intercepts for
items, speakers, onset, vowel height, coda. Since sandhi type and position of syllable are important factors

3
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to our model, the model has also specified the by-speaker and by-item random slopes for the effect of
position of syllable. It has also specified the by-speaker random slope for the effect of sandhi type.*

P-values obtained by likelihood ratio tests indicate that the interaction is significant between sandhi
type and position of syllable for both duration (x> (1) = 14.281, p = 0.0001574) and intensity (x> (1) =
18.024, p = 2.181e-05). Adding the interaction improves the additive model. The effect of sandhi type
increases over the course of a disyllabic unit for both duration and intensity.

Figures 1 and 2 display the plots of LMER estimates of duration and intensity respectively. Right
dominant tone sandhi is in pink and left dominant tone sandhi is in blue. The estimates are listed at the
bottom of each corresponding figure.
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Right dominant sandhi 197.736 242.977
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Figure 1. Plot of LMER estimates of duration (ms) for right dominant (pink) and left dominant tone
sandhi (blue)

1 Some argue that models should be kept maximal even though the inclusion of a factor does not significantly improve
the model. Please refer to Barr, Levy, Scheepers and Tilly (2013) for more details.
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Figure 2. Plot of LMER estimates of intensity (dB) for right dominant (pink) and left dominant tone
sandhi (blue)?

Based on the three predictions in Section 2.2, the six pairwise comparisons required are listed below:

(4) Six-way comparisons with bidirectional tone sandhi

Prediction 1 R1vs. R2  Within sandhi type comparisons between the more prominent and
L1vs. L2 less prominent positions

Prediction 2 R1vs. L1 Cross-sandhi type comparisons between the more prominent and
R2vs. L2  less prominent positions of the two sandhi types in the same
position of syllable in a disyllabic unit

Prediction 3 R1vs. L2 Cross-sandhi type comparisons between the less prominent position
L1vs. R2 of each sandhi type, and between the more prominent position of
each sandhi type

In order to make pairwise comparisons between the estimated values of duration (ms) and intensity (dB),
the chosen model needs to provide p-values from comparing the estimated values for each of the six pairs
in (4). However, the interactive model above returns estimated values for the citation-citation comparison
and the sandhi-sandhi comparison of Prediction 3 in interactive terms instead of making a direct
comparison. Instead, a model with a combined factor of sandhi type and position of syllable, such that the

2 For reference, studies in music perception show that the Just Noticeable Difference for intensity is around 1 dB for
humans, mediated by frequency and initial loudness of the sound (Mills 1960, Middlebrooks and Green 1991, Forinash
and Christian 2016). Intensity differences of around 5 dB have been reported as correlates of sentence stress in English,
and those of word stress are even smaller (Heuven 2014, citing Lea 1977, Beckman 1986).
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four positions of both sandhi types (R1, R2, L1, and L2) can exhaust the six-way comparison.®

Further examination showed that the full combined factor model would not converge for some of the
six pairwise comparisons, either in terms of duration or intensity. Therefore, when comparing the estimated
values, a conservative version of the combined factor model which omitted the random slopes was used
instead. Results of the pairwise comparisons will be presented in the next section to evaluate the hypothesis
and predictions based on the lambic/Trochaic Law.

5 Discussion

This section evaluates the three predictions based on the metrically motivated hypothesis in terms of
estimated values of duration (ms) and intensity (dB) for different comparisons using LMERs. The relevant
pairwise comparisons in terms of duration and intensity are extracted for discussing each of the predictions.
For the convenience of description, | will refer to the first and second syllables of right dominant tone
sandhi as R1 and R2; and those of left dominant tone sandhi as L1 and L2. Citation tone syllables are bold-
faced.

Table 1 shows the two pairs for evaluating Prediction 1, which include the first and second syllable of
right dominant sandhi (i.e. R1 vs. R2), and the first and second syllable of left dominant sandhi (i.e. L1 vs.
L2).

est. 1 est. 2 t p sig.

Duration (ms) | R1vs. R2 197.736 | 242.977 11.197 <2e-16 il
L1lvs. L2 213.39 199.61 -3.831 0.000133 | ***

Intensity (dB) | R1vs. R2 60.291 60.0663 -0.699 0.4938 n.s.
L1vs. L2 61.3836 | 57.0092 | -13.939 < 2e-16 faialel

Table 1. Pairwise comparisons for Prediction 1

For Prediction 1, the metrical hypothesis predicts duration and intensity asymmetries between the two
sandhi types. Specifically, duration contrast is expected for right dominant sandhi whereas intensity is
expected for left dominant sandhi. In Table 1, for duration, syllables within a disyllabic unit contrast
significantly for both sandhi types. On the other hand, the intensity contrast is significant only for left
dominant sandhi but not for right dominant sandhi, resulting in an intensity asymmetry as predicted by the
metrical hypothesis. By looking at the intensity asymmetry, left and right dominant sandhi maps neatly
with trochaic and iambic rhythm respectively.

We will examine the details of the relative prominence of syllables in different positions within
disyllabic units of the two sandhi types in terms of duration and intensity via Prediction 2 and Prediction 3.

For Prediction 2, sandhi syllables are predicted to be less prominent than citation syllables in the same
position of syllable in terms of duration and intensity. As explained in the above, when holding the position
of syllable constant, the sandhi syllable of right dominant sandhi (R1) is expected to be shorter and quieter
than the citation syllable of left dominant sandhi (L1). Similarly, the sandhi syllable of left dominant sandhi
(L2) is expected to be quieter and shorter than the citation syllable of right dominant sandhi (R2).

3 When compared with the interactive model, the combined factor model shares the identical estimated values for all
conditions, and the same p-values for four out of the six pairwise comparisons except the two in Prediction 3 which are
problematic for our purpose as mentioned. With a model having a combined factor, it is able to return significance
values of those two pairs from direct comparisons.
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est. 1 est. 2 t p sig.
Duration (ms) | R1vs. L1 197.736 213.39 2.510 0.0136 *
R2 vs. L2 242.977 199.61 6.821 4.82e-10 | ***
Intensity (dB) | R1vs. L1 60.291 61.3836 2.307 0.0226
R2 vs. L2 60.0663 | 57.0092 2.307 0.0226

Table 2. Pairwise comparisons for Prediction 2

As seen in Table 2, R1 is significantly shorter and quieter than L1, as predicted by the metrical hypothesis.
Table 2 also shows that L2 is significantly shorter and quieter than R2, as predicted by the metrical
hypothesis. The results agree with the metrical view that prosodic heads are more prominent than non-
heads in a way that also conforms with the lambic/Trochaic Law.

For Prediction 3, citation syllables of different rhythmic types are predicted to be more prominent in
their corresponding phonetic cues in terms of duration and intensity, while sandhi syllables are less
prominent. As explained in the above, when comparing the citation syllables of left and right dominant
sandhi, that is L1 and R2, L1 is expected to be louder but shorter than R2. When comparing the sandhi
syllables of left and right dominant sandhi, R1 is expected to be shorter but louder than L2.

est. 1 est. 2 t p Sig.

Duration (ms) | R1vs. L2 197.736 199.61 0.296 0.7680 n.s.
L1vs. R2 213.39 242.977 4.792 5.53e-06 | ***

Intensity (dB) | R1vs. L2 60.291 57.0092 -6.778 3.20e-10 | ***
L1vs. R2 61.3836 | 60.0663 -2.928 0.00468 ol

Table 3. Pairwise comparisons for Prediction 3

Table 3 shows that L1 is significantly louder and shorter than R2, as predicted by the metrical hypothesis.
Also, R1 is significantly louder than L2 and shows a non-significant tendency towards being shorter than
L2 as predicted.

This indicates that the prosodic heads of the two sandhi types tend to be more prominent particularly in
duration or intensity depending on whether the head is initial or final within a disyllabic unit, as expected
for iambs and trochees. Conversely, the prosodic non-heads of the two sandhi types tend to be less
prominent particularly in duration or intensity depending on whether the non-head is initial or final within a
disyllabic unit, just as expected for iambs and trochees respectively. The duration contrast and intensity
contrast match the metrical predictions based on the lambic/Trochaic Law.

Thus far, the metrical view of prominence based on duration and intensity contrasts largely matches
the tonal view based on tonal behaviours in Jieyang. Among all components involved in the comparisons of
the three predictions, the only pattern surfacing not as predicted is the duration asymmetry in Prediction 1,
where an unexpected duration contrast is found for left dominant tone sandhi. Besides, considering both
duration and intensity, the sandhi syllable of left dominant sandhi (L2) seems to be less prominent than the
sandhi syllable of right dominant sandhi (R1). This matches the smaller sandhi tone inventory for left
dominant sandhi (two tones) than right dominant sandhi (four tones), as mentioned in Section 2.1.

6 Conclusions

This paper has illustrated the application of the lambic/Trochaic Law to complex tone languages like
Jieyang (Teochew, Southern Min). With bidirectional tone sandhi on top of its six-tone inventory, LMER
results based on duration and intensity measurements confirmed an interaction between rhythmic type and
sandhi type. Results also showed that prominence in terms of duration and intensity contrasts largely
behaves the way as predicted by the lambic/Trochaic Law.
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This paper has provided novel support for metrical prominence of tone languages based on the
lambic/Trochaic Law, adding complex tone languages and production results to the recent literature on
rhythmic groupings by Crowhurst and others. It showed that tone sandhi can be metrically-motivated via
duration and intensity, contributing to the rhythmic organization of tone languages altogether. Future
research can look into the morphosyntactic and semantic structure of the two sandhi types, and longer
prosodic domains.
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